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Preface to ”Advances in Environmental Engineering”

The contamination of territory by harmful pollutants coming from human activities poses a

significant risk to human health and to major components of the environment. The role of

environmental engineering is to apply scientific and engineering principles to minimize the adverse

effects of human activity on the environment and to improve the quality of a natural environment

to provide sustainable water, air, and land quality for human habitation and for other organisms.

At present, environmental engineering is mainly focused on environmental technologies for cleaner

production, allowing the reduction of emissions and waste production, the usage of renewable

resources, recycling waste, Mitigation of the effects of natural disasters (floods, droughts), sustainable

urban planning and development, and others.

The strong interest in protecting the environment has created new responsibilities for scientists

from a wide range of research fields. This book presents research papers providing an integrated

view of the trends in solving the problems associated with the achievement of sustainability

in environmental engineering. Special attention is paid to advanced waste water technologies,

soil protection, and sediment pollution modelling, environmental impacts of technologies,

life cycle analysis (LCA), air quality and indoor environment, and special applications of

environmental materials.

Adriana Estokova, Magdalena Balintova

Special Issue Editors
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Environmental quality is crucial to our health, our economy, and our lives. However, it faces
several serious challenges, not least those of climate change, unsustainable consumption, and
production, as well as various forms of pollution. This Special Issue collects research papers aimed
at a wide range of environmental topics: water and wastewater treatment and management, soil
degradation and conservation, sediment pollution control, the environmental impact of technologies,
life cycle analysis (LCA), air quality and indoor environment, and advanced environmental materials.
Contributions describe novel and significant knowledge, scientific results, and advanced applications
in the field of environmental engineering. This Special Issue provides an integrated view of the
trends in solving the problems associated with the achievement of sustainability in environmental
engineering. This issue contains twelve papers that have been selected as emerging studies dealing
with the above-mentioned topics.

The contributions, aimed at wastewater treatment, present a wide range of methods applied
to various pollution removal methods. Investigating contaminants of emerging concern such as
pharmaceuticals and personal care products reveals that the fate of these compounds in the aquatic
environment has been a topic of wide interest and active research. Lecours et al. [1] applied different
electrochemical approaches to the study of the oxidation products of the anti-infective trimethoprim,
a contaminant of emerging concern frequently reported in wastewaters and surface waters. The authors
found that electrochemical techniques are relevant not only to mimicking specific biotransformation
reactions of organic contaminants but also to studying the oxidation reactions of organic contaminants
of interest in water treatment.

Tian et al. [2] investigated the effects of physico-chemical post-treatments of sewage sludge
using ultrasonic, ultrasonic-ozone, and ultrasonic+alkaline methods. The results showed that the
post-treatments were able to increase biogas production and decrease the amount of volatile solids in
the final effluent.

In the work by Pipiska et al. [3], the biosorption methods for pollution removal from wastewater
were studied. Dried biomass of freshwater moss V. dubyana has been used as biosorbent for cationic
dyes methylene blue and thioflavin T removal from both single and binary systems. Influence of a
contact time, pH, and sorbate concentration on the dyes’ removal efficiency has been investigated.
The authors reported that an increase in pH has a positive effect on both thioflavin T and methylene
blue sorption, and dye removal by moss V. dubyana is likely based on the electrostatic attraction.

Another paper [4], dealing with wastewater treatment, studied and quantified the elimination
of sunflower oil from wastewater influent using a biological treatment involving activated sludge.
The findings revealed that the efficiency of the elimination of sunflower oil using a combination of
biodegradation and flotation was 90%.

The next two papers deal with soil properties and sediment modelling. Gomboš et al. studied the
selected parameters of soils for further numerical simulation of the water regime and its prognosis
under heavy soil conditions. Soil profiles were evaluated for the distribution of volume changes to the
horizontal and vertical components. The effect of texture on geometric factor values was analysed.

Environments 2018, 5, 54 1 www.mdpi.com/journal/environments
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A close correlation between the measured horizontal volume changes and the geometric factor value
has been found [5].

Junakova et al. focused on the design of the mathematical model that was intended to predict the
total content of nitrogen, phosphorus, and potassium in bottom sediments in small water reservoirs
depending on water erosion processes. The proposed model was validated in the small agricultural
watershed of the Tisovec River, Slovakia. The results indicate the applicability of the new model
in predicting the quality of the reservoir’s sediment detached through erosion processes in the
watershed [6].

The environmental impact of various technologies has been assessed in the next three papers.
The paper [7] deals with the life cycle assessment of electricity generation from various energy sources
in the Czech Republic. The greenhouse gas emissions were chosen as key indicators to evaluate
the environmental load of particular energy sources. The obtained results revealed that the worst
environmental impact in terms of greenhouse gas emissions is linked to electricity generation based
on lignite.

Zeleňáková et al. [8] reported on the environmental impact of a small hydro power plant including
the selection of the optimal alternative of the assessed construction and proposed measurements to
reduce the negative impact. Their paper points to the importance of assessing the impact of construction
on the environment in the early planning phase. Eliminating the negative environmental impact of
construction in the early phase of design is much more challenging than the implementation of
measures in the construction or operation phases.

The variant solutions of a selected heating system were analysed by Ondrejka Harbulakova
et al. [9] using methods of the environmental impact assessment (EIA). Multi-criteria analysis proved
that the construction of the biomass-fired power plant was the most suitable solution among three
assessed variants (zero alternative, biomass power plant, and modernized gas boiler).

A significant negative impact on human health and the quality of life of millions of people
worldwide is associated with urban air pollution. Tsai [10] presents an overview of the Taiwan’s air
quality with a special regard to the indoor air. The paper points to the importance of using green
building materials in terms of the low emission of volatile organic compounds (VOCs) and other air
toxics occurring indoors. The author highlights Taiwan’s efforts to indoor air quality improvement
through legal systems and promotion measures, which are relevant to the contribution to the quality
and sustainability of the environment.

Other dangerous pollutants in the air are particulate matters of various origins. Road traffic
emissions caused by both exhaust and non-exhaust sources contribute significantly to the particulate
matter (PM) concentration in an urban atmosphere. Penkała et al. [11] reported that direct road-surface
abrasion is of minor importance when the road is undamaged. However, the paper analyses the
impact of abrasion emission reflecting realistic conditions, analysing how such emission changes, both
quantitatively and qualitatively, the character of PM near roads.

With the development of new urban areas, there is a great challenge in finding new materials
with an environmental added value. Pervious concrete can be an environmental solution for managing
storm-water runoff. Kovac et al. [12] presented an alternative method for storm-water control
using porous pavements. This paper presents the results of experimental work aimed at testing
technically important properties of pervious concrete prepared with three different water-to-cement
ratios. The results show that a decrease in water-to-cement ratio caused only slight differences in
strength characteristics.

Author Contributions: A.E. processed an overview of the papers with topics focused on air quality and
environmental evaluation of the technologies. M.B. processed an overview of the papers with topics focused on
water and soil quality and wastewater treatment.

Acknowledgments: The editors would like to thank all the authors participated on the Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The study of the fate of emerging organic contaminants (EOCs), especially the identification
of transformation products, after water treatment or in the aquatic environment, is a topic of growing
interest. In recent years, electrochemistry coupled to mass spectrometry has attracted a lot of
attention as an alternative technique to investigate oxidation metabolites of organic compounds.
The present study used different electrochemical approaches, such as cyclic voltammetry, electrolysis,
electro-assisted Fenton reaction coupled offline to high resolution mass spectrometry and thin-layer
flow cell coupled online to high resolution mass spectrometry, to study oxidation products of the
anti-infective trimethoprim, a contaminant of emerging concern frequently reported in wastewaters
and surface waters. Results showed that mono- and di-hydroxylated derivatives of trimethoprim were
generated in electrochemically and possibly tri-hydroxylated derivatives as well. Those compounds
have been previously reported as mammalian and bacterial metabolites as well as transformation
products of advance oxidation processes applied to waters containing trimethoprim. Therefore,
this study confirmed that electrochemical techniques are relevant not only to mimic specific
biotransformation reactions of organic contaminants, as it has been suggested previously, but also to
study the oxidation reactions of organic contaminants of interest in water treatment. The key role that
redox reactions play in the environment make electrochemistry-high resolution mass spectrometry a
sensitive and simple technique to improve our understanding of the fate of organic contaminants in
the environment.

Keywords: redox reactions; EC-MS; Fenton reaction; fate of contaminants of emerging concern;
transformation products

1. Introduction

In the late 1990s, researchers started to demonstrate the importance of investigating contaminants
of emerging concern (EOCs) such as pharmaceuticals and personal care products and since then,
the fate of these compounds in wastewater treatment plants and in the aquatic environment has
been a topic of wide interest and active research. It is known that enzymes, such as those of the
cytochrome P450 (CYP) super family, catalyze many oxidative reactions that transform EOCs during
secondary (biological) water treatment processes or after these compounds are released into the natural
environment [1]. The conventional method of the study of biotransformation products of organic
contaminants involves extracting transformation products from in vivo experiments, or performing
in vitro experiments using cellular extracts containing CYP450 enzymes [2,3]. In order to remove
uninteresting compounds which might interfere with the analysis, reduce sample complexity and

Environments 2018, 5, 18 4 www.mdpi.com/journal/environments



Environments 2018, 5, 18

simplify interpretation of the results, those approaches require laborious sample preparation to detect
the compounds of interest [4]. In addition, performing experiments with biological systems requires
the use of low concentrations of contaminants to avoid toxic effects leading to low concentrations of
transformation products, making their identification and characterization even more difficult. Besides
biological transformations, EOCs may be transformed after tertiary processes during wastewater
treatment such as ozonation, ultraviolet light or advanced oxidation processes, i.e., chemical oxidation
processes occurring via reactions with hydroxyl radicals [5]. Considering that these approaches do
not generally result in complete mineralization under usual treatment conditions, these processes
lead to the formation of unknown compounds [6,7]. To improve risk assessments for aquatic biota,
it is important to understand the mechanisms of formation of those oxidation products as well as to
elucidate their molecular structure [8].

Electrochemistry coupled offline or online with mass spectrometry is an interesting alternative to
study oxidation products of EOCs, since experiments are done in controlled conditions using pure
solvents and reagents and higher concentration of contaminants, reducing or eliminating the need for
sample preparation and accelerating data analysis and identification workflows [9]. Mass spectrometry
is well suited for coupling with electrochemistry given the rapidity, sensitivity and specificity of modern
mass spectrometers. Studies have demonstrated that metabolites generated by enzyme-catalyzed
reactions such as N-dealkylation, N-oxidation and O-dealkylation, aliphatic hydroxylation and
aromatic hydroxylation can be generated in vitro by electrochemical methods [9,10]. The similarity
between results obtained by such apparently unrelated systems (enzymatic vs. electrochemical cell) is
explained by the underlying mechanisms that occur in the phase I metabolism, which are generally
initiated by single electron transfer or hydrogen atom transfer involving an iron-oxygen complex [9,11].
For example, in electrochemical cells, single-electron transfer mechanisms such as the one occurring
during N-dealkylation can be reproduced by oxidation reactions at the working electrode in the
presence of a basic supporting electrolyte [11]. Electrochemistry was showed also to be useful to
improve our understanding of abiotic processes that degrade or cause EOCs in the environment to
bind to soils, as demonstrated by Hoffmann, et al. [12] with the sulfonamide antimicrobial sulfadiazine.
It is clear at this point that electrochemistry cannot mimic all possible CYP450-catalyzed reactions, in
fact only those reactions initiated by single-electron transfer (N-, O-, and S-dealkylation, hydroxylation
of benzylic carbon, etc.) can be simulated by electrochemistry [13]. However, electrochemistry
can be useful as a starting point to tackle the complexity found in samples issued from natural
transformation processes, as it was demonstrated in a study on the transformation products of an EOC
produced by the White-Rot Fungus Pleurotus ostreatus [14]. In that study, the formation of multiple
complex biotransformation products of carbamazepine by electrochemistry, such as epoxy, dihydro
and methoxy derivatives, was demonstrated using an online electrochemistry–mass spectrometry
technique. According to the authors of that paper, workflows of identification of transformation
products of organic contaminants can be improved by electrochemistry coupled to mass spectrometry.

The objective of the present work was to study the oxidation of a common EOC while
demonstrating the usefulness of using electrochemistry coupled offline or online with mass
spectrometry to improve our understanding of the fate of organic contaminants in the environment.
Three different electrochemical experiments coupled offline to high-resolution mass spectrometry
(HRMS) were investigated: cyclic voltammetry, electrolysis and the electro-assisted Fenton reaction.
Also, an electrochemical experiment using a thin-layer flow cell coupled online to HRMS was
performed. The anti-infective trimethoprim (TRI) was chosen as model compound given its frequent
detection in environmental waters [15] and the availability in the literature of information on its
oxidation products [16–21] and metabolites [22,23].
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2. Material and Methods

2.1. Reagents and Chemicals

Trimethoprim was purchased from Santa-Cruz Biotechnology (Dallas, TX, USA). Tetrabutylammonium
perchlorate (TBAP) was acquired from TCI America (Portland, OR, USA). 2,4-Diaminopyrimidine,
3,4,5-trimethoxytoluene, iron (II) sulfate and sodium sulfate were obtained from Sigma-Aldrich
(St. Louis, MO, USA). All these products have a purity ≥98%. Water for electrochemistry experiments
was purified using a Milli-Q filtration system (Merck MIllipore, Burlington, MA, USA). Solvents and
additives used in liquid chromatography–mass spectrometry experiments, such as acetonitrile (ACN),
water and formic acid (FA), were purchased from Fisher Scientific (Ottawa, ON, Canada) and were
Optima LC/MS grade.

2.2. Cyclic Voltammetry and Electrolysis

A three-compartment glass cell, each containing its own electrode, was used for both cyclic
voltammetry (CV) and electrolysis experiments. The counter electrode, a Pt mesh connected to a Pt
wire, was separated from the working electrode by a fine-sized glass frit. The reference electrode
communicates with the central working compartment (volume ≈ 25 mL) via a Luggin capillary placed
just below the surface of the working electrode. Working electrodes for cyclic voltammetry experiments
had a 2 mm diameter and were made of glassy carbon, Au or Pt. For electrolysis experiments, the Au
electrode was 6 mm and the glassy carbon 7 mm in diameter to improve the rate of transformation of
TRI. The Ag/Ag+ reference electrode was prepared fresh on each day of the experiments. The reference
solution consisted of 1 mL of ACN:H2O 99:1 (v/v) solution with 100 mM (34.2 g·L−1) TBAP as the
supporting electrolyte to which 1 mM (169.9 mg·L−1) AgNO3 was added. An Ag wire was rubbed
with fine sandpaper to remove the oxide layer and expose a fresh Ag surface. The wire was rinsed with
ACN: H2O 99:1 (v/v) before being immersed in the reference solution to form the reversible Ag/Ag+

redox couple. Organic medium such as ACN and TBAP is usually chosen to have access to a large
potential window (very negative and very positive potential), this combination of solvent and salt
is very stable in a wide range of potentials and various electrode materials. The presence of water
(1% here) is added to furnish little and controlled amounts of protons.

To study the electrochemical behavior of TRI, CV experiments were used first to determine the
general redox pattern of TRI and to monitor the potentials to be applied during subsequent electrolysis
(constant potential) experiments. All experiments were performed at room temperature. Cyclic
voltammetry experiments were carried out in a purely diffusional regime (working electrode was
stationary) using conditions used in previous electrochemical oxidation studies [24,25]. Solutions of
TRI (1 mM, 290.3 mg·L−1) were prepared in ACN:H2O 99:1 (v/v) with 100 mM TBAP. The supporting
electrolyte was set at 100 mM to ensure a good conductivity of the solution. To eliminate reactions of
radical intermediates with dissolved O2, the working electrode compartment (anode compartment)
was maintained under a N2(g) atmosphere. N2(g) was passed through a bubbler containing ACN to
limit evaporation during prolonged experiments and the flow rate was adjusted to achieve moderate
bubbling to limit undesirable convection phenomena. The cathode compartment was open to air.
A CV of a blank solution of TBAP/ACN without TRI was always recorded before each experiment.
The potential scan rate was set at 50 or 100 mV·s−1 for all CV experiments.

Electrolysis experiments were done at constant potential and were conducted with a
potentiostat/galvanostat EG&G model 273A from Princeton Applied Research. The solution was
stirred to increase the supply of electroactive compound to the surface of the working electrode and
to promote a higher conversion rate. Also, a higher concentration of TRI, 10 mM (2903 mg·L−1) was
used. After electrolysis, samples were diluted by a factor of 1000 using water and injected into the
liquid chromatography–quadrupole–time of flight mass spectrometry (LC-QqTOFMS) system (Bruker,
Billerica, MA, USA). This dilution step was necessary to avoid overloading the chromatographic
column with the supporting electrolyte and to prevent signal saturation for the analyte.
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2.3. Electro-Assisted Fenton Reaction

Electro-assisted Fenton reaction experiments were carried out with a potentiostat/galvanostat
EG&G model 273A from Princeton Applied Research in a cell with one compartment and two
electrodes. The working electrode was made of glassy carbon (diameter: 7 mm) and molecular
oxygen is continuously bubbled into the solution during the experiment. In the electro-assisted
Fenton reaction, hydrogen peroxide is generated in situ electrochemically in an acid medium from the
dissolved oxygen:

O2(aq) + 2H+
(aq) + 2e− → H2O2(aq)

Compared to other materials, glassy carbon shows a reduced overpotential with respect to the
production of peroxide compared to other reactions, making it an ideal candidate [26] for this type of
experiment. The hydroxyl radical (OH•) produced in the Fenton reaction reacts quickly with organic
compounds in solution. For example, according to Dodd, et al. [27], the second order rate constant of
the reaction of OH• with TRI is (6.9 ± 0.2) × 109 M·s−1 at neutral pH and at 25 ◦C. When produced
in sufficient quantity over a sufficient period of time, OH• will oxidize virtually all carbons in the
molecule to lead to an almost complete mineralization of TRI. The counter electrode/reference electrode
was a Pt mesh. The solution contained 50 mM Na2SO4, 0.1 mM FeSO4 in water acidified to pH 2.7
using concentrated H2SO4. Since degradation of TRI in the electro-assisted reaction is fast, a higher
concentration of TRI (58 mg·L−1) was used in this experiment to follow changes in its concentration
throughout the duration of the whole experiment. A current density of 1 mA·cm−2 was applied for
30 min in galvanostatic mode. The reaction time and the current density were optimized to limit
bubble formation at the counter electrode and to produce about 70% reduction of the signal of the
precursor ion detected by mass spectrometry. Longer electrolysis time, e.g., >60 min, were not used
to avoid further degradation of the transformation products which would then be harder to detect
and characterize. All experiments were done at room temperature. Aliquots at different time intervals
were sampled from the cell, diluted by a factor of 1000 and injected into the LC-QqTOFMS system.

2.4. Thin-Layer Flow Cell Coupled Online to High-Resolution Mass Spectrometry

The Roxy EC for MS System manufactured by Antec Leyden B.V. (Zoeterwoude, the Netherlands)
was used to perform online EC-MS experiments. This system is composed of a syringe pump,
a thin-layer flow cell (μ-PrepCell) and a three-electrode setup controlled by a potentiostat.
The thin-layer flow cell has a 11 μL internal volume. The reference electrode was Pd/H2, the counter
electrode was Ti and the working electrode was boron-doped diamond (dimensions 12 × 30 mm,
thickness 1 mm). The cell was operated in the constant potential steps mode. All experiments
were done at room temperature. The outlet of the thin-layer flow cell was connected to the inlet
of the electrospray source of the QqTOFMS through a PEEK tubing (127 μm internal diameter).
TRI at a concentration of 4.3 μM (1.25 mg L−1) dissolved in a solution of 0.1% FA in H2O:ACN
1:1 (pH 2.92) was introduced in the cell using in a syringe pump at a flow rate of 20 μL min−1.
This concentration was optimal to avoid saturating the QqTOFMS detector. The composition of
the solution used for these experiments (0.1% FA in ACN:H2O 1:1 v/v) was chosen according to
manufacturer’s recommendations [28].

2.5. Liquid Chromatography–Quadrupole–Time of Flight Mass Spectrometry (LC-QqTOFMS)

Chromatographic separation of electrolysis or Fenton reaction products was performed on a
Nexera ultra performance liquid chromatograph (UPLC) manufactured by Shimadzu (Kyoto, Japan)
coupled to a Bruker MaXis time-of-flight mass spectrometer (QqTOFMS) equipped with an electrospray
ionization (ESI) source operated in the positive mode. Reaction products generated in the thin-layer
flow cell were not separated chromatographically since the cell is coupled online to the QqTOFMS and
reaction products are monitored in real time.
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The UPLC parameters were the following: the column was an Acquity HSS-T3 C18 reverse phase
(50 × 2.1 mm, 1.8 μm), the mobile phase was composed of solvent A (0.1% FA in H2O) and solvent
B (0.1% FA in ACN) and the mobile phase flow rate was 500 μL·min−1. The elution gradient was
adjusted according to the samples to maximize separation. Therefore, two different gradients were
employed for optimal separation: one for electrolysis products and the another for electro-assisted
Fenton reaction products. For the analysis of electrolysis products, the gradient as percentage of B in
the mobile phase was: at 0 min, 10%; 5.30 min, 15%; 7 min, 40%; 9 min, 98%; 10 min, 98%; 11 min,
10%; 14 min, 10%. For the analysis of Fenton reaction products, the gradient used was the following:
0 min, 5%; 5 min, 20%; 7 min, 50%; 8 min, 98%; 10 min, 98%; 11 min, 5%; 14 min, 98%. For both
chromatographic methods the column temperature was set to 30 ◦C.

The injection volume was also adjusted according to the experiment and the sample. Thus between
0.1 and 2 μL of the diluted sample was injected to obtain a signal with a target intensity of 2 × 105

for the most abundant species. A switching valve was used to bypass supporting electrolyte (TBAP)
which remains sufficiently concentrated to saturate the QqTOFMS detector.

The QqTOFMS parameters were the following: nebulizing gas N2, nebulizing gas temperature
200 ◦C, nebulizing gas flow rate 9 L·min−1, capillary voltage 3500 V, end plate offset −500 V, ion
cooler 35 μs and RF 55 Vpp. The mass range was m/z 100 to 700. For the MS/MS experiments, a time
segment comprising the peak of the analyte was created and the isolation window of the precursor ion
was set to 1 Da. The collision energies (between 10 and 30 eV) were optimized to obtain 10% relative
intensity of the precursor ion. The mass resolution measured at full width at half-maximum for m/z
291 was about 18,000.

2.6. Identification of Oxidation Products

To identify the oxidation products generated in the diverse electrochemical setups. a workflow
based on the confidence level scheme proposed by Schymanski et al. [29] was adopted. According
to that scheme, accurate mass represents the lowest confidence (level 5), followed by unequivocal
molecular formula (level 4), tentative candidate (level 3, based on complementary data such as
tandem mass spectra and software tools), probable structure (level 2a, reached using a library
spectrum match or level 2b reached using experiments indicating that no other structure fits the
data) and finally confirmed structure (level 1, which requires a reference standard). Since tandem
mass (MS/MS) spectra of oxidation products of trimethoprim are not yet stored in spectral libraries
and standards are rare or not commercially available, diverse techniques were used to improve the
identification level of the accurate mass data obtained by the high-resolution mass spectrometer.
Those complementary techniques were: hydrogen–deuterium exchange (HDX) [30], which reveals the
number of exchangeable hydrogen atoms such as those present in alcohol or amine functional groups;
MS/MS experiments and comparison with MS/MS data found in the literature; in-silico fragmentation
analysis of precursor ions based on the Mass Frontier software from HighChem and spectral accuracy
determined by MassWorks software from Cerno Bioscience. Spectral accuracy measures the similarity
between mathematically transformed experimental isotopic pattern of an ion and the theoretical
isotopic pattern corresponding to a given molecular formula [31]. High spectral accuracy, generally
≥98%, means that the experimental isotopic pattern closely matches the abundance and shape of the
isotopic pattern expected for a possible formula. Therefore, spectral accuracy contributes to eliminate
possible candidates and gives higher confidence in the assignation of unique molecular formulas to
accurate masses. Parameters for spectral accuracy were the following: elements (C, H, N and O);
number of elements determined by empirical rules, mass tolerance (10 Da); charge (+1) and number of
double bond equivalents (3.5 to 11.5).

Parameters for the in-silico fragmentation analysis using Mass Frontier software were the
following: ionization method (M + H+); ionization on non-bonding electrons and π-bonds; cleavage
(α and inductive); H-rearrangement (charge remote rearrangement, hydrogen transfer from atom
α, β and γ); resonance reaction (electron sharing, charge stabilization); aromatic system allowed
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(ionization, stabilization); cleavage allowed on primary, secondary and tertiary carbocation; maximum
reaction steps (5) and reactions limit (10).

3. Results and Discussion

3.1. Cyclic Voltammetry and Electrolysis

The results of CV measurements with TRI are shown in Figure 1. They revealed two main peaks
in the voltammogram at 900 and 1150 mV (vs. Ag/Ag+). Those peaks indicate the oxidation of
two electroactive functions on the TRI molecule and the formation of two oxidation products at the
electrode surface. Electrolysis experiments based on those two potentials were performed to produce a
sufficient quantity of oxidation products for identification by offline LC-QqTOFMS. Minor peaks were
also observed at negative potentials which may have been the result of an incomplete purge of O2 by
N2 bubbling. Nevertheless, the presence of possible traces of O2 did not influence TRI oxidation.

Figure 1. Cyclic voltammogram of trimethoprim (TRI) in the three-compartment electrochemical cell
using a glassy carbon working electrode (2 mm of diameter) and a solution of ACN:H2O 99:1 and
100 mM tetrabutylammonium perchlorate (TBAP). Potential scan rate was 50 mV s−1. Arrows indicate
the signal corresponding to the forward and reverse scans.

Electrolysis experiments were initially performed at a constant potential of 1050 mV, i.e.,
at a potential between the two oxidation peaks observed in the cyclic voltammetry experiments.
The solution was stirred to maximize the supply of reagent to the surface of the electrode. During
these experiments, a layer of precipitate formed on the surface of the working electrode regardless
of the material used, Au or Pt. That solid product accumulated until small flakes started to detach
and settle at the bottom of the cell. At the end of the electrolysis, the solution was diluted by a factor
of 1000 in water and analyzed by LC-QqTOFMS. Results did not show the presence of any reaction
product. To investigate the nature of the layer formed on the electrode, the cell was placed in a
sonicator for 1 min to detach the precipitate from the glass wall and facilitate its recovery by dissolving
it in methanol. Analysis of that methanol solution by LC-QqTOFMS showed only the presence of
TRI. The presence of TRI in that solution was most likely the result of a contamination, i.e., TRI was
adsorbed on the layer of precipitate.

When the potential applied during the electrolysis was increased to 1500 mV, i.e., after the second
oxidation peak of TRI, and after 60 min of electrolysis, the solution acquired a slightly beige tint
and no layer was formed on the surface of the electrode, thus suggesting the formation of soluble
oxidation products, and a sample of the solution was collected. The sample was diluted by a factor
of 1000 in water and injected in the LC-QqTOFMS. Results showed the presence of an oxidation
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product having an ion of m/z 307.1411 which was named oxidation product 306 or OP306 because its
molecular mass is 306 Da. Analysis of spectral accuracy of the isotopic pattern in MassWorks indicated
that only two neutral formulas were possible for that ion considering the constraints specified in the
Material and methods section: C14H18N4O4 (Δm = 1 mDa, spectral accuracy = 93.9%) and C9H10N6O6

(Δm = 5 mDa, spectral accuracy = 92.2%). Since the number of N atoms in the oxidation should not
be higher than in TRI and considering that the spectral accuracy for the first formula was higher,
the unequivocal molecular formula was determined to be C14H18N4O4. This formula indicated the
addition of one O atom relative to TRI (C14H18N4O3) in OP306. HDX experiments using a technique
recently developed in our group [32] indicated an increase of one exchangeable H atom in OP306
(total of five exchangeable H atoms) relative to TRI (four exchangeable H atoms). MS/MS experiments
with OP306 using a collision energy of 30 eV gave the product ions shown in Table 1. Transformation
products of TRI with the same molecular formula, number of exchangeable hydrogens, precursor ion
and product ions (Table 1) have been previously reported by several authors and were produced by
rat metabolism [32], pig liver microsomes [33] and diverse water treatment processes [16,18,19,22].
Proposed structures are shown in Figure 2 (isomers A, B and C).

 

Figure 2. Tentative molecular structures for TRI transformation products according to previous studies.
(A–C): Proposed structures for OP306. (D,E): Proposed structures for OP324.

From isomers A, B and C shown in Figure 2, OP306 appears to correspond to
α-hydroxytrimethoprim (α-OH-TRI, isomer A) since it is the best match to MS/MS data. Two reaction
mechanisms, based on single-electron transfer and nucleophilic attack by H2O, are proposed to
explain the electrochemical formation of OP306 (Figure 3 and Figure S1, Supplementary material).
A hypothesis explaining the difference between the electrolysis products observed at 1050 and 1500 V
is illustrated in Figure 3. The first step in the electrolysis of TRI, is the loss of an electron which
generates a radical intermediate. This radical intermediate can react with TRI to form dimers or
other TRI oligomers. At higher potentials, further oxidation (followed by the loss of a proton) of
the radical intermediate is possible, thus resulting in a second cationic intermediate that cannot be
further oxidized and that ultimately leads to the formation of α-OH-TRI after the loss of a proton and
nucleophilic attack by water.

The formation of α-OH-TRI by electrochemistry in the electrolysis experiments was selective as is
shown in Figure S2 (Supplementary material). No other major oxidation product between m/z 200 and
400 was observed in the chromatograms after 7 min of analysis (TRI eluted at around 6 min). While it
is possible that dimers or other TRI dimers or oligomers could have been formed in the electrolysis at
1500 V, they do not appear to be major products. Also, detection of such species in the conditions used
could be difficult since they would have eluted by the end of the chromatographic gradient. In those
conditions, many column contaminants are eluted given the high organic content in the mobile phase.
Those compounds can cause signal suppression, thus avoiding detection of minor sample components.
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Table 1. Proposed molecular formulas and major product ions of the precursor ions observed in the electrochemistry experiments.

Observed
Ions (m/z)

Name
Most Likely
Molecular Formula a

(Neutral)
Δm (mDa)

Spectral
Accuracy (%)

RDBE b Product Ions c (m/z)

Electrolysis

307.1411 OP306 C14H18N4O4 1 93.9 7.5 259.0825 (100), 243.0875 (58), 274.1055 (22), 289.1286 (11)

Electro-assisted Fenton reaction

237.1026 OP236
C10H12N4O3 4 64.6 6.5

N.A.
C13H16O4 −10 64.8 5.5

291.1082 OP290 C13H14N4O4 0.5 N.A. 8.5 258.0736 (100), 273.0984 (66), 240.0645 (44), 241.0703 (40), 291.1084 (31)

307.1398 OP306 C14H18N4O4 −0.2 69.8 7.5 259.0822 (100), 243.0878 (60), 274.1054 (30), 231.0869 (14), 244.0927 (14)

323.1345 OP322a C14H18N4O5 −0.5 89.2 7.5 249.0983 (100), 231.0887 (88), 259.0827 (86), 216.0624 (73), 323.1345 (59)

323.1346 OP322b C14H18N4O5 −0.4 84.6 7.5 249.0979 (100), 231.0875 (90), 259.0826 (78), 216.0637 (45), 323.1349 (41)

325.1504 OP324 C14H20N4O5 −0.2 87.3 6.5 181.0680 (100), 325.1497 (55)

Thin later flow cell coupled online to high-resolution mass spectrometry (HRMS) d

307.1421 OP306 C14H18N4O4 2 50.3 7.5 N.A.

323.1372 OP322 C14H18N4O5 2 92.9 7.5 323.1372 (100), 259.0998 (22), 291.1109 (20), 231.0893 (13)

339.1325 OP338 C14H18N4O6 3 N.A. 7.5 N.A.

357.1431 OP356 C14H20N4O7 3 N.A. 6.5 N.A.

398.1700 OP397
C10H23N9O8 * −4 94.1 3.5

N.A.C11H23N7O9 * 7 94.1 3.5

C16H23N5O7 * 3 92.0 7.5
a According to mass accuracy (tolerance = 10 mDa), spectral accuracy and number of C and N atoms in the candidate structures (candidates with number of C and N atoms higher than
those of trimethoprim (TRI) were eliminated). b Ring and double bond equivalents. c Values between parentheses indicate normalized abundance at a collision energy of 30 eV. d Values
between parentheses indicate normalized abundance at a collision energy of 20 eV. * Indicates that no possible candidate formula was possible within the constraints given, therefore a
higher number of C and N atoms relative to TRI was allowed to determine a molecular formula. N.A.: Not available.
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The TRI oxidation product α-OH-TRI has been observed in living systems such as rat
metabolism [32], and biological and chemical process like nitrifying bacteria in activated sludge [22],
direct photolysis and solar TiO2 photocatalysis [16], oxidation by KMnO4 [18] and thermo-activated
persulfate oxidation [19]. This demonstrates the diversity of phenomena in which electrochemistry can
play an important role in predicting, identifying and understanding the formation of transformation
products of EOCs generated by diverse and dissimilar systems involving redox reactions.

Figure 3. Proposed mechanism of formation of α-OH-TRI by electrolysis at 1500 V. The formation of
the unidentified precipitated at 1050 V could be explained by the reaction of a radical intermediate
with TRI.

3.2. Electrochemically-Assisted Fenton Reaction

These experiments showed that after 60 min of reaction, TRI was completely transformed
(Figure 4). Several major transformation products with ions of m/z 237, 291, 307, 323 and 325 were
formed during the experiment and they reached their maximum concentration between 10 to 20 min
of treatment. After this maximum, the transformation products were also degraded and were no
longer detected after 60 min of treatment, except for one transformation product which appeared to be
resistant to degradation, the oxidation product with a m/z of 237.
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Figure 4. Profile of degradation of TRI and formation of its transformation products with the
electro-assisted Fenton reaction setup. Only the concentration of TRI was measured (left axis). For the
oxidation products, peak areas were used to measure their relative abundance as a function of time
(right axis).

To the authors’ knowledge, OP236 (m/z 237.1026) has not been reported previously in the
literature. For this compound (Table 1), only two candidates were possible: C10H12N4O3 (Δm = 4 mDa,
spectral accuracy = 64.6%), and C13H16O4 (Δm = −10 mDa, spectral accuracy = 64.8%). Unfortunately,
it was not possible to perform MS/MS experiments since precursor abundance was too low and further
experiments are necessary to unambiguously assign its molecular formula.

As for m/z 291.1083 (OP290), formula determination based on mass and spectral accuracy
suggested that one two molecular formulas are possible candidates: C13H14N4O4 (Δm = −0.5 mDa,
spectral accuracy = 74.1%) or C12H18O8 (Δm = 0.9 mDa, spectral accuracy = 74.1%). From those two,
C13H14N4O4 is obviously the most probable candidate since it is extremely unlikely that TRI could
have lost four N atoms while retaining 12 C atoms (loss of two C atoms) and accepted four additional
O atoms upon its oxidation. Five potential structures corresponding to the formula C13H14N4O4 were
suggested, as presented in Table 2. An in-silico MS/MS fragmentation analysis based on theoretical
and library reactions on MassFrontier software showed that only one among those five structures
(isomer E) could explain 10 of the 12 most abundant product ions of m/z 291.1083, with mass accuracy
for all matching fragments ≤2.5 mDa.

In a previous study of the transformation of TRI under aerobic conditions in nitrifying activated
sludge, this same structure was assigned to a transformation product of TRI with the same exact mass,
albeit a completely different MS/MS spectrum [34]. While differences in MS/MS could be the result of
different mass analyzers (the present study used an QqTOF while in the study of Jewell et al. a linear
ion trap–orbitrap mass spectrometer was used) mass accuracy, spectral accuracy and comparison of
MS/MS spectrum and in silico fragmentation suggests that the most likely structure of OP290 is isomer
E or (2,4-diaminopyrimidin-5-yl)-(4-hydroxy-3,5-dimethoxyphenyl)methanone.
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Table 2. Mass accuracy of the product ions of the five proposed structures for OP290 according to in-silico fragmentation analysis done by Mass Frontier software.

Observed
Product Ions m/z

Relative
Abundance %

Isomer

A B C D E

 

212.0700 10.5 −0.7
216.0519 14.3
230.0790 18.3 0.8
234.0660 9.4 −2.5
240.0645 43.9
241.0703 40.4 1.7 1.7
249.0866 25.4 11.6 0.4 0.4 11.6 0.4
258.0736 100 13.7 1.1 1.1 1.1 1.1
261.0613 8.0 0.5
261.0968 6.5 1.4 1.4 1.4 1.4 1.4
273.0984 66.4 −0.2 −0.2 −0.2 −0.2 −0.2
276.0849 15.0 13.0 13.0 13.0 13.0 0.4

Note: A few ions were omitted from this table if the accurate mass and the abundance were close to the expected M + 1 isotopic peaks.
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Chromatograms showed that the oxidation product with a retention time of 2.0 min had an
ion of m/z 307.1398 and eluted earlier than TRI on the C18 column, similar to OP306 (α-OH-TRI),
the oxidation product observed in the electrolysis experiments with the three-compartment cell with
stationary electrodes. Mass accuracy (−0.2 mDa) and spectral accuracy (69.8%) also suggested that the
most likely neutral formula for that compound is C14H18N4O4 since the other two possible candidates
(C16H14N6O, C9H18N6O6) had a higher number of N atoms relative to TRI, which is not possible
in this reactive system. The low spectral accuracy of the most likely candidate was due to the low
signal-to-noise ratio signal, and the presence of background peaks interfering with the determination
of spectral accuracy. Peaks in the MS/MS spectrum of m/z 307.1398 (Table 1) showed that product
ions generated after collision induced dissociation (m/z 243, m/z 244, m/z 259 are m/z 274) are the
same as those of OP306 observed in the three-compartment electrode cell with stationary electrodes
(Table 1). This suggests that α-OH-TRI can also be formed in the electro-assisted Fenton reaction setup.

The presence of two oxidation products of m/z 323, OP322a eluting at 2.8 min, and the other,
OP322b, with a retention time of 4.3 min was also observed. Spectral accuracies (89.2% and 84.6%,
respectively) and mass accuracies (−0.5 and −0.4 mDa, respectively) unambiguously indicated that
the neutral formula of both OP322a and OP322b was C14H18N4O5. MS/MS experiments revealed
that those two isomers share the same major product ions: m/z 249, m/z 231, m/z 259, m/z 216 and
m/z 232 (Table 1). Therefore, they must have a very similar structure. For example, the addition of
oxygen must have occurred at close positions on the OP322a and OP322b molecule, such as on the
ring of the 3,4,5-trimethoxyphenyl moiety or on the amine groups to yield N-oxides. However, those
oxygen additions decreased the retention of OP322a more significantly than that of OP322b, since the
difference of retention time between the two isomers is of 1.5 min. Oxidation products of TRI with the
same molecular formula have been reported earlier by several authors working on advanced oxidation
processes for water treatment and these were identified as dihydroxy-TRI isomers [16,19]. At least
five isomers of OP322 were reported by Sirtori, et al. [16]. In another study, two other isomers were
proposed for OP322 and were explained by cleavage of the 2,4-diaminopyrimidinyl moiety but the
MS/MS spectrum reported by the authors in that study [18] had only one product ion (m/z 181) which
does not correspond the one observed experimentally in the present study (Table 1).

Another oxidation product observed was m/z 325.1504 (OP324). Spectral accuracy (87.3%) and
mass accuracy (−0.2 mDa) pointed to C14H20N4O5 as the most likely molecular formula and the other
possible candidates (e.g., C20H20O4 or C16H16N6O2) had a higher number of C or N atoms relative to
TRI. A compound with the same molecular formula (compound D, Figure 2) was also identified in TRI
degradation experiments with sludge containing nitrifying bacteria [22]. The only product ion of m/z
325.1504 observed by MS/MS, m/z 181 (Table 1), is also the only product ion reported by Eichhorn
et al. [22]. Another study on the oxidation of antibiotics during water treatment with KMnO4 [18]
suggested a different molecular structure for a TRI oxidation product of formula C14H20N4O5 and
similar MS/MS spectrum. Such structure (Figure 2, compound E) is also possible. Unfortunately,
HDX combined with MS/MS experiments were not performed on OP324, which could have helped
determine the correct structure since some exchangeable hydrogens in both compounds are located in
different parts of their structure.

Contrary to the CV and electrolysis experiments, in the electro-assisted Fenton reaction there
was no interaction between TRI and the surface of the electrode. The reactions leading to these
transformation products take place within the solution. Besides being able to mimic certain reactions
resulting from the metabolism of cytochrome P450 enzymes, as reported earlier [10], the electro-assisted
Fenton reaction is an interesting approach to study oxidation reactions occurring during water
treatment processes involving OH•.

3.3. Thin-Layer Flow Cell Coupled Online to High-Resolution Mass Spectrometry

One of the major advantages of the thin-layer flow cell compared to the other setups used is the
possibility of online coupling with a mass spectrometer. Such a setup allows us to detect in real time
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compounds formed in the cell when a potential is applied. This setup saves enormous amounts of
time but it also comes with certain limitations: (i) the solution composition must be compatible with
electrospray ionization, i.e., the supporting electrolyte must be kept at low concentration, usually
around 0.1% v/v or ≤ 50 mM; (ii) the supporting electrolyte must be volatile, such as FA or ammonium
formate; and (iii) there is no chromatographic data, reaction products are introduced directly into the
mass spectrometer, therefore isomers cannot be resolved.

Figure 5 shows the results of experiments performed using constant potential steps with a
solution containing TRI at 1.25 mg·L−1. Preliminary experiments showed that no reaction product
was observed below 750 mV (vs. H2/Pd) using the boron-doped diamond (BDD) working electrode.
Reaction products started to be detectable at +1000 mV and a progressive diminution of the TRI ion
(m/z 291) was observed when increasing the potential. At +2500 mV, the signal of TRI was about 0.5%
of its original value when the cell was off.
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Figure 5. Mass spectrometry voltammogram of TRI obtained with the thin-layer flow cell coupled
online with the QqTOFMS. The solution was composed of 0.1% FA in ACN:H2O 1:1 and the
concentration of TRI (m/z 291) was 1.25 mg·L−1.

The most abundant oxidation products were detected between +1000 and +1250 mV and are
reported in Table 1. Amongst that list, the most intense signal corresponded to m/z 323.1372
(C14H18N4O5, Δm = 2 mDa, spectral accuracy = 92.9%) and it was observed at both 1000 and 1250 mV
(vs. Pd/H2). Tandem mass (MS/MS) spectra experiments (Table 1) confirmed that C14H18N4O5

(or most likely a mixture of compounds of molecular formula C14H18N4O5) generated in the thin-
layer flow cell are the same as the dihydroxy-TRI isomers (OP322a and OP322b) observed in the
Electro-assisted Fenton reaction experiments. Also, m/z 307.1421 (C14H18N4O4, Δm = 2 mDa, spectral
accuracy = 50.3%) observed only at 1000 mV (vs. H2-Pd) and m/z 339.1325 (C14H18N4O6, Δm = 2 mDa)
observed at 1250 mV (vs. H2/Pd) were observed and appear to be mono and trihydroxylated-TRI,
respectively. As for m/z 357.1431 (1250 mV vs. H2/Pd), it could correspond to C14H20N4O7

(Δm = 3 mDa). However, unequivocal molecular formulas for this ion cannot be confirmed since
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the relative low abundance and signal-to-noise ratio of these compounds resulted in low spectral
accuracy or isotope patterns that did not correspond to the proposed formulas, as was the case of m/z
339.1325 (1250 mV vs. H2/Pd). Also, meaningful MS/MS spectra could not be obtained because of
the low signal of these two ions. However, the presence of multiple hydroxylated oxidation products
of TRI in the thin-layer flow cell is highly possible. Multiple hydroxylated species of nucleotides
have been observed when using a similar setup with the same electrode, albeit at both higher pH and
potential [35]. Electron transfer from TRI to the electrode surface may not be the only mechanism
responsible for the formation of TRI oxidation products in the BBD electrode; OH• radicals most
probably intervened in their formation as well. Indeed, Marselli, et al. [36] have shown that OH•
radicals are formed in the oxidation of water on a BDD electrode. A previous study on the degradation
of TRI in a photoelectro-Fenton process also reported the formation of multiple hydroxylated oxidation
products of TRI [37].

The presence of m/z 398.1700 (1250 mV vs. H2/Pd), is however puzzling since no molecular
formula with a number of C and N atoms equal or lower than those in TRI can be assigned to this
ion. Therefore, this ion may correspond to an addition or condensation reaction product between
TRI oxidation products. Such reactions are not unlikely, since the generation of radical species by
electrochemistry often leads to oligomerization or polymerisation reactions [38]. Studies on the
oxidation of the skin allergen p-phenylenediamine using a thin-layer flow cell with a BBD working
electrode showed that ions corresponding to p-phenylenediamine dimers were formed [39]. The nature
of such reactions products was not investigated here and were considered out of the scope of the
present study.

Results obtained with this setup showed that coupling a thin-layer flow cell with a BDD electrode
to a high-resolution mass spectrometer provides an interesting tool for studying the oxidation products
of organic compounds in the environment and water treatment process involving OH• such as
photolysis and advanced oxidation processes. In this setup, the effect of potential on the formation of
oxidation products can be monitored in real time, which allows a more efficient interpretation of data.

In summary, the diverse electrochemical approaches used in the present study showed that mostly
mono-, di-hydroxylated and possibly tri-hydroxylated derivatives of trimethoprim were generated
electrochemically (Table 3). Those compounds have been previously reported as mammalian [32] and
bacterial metabolites [22] as well as transformation products of advance oxidation processes applied
to waters containing trimethoprim [16,18,19,37]. These results suggest that electrochemistry–high
resolution mass spectrometry is an interesting technique for studying oxidative reactions of organic
compounds of environmental interest, as was previously suggested by Hoffmann et al. [12].
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Table 3. Summary of techniques tested and the main results obtained.

Technique Conditions
TRI Oxidation

Products Generated
Identification Level [29]

Previous Reports of the Oxidation
Product

Electrolysis

Solution: ACN:H2O 99: 1 (v/v)
with 100 mM TBAP.
WE: Glassy carbon maintained
under a N2(g) atmosphere.
Potential applied: 1500 mV (vs.
Ag/Ag+).

OP306
(α-OH-TRI)

Probable structure (level 2b): based on spectral and
mass accuracy, H/D exchange, experimental and
literature MS/MS spectra.

Rat metabolism [32].
Nitrifying bacteria in activated sludge [22],
direct photolysis and solar TiO2
photocatalysis [16], Oxidation by KMnO4
[18], thermo-activated persulfate oxidation
[19].

Electro-assisted
Fenton reaction

Solution: 50 mM Na2SO4, 0.1
mM FeSO4 in acidified H2O
with H2SO4 at pH 2.
WE: Glassy carbon.
Current density: 1 mA cm−2.

OP236
(m/z 237.1026)

Accurate mass (level 5): mass and spectral accuracy
could not assign unequivocally a formula to the
observed m/z.

Not reported previously.

OP290
[2,4-diaminopyrimidin
-5-yl)-(4-hydroxy-
3,5-dimethoxyphenyl)
methanone]

Probable structure (level 2b): based on spectral and
mass accuracy, and comparative in-silico MS/MS
fragmentation analysis.

Nitrifying bacteria in activated sludge [34].

OP306
(α-OH-TRI)

Probable structure (level 2b): based on spectral and
mass accuracy, experimental and literature MS/MS
spectra.

Same as indicated for the
three-compartment cell with stationary
electrodes.

OP322
(2OH-TRI) isomers

Tentative structures (level 3): based on spectral and
mass accuracy, experimental and literature MS/MS
spectra.

Direct photolysis and solar TiO2
photocatalysis [16], thermo-activated
persulfate oxidation [19].

OP324
(C14H20N4O5)

Tentative structures (level 3): based on spectral and
mass accuracy. Experimental and literature MS/MS
spectra could not assign unambiguously one structure.

Nitrifying bacteria in activated sludge [22].

Thin-layer flow
cell coupled
online to HRMS

Solution: 0.1% FA in H2O:ACN
1:1
WE: Boron-doped diamond.
Potential applied: 1000 to 1500
vs. Pd/H2.

OP306
(m/z 323.1372)

Accurate mass (level 5): mass and spectral accuracy
could not assign unequivocally a formula to the
observed m/z.

Same as indicated for the
three-compartment cell with stationary
electrodes.

OP322
(2OH-TRI)

Tentative structures (level 3): based on spectral and
mass accuracy, experimental and literature MS/MS
spectra.

Same as indicated for the
three-compartment cell with stationary
electrodes.

OP338 (m/z 339.1325)
Exact mass (level 5): mass and spectral accuracy could
not assign unequivocally a formula to the observed
m/z.

Photoelectro-Fenton with Pt anode [37].

WE: Working electrode.
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4. Conclusions

Oxidation experiments with TRI using different electrochemical experiments (cyclic voltammetry,
electrolysis, electro-assisted Fenton reaction and thin-layer flow cell coupled online to HRMS)
generated several oxidation products previously reported in diverse biological processes such as
bacterial and mammalian metabolism as well as in oxidation processes used for water treatment. Since
many parameters intervened in the outcome of the experiments with each technique such as solution
composition, pH, and electrode material, it is not possible to rank the techniques tested in terms
of performance. Table 2 shows that the four setups differed especially in terms of selectivity in the
production of oxidation products. Electrolysis using a glassy carbon electrode under N2(g) atmosphere
was the most selective. This setup only generated OP306, identified as α-hydroxytrimethoprim
(α-OH-TRI), as the major oxidation product. Electro-assisted Fenton oxidation and oxidation at a BDD
anode in a thin-layer flow cell were less selective and generated an array of oxidation products. Among
the most abundant were α-OH-TRI, 2OH-TRI and OP338, possibly a tri-hydroxylated derivative of
TRI. The selectivity depends on the main oxidation mechanism involved in the techniques evaluated.
In the three-compartment cell, the formation of α-OH-TRI is initiated by the transfer of one electron to
the working electrode. In the electro-assisted Fenton oxidation in the one-compartment cell and in
the oxidation at a BDD anode in the thin-layer flow cell, the OH• radical, a highly reactive oxidant
with low selectivity towards organic compounds, plays a major role. Also, further studies with the
thin-layer flow cell using different working electrodes, solution compositions, and pH values are
needed, since the rapidity and simplicity of this technique makes it a quick and simple approach to
study the fate of EOCs.

Finally, this study confirmed that electrochemical techniques are relevant not only to mimic
the cytochrome P450 oxidation transformations of drugs, as has been suggested previously [10,13],
but also to study the oxidation reactions of organic contaminants in wastewater treatment plants.
The key role that redox reactions play in the environment make electrochemistry coupled to high
resolution mass spectrometry a powerful technique to improve our understanding of the fate of EOCs
in the environment.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3298/5/1/18/s1, Figure
S1. Simultaneous proposed mechanism of formation of α-OH-TRI (OP306). Since protons are generated at the
anode during the electrolysis, TRI can be protonated in solution and then oxidized by initial loss of an electron from
the trimethoxyl moiety rather than the diaminopyridinyl moiety. Figure S2. Survey view of the chromatogram
obtained by UPLC-QTOFMS of a solution of TRI after 60 min of electrolysis at 1500 mV vs. Ag/Ag+ using the
setup described for the three-compartment electrochemical cell with stationary electrodes. The red circle indicates
the peak corresponding to OP306 (m/z 307, α-hydroxytrimethoprim) and the blue square the peak corresponding
to TRI (m/z 291). Peaks observed after 7 min correspond to compounds eluted at high organic percentage during
the chromatographic separation. Signal threshold for the survey view was 1000 counts.
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Abstract: Sludge production in wastewater treatment plants is increasing worldwide due to the
increasing population. This work investigated the effects of ultrasonic (ULS), ultrasonic-ozone
(ULS-Ozone) and ultrasonic + alkaline (ULS+ALK) post-treatments on the anaerobic digestion of
sewage sludge in semi-continuous anaerobic reactors. Three conditions were tested with different
hydraulic retention times (HRT, 10 or 20 days) and sludge recycle ratios (R = QR/Qin (%): 50 or 100%).
Biogas yield increased by 17.8% when ULS+ALK post-treatment was applied to the effluent of
a reactor operating at 20 days HRT and at a 100% recycle ratio. Operation at 10 days HRT also
improved the biogas yield (277 mL CH4/g VSadded (VS: volatile solids) versus 249 mL CH4/g
VSadded in the control). The tested post-treatment methods showed 4–7% decrease in effluent VS.
The post-treatment resulted in a decrease in the cellular ATP (Adenosine tri-phosphate) concentration
indicating stress imposed on microorganisms in the reactor. Nevertheless, this did not prevent higher
biogas production. Based on the results, the post-treatment of digested sludge or treating the sludge
between two digesters is an interesting alternative to pre-treatments.

Keywords: sewage sludge; ultrasound; ozone; post-treatment; anaerobic digestion; biogas

1. Introduction

Hydrolysis of particulate organics is known to limit the rate of sludge anaerobic digestion [1,2].
Pre-treatment has been widely reported to solubilize the organic solids in sludge and make them more
accessible for the subsequent anaerobic digestion [3–5]. Ultrasonication (ULS) (20 kHz) pre-treatment
at 6250 and 9350 kJ/kg total solids (TS) resulted, respectively, in a 47% and 51% increase in methane
production [6]. Anaerobic biodegradability of feed sludge after combined ultrasound (ULS) and
ozone pre-treatment increased by 93% and 106% after 30 min and 45 min [7]. Combined ULS and
alkaline (ALK) treatment of feed sludge enhanced the subsequent anaerobic digestion performance.
Kim et al. [8] found that the methane production improved by around 55% along with 17% increase
in volatile solids (VS) reduction after combined ULS and ALK pre-treatment (pH9 + 7000 kJ/kg TS).
These studies were carried out in batch mode which often does not reflect the performance of full-scale
continuous digesters.

Post-treatment is realized by treating the digested sludge and recycling the treated digested
sludge back to the original anaerobic reactor as shown in Figure 1. The concept was first proposed
by Gossett et al. [9] who found the performance of thermal treatment was more efficient when the
substrate (i.e., municipal refuse) was first biodegraded compared to the situation where the thermal
treatment was directly applied to the substrate. Pre-treatment of sludge before AD is often applied
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to solubilize these solids to accelerate subsequent digestion. The rationale for post-treatment and
pre-treatment is similar wherein both aim to rupture the microbial cells and release the extra- and
intra-cellular substances. However, Takashima et al. [10] indicated pre-treatment not only targets
the slowly biodegradable solids, but also the easily biodegradable solids in waste activated sludge
(WAS). As a result, part of the energy and chemical input during pre-treatment would then be
wasted on solubilizing the easily biodegradable organic particulates without increasing overall sludge
biodegradability. Takashima et al. [10] suggested that the post-treatment of digested sludge and recycling
the treated digested sludge back to the anaerobic reactor could be an alternative to pre-treatment.

Figure 1. Schematic diagram of the anaerobic digestion process incorporating a post-treatment.
Qin = influent flowrate (mL/day), Qeff = effluent flowrate (mL/day), QR = recycled flowrate (mL/day),
and V = working volume (mL).

As the digested sludge contains primarily slowly biodegradable and refractory solids, the energy
of the post-treatment focuses on converting the non-biodegradable solids into biodegradable ones [10–12].

In some wastewater treatment plants, the highly-biodegradable primary sludge (PS) and more
recalcitrant waste activated sludge (WAS) are combined. In this situation, the post-treatment could be
more efficient than the pre-treatment, because the solids in PS contain a higher content of biodegradable
solids [13]. Compared to pre-treatment, post-treatment would more specifically target the solids which
are more difficult to be biodegraded in digested sludge.

However, the studies on post-treatment techniques are relatively scarce in comparison with
the information on pre-treatment and most studies carried out batch anaerobic digestion tests.
Ozone [14,15], alkaline [12], thermal [13,16], thermal/acid [17,18], and thermal/alkaline [11] was
successfully applied for sludge post-treatment. There are also papers showing post-treatment
were superior to pre-treatment in terms of improving the anaerobic digestion effectiveness [13,16].
Battimelli et al. [14] and Li et al. [12] indicated the recycle ratio of the post-treated sludge to be an
important operation parameter. It has impacts on the actual solids retention times (SRT) of the
anaerobic reactor, as well as the anaerobic digestion performance.

However, ultrasonic (ULS), combined ultrasonic-ozone (ULS-Ozone), and combined ultrasonic
with alkaline (ULS+ALK) post-treatments have not yet been documented in continuous reactors.
Accordingly, information about the anaerobic digestion performance and the stress on microbial
communities with post-treatment at different hydraulic retention times (HRTs) is not available.
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Therefore, this work aims to compare the influence of the ULS, ULS-Ozone and ULS+ALK
post-treatments on the anaerobic digestion performance of sewage sludge in semi-continuous reactors,
as well as comparing the performance of pre- and post-treatment under the same conditions.
The change in daily biogas production and suspended solids concentration were used to evaluate the
anaerobic digestion performance at different HRTs and recycle ratios.

2. Materials and Methods

2.1. Sludge Sample

Sludge consisting of a mixture of primary sludge and thickened waste activated sludge (ratio 1:1
based on dry solids, TS: 15.2 ± 0.4 g/L) were collected from a local municipal wastewater reclamation
plant. Fresh sludge was collected on four occasions and the main parameters were measured in
triplicate for each sludge batch. Due to this, the solids content varied slightly between batches and
a range of values is provided in Table 1.

Table 1. Characteristics of mixed sludge. The range of values in four consecutive batches of sludges for
which each analyses was conducted in triplicate. COD: chemical oxygen demand.

Parameter Value Range

Total Solids (g/L) 14.8–15.6
Volatile Solids (g/L) 12.1–13.3

Total Suspended Solids (g/L) 13.1–13.9
Volatile Suspended Solids (g/L) 10.5–11.2

Total COD (g/L) 18.9–20.2
Soluble COD (g/L) 0.5–1.2

2.2. Pre and Post-Treatment Conditions

ULS treatment was performed with an ultrasonicator (Misonix, Q700, Qsonica, CT, USA) at
20 kHz. The power rating of the ultrasonicator is 700 W. During ultrasonication the temperature was
monitored and maintained at about 30 ◦C with an ice-water bath. According to the results of previous
studies [19], the specific energy input was selected at 9 kJ/g TS. ULS-Ozone treatment was conducted
by applying ozonation after the ULS treatment. The ozonation was performed with an ozone generator
(Wedeco, GSO 30, Xylem Water Solutions Herford GmBH, Herford, Germany). A stone diffuser was
installed to produce fine ozone bubbles and to enhance ozone mass transfer. The applied ozone dosage
of 0.012 g O3 g−1 TS was selected based on previous results [20,21]. ULS+ALK treatment was applied
by ultrasonicating the sludge which was being mixed at 200 rpm at a NaOH (Sigma-Aldrich, St Louis,
MO, USA) concentration of 0.02 M according to previous research [20,22]. The NaOH concentration
was reached by adding a 3 M stock solution into the sludge. The ULS+ALK post-treated digested
sludge was neutralized with 6 M HCl before being recycled back to the anaerobic digester.

2.3. Anaerobic Digestion Tests

Anaerobic digestion was conducted semi-continuously in 1.2 L continuously-stirred glass bottles
(one control and three test reactors with different post-treatment) with 1 L working volume at 35 ◦C
(Figure 1). Three test reactors included an ULS post-treatment (ULS reactor), ULS-Ozone post-treatment
(ULS-Ozone reactor), and ULS+ALK post-treatment (ULS+ALK reactor). Each reactor was seeded with
1 L anaerobic inoculum which was taken from a continuous full-scale anaerobic digester operating at
28 days HRT. Each reactor was then fed with untreated sludge. Biogas produced from each reactor
was measured daily with a gas meter (Ritter Apparatebau Gmbh, Bochum, Germany).

Before starting the post-treatment tests, all reactors were operated at 10 days HRT for 20 days
to stabilize the reactor and obtain similar reactor performance. Afterwards, a specific amount of
sludge was treated and the recycle ratio R was calculated as follows: R = QR/Qin (%). Three different
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conditions were tested in the reactors as shown in Table 2: Condition I: HRT = 10 days and R = 50%;
Condition II: HRT = 10 days and R = 100%; and Condition III: HRT = 20 days and R = 100%. Feeding,
withdrawal, and recycling of sludge was conducted manually once a day. The recycle ratio (R) was
calculated as the ratio of recycled sludge (QR) to the influent flowrate (Qin). For a recycle ratio of
100%, the same volume of fresh sludge and post-treated sludge are added to the reactor, so the reactor
receives half its feed as fresh sludge. The post-treatment factor (α) was calculated as the ratio of daily
recycled sludge volume to the reactor working volume as defined by Li et al. [12].

Table 2. Operational conditions of each reactor.

Operational Conditions Condition I Condition II Condition III

Duration of the Experiment (days) 15 15 31
HRT = V/Qin (days) 10 10 20

Influent Flowrate, Qin (mL/d) 100 100 50
Recycle Ratio, R = QR/Qin (%) 50 100 100

Post-Treatment Factor, α = QR/V (%) 5 10 5

2.4. Analytical Methods

COD and solids concentrations were measured in accordance with standard methods [23].
Soluble and total COD were measured based on the closed reflux colorimetric method. The soluble
samples were obtained by first centrifuging the sludge at 10,000 rpm for 10 min. The supernatant was then
filtrated through 0.45 μm syringe filters for soluble COD analysis. Sludge dewaterability was measured
with capillary suction time (CST) as described in standard methods [23]. Sludge pH was measured
with a pH meter (Agilent, model 3200P, Santa Clara, CA, USA). VFAs concentration was analyzed with
an Agilent Gas chromatograph (Agilent Technologies 7890A GC system, Santa Clara, CA, USA) with
a flame ionization detector. The composition of biogas was measured with gas chromatography (Agilent
Technologies 7890A GC system, Santa Clara, CA, USA) with a thermal conductivity detector [19].

Adenosine tri-phosphate (ATP) concentration was measured immediately after sampling using
QuenchGone21™ Wastewater Test Kit following the manufacturer’s instructions (LuminUltra,
Fredericton, Canada). The assay is based on the conversion of chemical energy during luciferase
reaction into light energy. The emitted light was quantified using a luminometer in relative light units
(RLUs) which were converted to actual ATP concentrations (ng/mL) after calibration with 1 ng/mL
standard. Cellular and dissolved ATP were measured or calculated according to a procedure explained
elsewhere [24]. Additionally, the biomass stress index (BSI) was calculated as the ratio of dead-cell
ATP to total ATP [24].

2.5. Statistical Analysis

The results are presented as mean ± standard deviation (SD) together with the number of data
points. T-tests to determine statistical differences between treatments were carried out by comparing
the critical value through ANOVA one-way analysis of variance (SPSS Statistics V17.0, IBM, New York,
NY, USA). Comparisons were considered significantly different at p < 0.05.

3. Results

3.1. Biogas Production

The daily biogas production from each reactor is shown in Figure 2. The daily gas production
from the four reactors were similar in the first 20 days stabilization period, indicating the performance
of each reactor was similar before the post-treatment was applied. Incorporation of the post-treatment
improved the daily biogas production from 20 days onwards.

25



Environments 2017, 4, 49

 

Figure 2. Daily biogas production from the control and test reactors. A fraction of the digested
sludge was treated by ultrasound (ULS), ultrasound and ozone (ULS-Ozone) or ultrasound and alkali
(ULS+ALK). Condition I: HRT = 10 days and R =50%; Condition II: HRT = 10 days and R = 100%; and
Condition III: HRT = 20 days and R = 100%.

The methane composition in biogas was around 64% in all the tests, indicating post-treatments did
not affect the methane composition. In Condition I, the biogas production due to the ULS, ULS-Ozone,
and ULS+ALK post-treatment were, respectively, 5.2%, 7.1%, and 8.2% greater than in the control.
This was achieved at R = 50% meaning that 50 mL/day of digested sludge going though post-treatment
is mixed with 100 mL/day of raw feed. This post-treatment configuration would, therefore, consume
half the energy required for the corresponding pre-treatment configuration (100 mL/day would have
to be treated through any pre-treatment) while still achieving a significant biogas increase.

In Condition II, The ULS, ULS-Ozone, and ULS+ALK post-treatments increased the daily biogas
production by 8%, 4.9%, and 11.1%, respectively. The biogas production due to the ULS (8%) and
ULS+ALK (11.1%) post-treatments were higher than in condition I (5.2% and 8.2%, respectively). This is
because more digested sludge was post-treated and recycled as substrate (higher R). However, the
biogas production due to the ULS-Ozone post-treatment decreased when the volume of recycled sludge
doubled. Furthermore, the T-test confirmed that the daily biogas production from the ULS-Ozone
reactor was statistically lower than that produced from the ULS reactor. Li et al. [12] observed
a decrease in biogas production when the recycled sludge (treated with 0.1M NaOH for 30 min)
exceeded 5% of the total working volume of the anaerobic digester (α > 5%). According to Li et al. [12],
the decrease in biogas production was related to the inactivation of anaerobic microorganisms at higher
α values. However, in this study, increase of α from 5% to 10% only decreased the biogas production
from the ULS-Ozone reactor, but increased the biogas production from the ULS and ULS+ALK reactors.
Therefore, the influence of α on the biogas production was dependent on the selected treatment methods.
In addition, no volatile fatty acids (VFAs) were detected in the effluent of all the reactors during conditions
I and II, suggesting that the methanogenesis step was not inhibited even at 10 days HRT.

In Condition III, the biogas increases due to the ULS, ULS-Ozone and ULS+ALK post-treatments
were 9.8%, 10.7%, and 17.8%. These increases were statistically greater than the corresponding
increases observed in Conditions I and II. This is due to the higher HRT of 20 days applied during
Condition III. On one hand, the higher HRT provided more time for the biodegradation of the feed
and post-treated sludge. On the other hand, the digested sludge contained less biodegradable solids.
The post-treatment energy could solubilize more slowly biodegradable solids, which also benefited
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the overall anaerobic digestion. Future studies should focus on two-stage anaerobic digestion with an
inter-stage physico-chemical treatment.

Previous studies on batch anaerobic digestion assays showed that the ULS-Ozone post-treatment
resulted in higher ultimate methane production than the ULS+ALK post-treatment [19–22]. However,
this was not the case when the post-treatment was applied in semi-continuous reactors. This is because
post-treated digested sludge acted as a substrate and was given sufficient time (30 days) for the
degradation during batch assay. In contrast, the hydraulic residence time (HRT) was much shorter in
semi-continuous reactors, as shown in Table 2. It is known that addition of ozone unavoidably increased
the oxidation-reduction potential of the reactor and may have induced a lag phase. This shortened the
degradation time under strict anaerobic conditions in one cycle and might have decreased the biogas
recovery rate.

Effluent soluble chemical oxygen demand (SCOD) increased due to the incorporation of the
post-treatment and this was accompanied by higher capillary suction times (CST). These recalcitrant
organics were the result of the post-treatment that solubilized some non-biodegradable biopolymers
when lyzing the anaerobic microorganisms in digested sludge. In addition, humic acid-like substances
are also formed as by-products during the anaerobic digestion of the solubilized macromolecules
which contributed to the effluent SCOD concentration [25]. Dewaterability of the digested sludge
also deteriorated after post-treatment as shown in Table 3. This was related to the soluble residual
biopolymers in the effluent that keeps the solids from being dewatered. The ULS post-treatment was
mainly responsible for the increase in effluent SCOD and CST. The combination of alkaline and ULS
treatment did not make the effluent SCOD and dewaterability worse. This was in accordance with a
previous work by Li and co-workers [12] where individual alkaline post-treatment (0.1 mol/L NaOH)
had negligible impacts on the SCOD and dewaterability in the digested sludge.

Table 3. Summary of anaerobic reactors performance when a post treatment was applied to digested
sludge. ULS: ultrasound post-treatment; ULS-Ozone: ultrasound and ozone post-treatment; ULS+ALK:
ultrasound and alkali post-treatment.

Performance Parameter Control ULS ULS-Ozone ULS+ALK

Condition I: 10 days HRT, RR = 50%, α = 5%

Daily Biogas Production (mL/d) (n = 9) 500 ± 12 526 ± 9 525 ± 12 541 ± 6
Methane Yield (mL CH4/g VSadded) (n = 9) 256 ± 5 269 ± 5 268 ± 6 277 ± 3

Effluent TS (mg/L) (n = 5) 11,460 ± 481 10,720 ± 309 10,830 ± 292 11,390 ± 392
Effluent TSS (mg/L) (n = 5) 9980 ± 220 9710 ± 606 9240 ± 487 9840 ± 198
Effluent VS (mg/L) (n = 5) 8470 ± 333 7940 ± 420 8160 ± 429 8140 ± 397

Effluent VSS (mg/L) (n = 5) 7840 ± 219 7530 ± 202 7280 ± 394 7630 ± 211
SCOD (mg/L) (n = 5) 182 ± 6 224 ± 7 237 ± 8 220 ± 7

CST (s) (n = 3) 64.7 ± 4.3 113.8 ± 8.3 148.7 ± 7.4 128.1 ± 6.8

Condition II: 10 days HRT, RR = 100%, α = 10%

Daily Biogas Production (mL/d) (n = 9) 474 ± 8 512 ± 9 498 ± 8 526 ± 7
Methane Yield (mL CH4/g VSadded) (n = 9) 249 ± 4 269 ± 5 261 ± 4 276 ± 4

Effluent TS (mg/L) (n = 5) 10,960 ± 378 10,780 ± 275 10,500 ± 252 11,300 ± 362
Effluent TSS (mg/L) (n = 5) 9690 ± 368 9570 ± 529 9140 ± 608 9490 ± 595
Effluent VS (mg/L) (n = 5) 8150 ± 406 7920 ± 431 7710 ± 222 7760 ± 347

Effluent VSS (mg/L) (n = 5) 7740 ± 111 7700 ± 82 7310 ± 342 7390 ± 403
SCOD (mg/L) (n = 5) 184 ± 11 228 ± 3 242 ± 3 234 ± 4

CST (s) (n = 3) 63.1 ± 3.3 127.4 ± 5.4 143.9 ± 6.3 131.2 ± 5.1

Condition III: : 20 days HRT, RR = 100%, α = 5%

Daily Biogas Production (mL/d) (n = 11) 279 ± 5 306 ± 5 309 ± 5 329 ± 7
Methane Yield (mL CH4/g VSadded) (n = 9) 275 ± 5 301 ± 5 304 ± 5 324 ± 7

Effluent TS (mg/L) (n = 5) 11,820 ± 480 11,320 ± 649 11,470 ± 160 12,230 ± 850
Effluent TSS (mg/L) (n = 5) 10,560 ± 227 9850 ± 173 9800 ± 509 9860 ± 403
Effluent VS (mg/L) (n = 5) 8710 ± 399 8160 ± 282 8080 ± 354 8210 ± 530

Effluent VSS (mg/L) (n = 5) 8460 ± 393 7750 ± 364 7540 ± 531 7700 ± 285
SCOD (mg/L) (n = 5) 225 ± 6 245 ± 4 270 ± 11 246 ± 4

CST (s) (n = 3) 74.6 ± 4.4 134.8 ± 5.7 156 ± 5 143.8 ± 5.4

TS: total solids; TSS: total suspended solids; VS: volatile solids; VSS: volatile suspended solids; SCOD: soluble
chemical oxygen demand; CST: capillary suction time; n: number of days at the end of the experiment during which
the data were averaged.
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It should be noted that the digested sludge from the ULS-Ozone reactor had slightly higher
SCOD and CST compared to the digested sludge from the ULS reactor. Application of ozonation
subsequent to the ULS post-treatment increased the effluent SCOD concentration from 224 to 237 mg/L
in condition I. However, such increase was statistically insignificant compared to the change caused by
the ULS post-treatment (from 182 to 224 mg/L). The increases in biogas production were statistically
significant as confirmed by the t-test provided in Table 4. In addition, the t-test results also showed
that the biogas increase due to the ULS-Ozone and ULS+ALK post-treatments were statistically higher
than ULS alone, showing the chemical methods were adding value to the ultrasound post-treatment.

Table 4. Statistical analysis of the biogas production increase and effluent VS decrease due to
post-treatment at different conditions.

Statistical Parameter Control ULS ULS-Ozone ULS+ALK

Condition I: 10 days HRT, RR = 50%, α = 5%

Daily Biogas Production Increase (%) - 5.2 7.1 8.2
T-Test Compared to Control - 7.83 a 7.65 a 11.06 a

T-Test Compared to ULS - - 3.63 a 7.67 a

Decrease in Effluent VS (%) - 6.3 3.7 3.9
T-Test Compared to Control - −4.17 b −2.48 c −2.8 b

T-Test Compared to ULS - 1.09 c 0.83 c

Condition II: 10 days HRT, RR = 100%, α = 10%

Daily Biogas Production Increase (%) - 8 4.9 11.1
T-Test Compared to Control - 12.67 a 9.44 a 16.75 a

T-Test Compared to ULS - - −10.93 b 5.8 a

Decrease in Effluent VS (%) - 2.8 5.4 4.8
T-Test Compared to Control - −1.76 c −3.96 b −1.77 c

T-Test Compared to ULS - - −2.09 c −0.61 c

Condition III: 20 days HRT, RR = 100%, α = 5%

Daily Biogas Production Increase (%) - 9.8 10.7 17.8
T-Test Compared to Control - 22.6 a 29.6 a 24.21 a

T-Test Compared to ULS - - 1.84 c 16.68 a

Decrease in Effluent VS (%) - 6.3 7.2 5.7
T-Test Compared to Control - −5.5 b −6.68 b −1.96 c

T-Test Compared to ULS - - −1.21 c 0.21 c

a Significant higher (p-value larger than 2.306); b Significant lower (p-value smaller than −2.306); c Not significant
higher (p-value between −2.306 and 2.306). VS: volatile solids.

3.2. Microbial Stresss during Semi-Continuous Anaerobic Digestion

The ATP distribution in digested sludge is shown in Figure 3. All the post-treatments under all
HRTs and the recycle ratio tested resulted in a lower cellular ATP compared to the control despite
the small proportion of post-treated sludge compared to the total reactor volume (small α values).
The effect on dissolved ATP was marginal. The decrease in the cellular ATP concentration indicated the
decrease in microorganisms’ activity due to the post-treatment which was not shown in earlier studies.
Interestingly, this lower cellular ATP did not prevent higher biogas production when a post-treatment
was applied.

The BSI, the ratio between the dissolved and total ATP concentrations, was used to quantify the
stress of microbial communities in the anaerobic reactor. Surprisingly, the BSI in the ULS-Ozone reactor
was slightly lower than in the ULS reactor. This meant that the use of ozone in the post-treatment did
not impose further stress on the anaerobic reactor compared to ULS alone.

However, the BSI in the ULS+ALK reactor was the highest under all conditions tested. This can
be due to the accumulation of dissolved solids (i.e., sodium ions). In addition, the increase in BSI was
more obvious in conditions I and II (10 days HRT). For example, the BSI increased from 40.1 to 55.7% in
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Condition I, but only increased from 28.4 to 32.4% in Condition III. This would suggest the ULS+ALK
post-treatment imposed more stress to the anaerobic reactor when HRT was 10 days. Furthermore,
when looking at all the BSI during the three consecutive test periods (I to III), it was found that the
stress gradually decreased which could be due to an acclimatization and adaptation of microbial
communities to the corresponding post-treatment over time. Future studies should, therefore, look at
the long-term performance of such post-treatments.

 

Figure 3. ATP distribution of each reactor at Condition I (a); Condition II (b); and Condition III (c).

4. Discussion

The post-treatment also had impacts on the characteristics of the digested sludge as shown in
Table 3. The solids concentration (i.e., TS, TSS, VS, and VSS) in the digested sludge were determined
by averaging the corresponding concentrations from five sampling days. A t-test was conducted
to statistically compare the results, as shown in Table 4. In many cases, the average effluent VS
concentrations from the ULS, ULS-Ozone, and ULS+ALK reactors were lower, but not statistically
significant compared to the effluent VS concentration from the control reactor. The post-treatment
could obviously improve the biogas recovery from sludge anaerobic digestion while its effects on
VS destruction were relatively limited (in the range 4–7%). This was because the recycling of the
post-treated sludge increased the biodegradable organic loadings of the reactor which benefited the
biogas production.

The tested post-treatments showed the highest VS removals in Condition III. This was because
longer residence time was given for the hydrolysis of feed and post-treated sludge. Battimelli et al. [14]
showed that the COD and solids removal rates started to decrease when the recycle ratio (R) between
recycled sludge (treated with 0.16 g O3/g TS) to feed sludge exceeded 25% due to the reduction of
SRT. This reduction is caused by cell lysis in the recycle line due to the post-treatment. These results
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confirm the importance of an appropriate recycle ratio and sufficient residence time of the anaerobic
reactor with the post-treatment incorporated.

The t-test results also indicated neither the ULS-Ozone nor ULS+ALK post-treatment showed
obvious increases in VS removal compared to ULS post-treatment in the tested conditions, indicating
the chemical methods did not significantly benefit the solids removal caused by the ULS treatment.
Although effluent TS concentration decreased for ULS and ULS-Ozone reactors as a result of the VS
destruction, the effluent TS was similar to the control reactor during Condition I. However, effluent
TS was slightly higher for the ULS+ALK reactor (from 11.82 g/L in the control to 12.23 g/L in
Condition III) due to NaOH addition which increased the dissolved solids concentration in the reactor
over time. This increase is consistent with our NaOH dosage of 0.02 M or 800 mg/L. This is in contrast
with the literature that reported a decrease in TS due to ULS+ALK pre-treatment in batch mode: in
Seng et al. [26], the TS removal increased from 12.5% (control digester) to 17% with a chemical dose
of 15 mg g−1 TS and then continued increasing to around 18% when the chemical dose increased to
25 mg g−1 TS. However, in continuous reactor with 10 mg NaOH/g TS, the TS removal was only 2%
at 25 days HRT. The authors explained that the low TS removal for chemical–ultrasound pretreated
WAS was due to the addition of NaOH, which contributed to the TS content. This work confirmed that
low TS removals can be expected when ULS+ALK was used as post-treatment.

Li et al. [12] indicated the potential risk at α factor of 10% and 15% while the reactor was operated
at 20 days HRT. This emphasized the importance of choosing an appropriate recycle ratio, especially
when the alkaline treatment is applied. Although inhibition due to dissolved solids (e.g., sodium
ions) was not observed in Li et al. [12] or this study, the risk of sodium inhibition is present over time.
Moreover, the contamination of excess sludge with sodium may require special disposal considerations.

The biogas production increase in the semi-continuous anaerobic digestion reactors due to pre-
and post-treatments are compared in Table 5. The ULS-Ozone pre-treatment resulted in higher biogas
production increase than the ULS-Ozone post-treatment at 10 and 20 days HRT. This indicated the
ULS-Ozone was more suitable for treatment of feed sewage sludge than for treatment of digested
sludge in enhancing biogas production. This is related to the effects of the treated sludge on the
anaerobic digestion process. The feed sludge acted as substrate for anaerobic digestion; whereas,
the digested sludge not only acted as substrate for the anaerobic digestion, but also contained active
anaerobic microorganisms which were essential for the anaerobic digestion [12,14]. Consequently,
the post-treatment method can have negative effects such as the inactivation of anaerobic bacteria
in digested sludge. Therefore, the lower biogas production increase observed in the ULS-Ozone
post-treatment configuration was due to the inactivation or lysis of essential anaerobic microorganisms
(e.g., hydrogenotrophic methanogens) in the digested sludge. This could have negated its positive
effects on the biodegradability improvement.

Similarly, the pre-treatment configuration was more advantageous than the post-treatment
configuration in terms of enhancing biogas production at HRT of 10 days for the ULS and ULS+ALK
treatments. In contrast, the post-treatment configuration performed slightly better at HRT of 20 days
for these treatments.

Full-scale application of ultrasound to pre-treat sludge was reported to result in 13–58% increase
in biogas and up to 22% solids destruction at an energy input of 1.44 kWh/m3 of treated sludge [27].
A small laboratory scale probe was used in this study which required a significantly higher energy
input of 9000 kJ/g TS (equivalent to 25 kWh/m3) to observe similar performance. Nevertheless, the
combination of ozone or ALK with ultrasound are unlikely to justify the additional energy demand
given the increment in biogas production compared to ULS alone. Based on the laboratory data, the
application of ULS post-treatment seems justified and future studies could investigate the inclusion of
a ULS step in-between two digesters.
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Table 5. Comparison of performance of pre-treatment and post-treatment using ULS, ULS-Ozone, and
ULS+ALK treatments at 10 and 20 days HRT.

Performance Parameter Treatment (HRT, R) ULS ULS-Ozone ULS+ALK

Biogas Increase (%)

Pre-treatment (10) 20.7 35.9 24.6
Pre-treatment (20) 7.7 25.5 16.6
Post-treatment (10, 50%) 5.2 7.1 8.2
Post-treatment (10, 100%) 8 4.9 11.1
Post-treatment (20, 100%) 9.8 10.7 17.8

Solids Removal (%)

Pre-treatment (10) 7.6 18.3 15.7
Pre-treatment (20) 9.7 21.4 18.2
Post-treatment (10, 50%) 11.7 6.8 7.3
Post-treatment (10, 100%) 4.7 9.1 8
Post-treatment (20, 100%) 9.5 10.9 8.6

Post-Digestion SCOD
Concentration (mg/L)

Pre-treatment (10) 194 to 257 194 to 589 194 to 296
Pre-treatment (20) 182 to 227 182 to 440 182 to 246
Post-treatment (10, 50%) 182 to 224 182 to 236 182 to 220
Post-treatment (10, 100%) 184 to 228 184 to 242 184 to 234
Post-treatment (20, 100%) 225 to 245 225 to 270 225 to 246

HRT: hydraulic retention time (days); R: recycle ratio in post-treatment (%).

In terms of solids removal, ULS-ozone and ULS-ALK achieved better results in pre-treatment
configuration regardless of the HRT and recycle ratio. However, The ULS post-treatment at 10 days
HRT and 50% recycle ratio achieved better removal than in pre-treatment (11.7% versus 7.6%).
Moreover, this was achieved with only 50 mL of sludge being post-treated, whereas 100 mL was treated
in the pre-treatment configuration. This indicated the potential of ULS to be used as post-treatment
using half the amount of sludge, hence, half the energy input. At 20 days HRT, both pre- and post-
ULS treatment achieved about 9.5% solids removal, which was consistent with the corresponding
increase in biogas production. All configuration (pre and post) resulted in an increase in the final
effluent SCOD, which translated to an increase in capillary suction times.

5. Conclusions

This work showed that the post-treatments were able to increase the biogas production and
decrease the VS in the final effluent. The maximum daily biogas increase was 17.8% when the
ULS+ALK post-treatment was applied to a reactor operating at 20 days HRT and 100% recycle
ratio. At 50% recycle ratio (Condition I), biogas increase in the range 5–8% can be achieved at half
the energy input required in a comparable pre-treatment configuration. Based on the results, the
post-treatment of digested sludge or treating the sludge between two digesters is an interesting
alternative to pre-treatments.
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Abstract: In this work the biosorption of cationic dyes thioflavin T (TT) and methylene blue (MB)
from single and binary solutions on dried biomass of freshwater moss Vesicularia dubyana as a function
of contact time, pH, and biomass or sorbate concentration has been investigated. The prediction of
maximum sorption capacities using adsorption isotherm models were also realized. Biosorption of
TT and MB is a rapid process strongly affected by solution pH. Maximum sorption capacities Qmax

calculated from Langmuir isotherm were 119 ± 11 mg/g for TT and 229 ± 9 mg/g for MB. In binary
mixture, the presence of MB caused significant decrease of TT sorption, advocating the competitive
sorption between TT and MB. Results revealed that V. dubyana biomass exhibited significantly higher
affinity to thiazine dye MB in comparison with benzothiazole dye TT from both single and binary
solutions. Based on the obtained results, the competitive effects in binary system can substantially
influence the sorption process and should be thoroughly evaluated before application of selected
adsorbents for removal of basic dyes from colored effluents.

Keywords: biosorption; cationic dyes; moss; Vesicularia dubyana

1. Introduction

Dyes are the important class of synthetic organic compounds used in many industries such as
manufacture of pulp and paper, leather tanning or textile dying and in manufacture of dyestuffs.
Ghaly et al. [1] pointed out that the textile industry is one of the major industries in the world and it
plays a major role in the economy of many countries. The textile industry utilizes various chemicals
(particularly synthetic dyes) and large amounts of water during the production process. The global
textile dyes market was estimated to reach USD 4.7 billion in 2015, and is projected to reach USD
6.4 billion by 2019 and USD 8.75 billion by 2023 [2,3].

Industrial application of synthetic dyes is associated with the release of a huge amount of more or
less colored effluents into the environment [4,5]. Wastewaters from the textile industry contain a large
amount of dyes and chemicals containing trace metals such as Cr, As, Cu and Zn which are capable of
harming the environment and human health [1]. During textile dyeing, a wide range of various dyes in
a short time period are used, therefore effluents are extremely variable in composition and require an
unspecific treatment processes [5]. Conventional physico-chemical (dilution, adsorption, coagulation
and flocculation, oxidation, reverse osmosis and ultrafiltration) and biological (aerobic activated sludge
and anaerobic processes) treatment technologies presently employed for color removal have several
disadvantages such as long operational time, low specificity, formation and disposal of sludge and high
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cost (see e.g., critical reviews [1,6,7]. Consequently, the development of efficient clean-up technologies
is of major interest.

Highly efficient removal of synthetic dyes from effluents has been attempted by bioadsorption
and non-conventional biosorbents have been searched in recent years that are easy available, renewable
and environmentally friendly that can successfully replace the classical adsorbents [8]. To date, diverse
algae, macroalgae, plant biomasses, agricultural residues as well as other biomaterials have been
explored as adsorbents for removal of acidic, basic and reactive dyes from aqueous solutions [9–17].
Authors have reported that the biosorption capacity is highly dependent on solution pH, biosorbent
dosage, temperature and concentration of other solutes present in solution. Since industrial effluents
may contain several synthetic dyes, it is necessary to study the simultaneous sorption of two or more
dyes and to quantify the mutual effect of one dye on the other. However, contradictory findings related
to biosorption of dyes in multi-dye sorption systems were recently published. Albadarin et al. [18]
who studied the simultaneous sorption of methylene blue and alizarin red S by olive stone biomass
revealed only the limited competition between dyes. Remenárová et al. [19] confirmed that thioflavin
T (TT) significantly affected biosorption of malachite green (MG) by moss R. squarrosus in binary
system TT + MG. The competitive effect of MG on TT was less pronounced. On the contrary,
Giwa et al. [20] found that the presence of rhodamine B and methylene blue had a synergetic effect on
the maximum monolayer capacity of the sawdust of Parkia biglobosa for Acid Blue 161 dye in binary
and ternary systems.

To ensure the applicability of biosorption technology for colored effluents, more works are still
needed for the sorption of a mixture of dyes at various operating conditions. Considering the above
mentioned aspects, this study concerns the biosorption of cationic dyes thioflavin T and methylene
blue from aqueous solutions by dried biomass of freshwater moss Vesicularia dubyana. The influence of
variables (contact time, pH, biomass dosage) controlling the biosorption process has been considered
in both single and binary dye systems.

2. Materials and Methods

2.1. Moss Biomass

The biomass of freshwater moss Vesicularia dubyana was used as a sorbent of cationic dyes
thioflavin T (TT) and methylene blue (MB). Vital moss biomass was cultivated in diluted Hoagland
medium [21] under artificial illumination (2000 lx) at 22 ± 2 ◦C. Before use in sorption experiments,
the biomass was thoroughly rinsed in deionized water (3 times) and dried at 60 ◦C for 48 h.

2.2. Reagents and Instruments

Thioflavin T (C.I. 49005, Mr(C17H19ClN2S) 318.86, CAS 2390-54-7) and methylene blue (C.I.
52015, Mr (C16H18N3SCl) 319.86; CAS 61-73-4) were purchased from Fluka (USA). All chemicals
were of analytical grades. Cationic dyes solutions were prepared in deionized water (conductivity
0.054 μS/cm; Millipore Simplicity). An UV-VIS spectrophotometer Cary 50 (Varian, Australia) was
used for determination of TT and MB concentrations in solutions and for establishing calibration
curves for TT and MB at maximum absorbances λTT = 412 nm and λMB = 650 nm. The pH effect on
MB and TT concentration determination was taken into account.

2.3. Sorption Kinetics in Single and Binary Solutions in Batch System

Dried biomass of V. dubyana (0.5 g/L) was added to 20 mL of solutions containing defined
concentrations of thioflavin T (TT), methylene blue (MB) or their mixtures, respectively. Solution pH
was adjusted to 6.0. The flasks were incubated on a rotary shaker (250 rpm) at 25 ◦C. At the time
intervals 10, 20, 40, 60, 120, 240, 360 and 1440 min, aliquot samples were obtained and remaining
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concentration of TT and MB determined. All experiments were performed in duplicate series. The TT
and MB uptake was calculated according to Equation (1).

Qt = (C0 − Ct)
V
M

(1)

where Qt represents the amount of TT or BB sorbed by moss biomass (mg/g d.w.) from single or
binary solutions at time t; C0 and Ct represent the initial concentration of dyes in solution and the
concentration of dyes at time t (mg/g). V is solution volume (L) and M is the amount of moss biomass
(g; d.w.).

2.4. Influence of pH and Biomass Dosage

To analyze the influence of pH, dried biomass (0.5 g/L) was shaken in 20 mL of TT and MB
(C0 TT = 40 mg/L or C0 MB = 80 mg/L) or TT + MB (C0 TT = 40 mg/L and C0 MB = 40 mg/L) solutions
of desired pH for 2 h on a rotary shaker at 250 rpm and 25 ◦C. In order to eliminate interference of
buffer components on cationic dyes biosorption, the non-buffered solutions in deionized water were
adjusted to the desired pH values by adding 0.1 M HCl or 0.1 M NaOH.

To analyze the influence of biomass dosage, dried biomass of desired amount (CB = 0.25 to 4.0 g/L)
was shaken in 20 mL of TT and MB (C0 TT = 40 mg/L or C0 MB = 80 mg/L) or TT + MB (C0 TT = 40 mg/L
and C0 MB = 40 mg/L) solutions for 2 h on a rotary shaker at 250 rpm, pH 6.0 and 25 ◦C.

At the end of the experiments, aliquot samples were obtained and remaining concentration of TT
and MB determined. All experiments were performed in duplicate series. The TT and MB uptake was
calculated according to Equation (1).

2.5. Sorption Equilibrium in Single and Binary Solutions in Batch System

Dried biomass of V. dubyana (0.5 g/L) was added to 20 mL of solutions with initial dye
concentrations C0 in single system ranging from 20 to 200 mg/L (TT) and 20 to 320 mg/L (MB)
and in binary system TT + MB from 40 to 160 mg/L. In both single and binary solutions pH was
adjusted to 6.0. Flasks were incubated on a rotary shaker (250 rpm) at 25 ◦C. After 2 h of exposure,
the remaining concentration of TT and MB was determined. All experiments were performed in
duplicate series. The TT and MB uptake was calculated according to Equation (1).

Equilibrium data in both single and binary systems were analyzed using adsorption isotherm
models according to Langmuir and Freundlich. To calculate the corresponding parameters of
isotherms non-linear regression analysis was performed by OriginPro 2016 (OriginLab Corporation,
Northampton, MA, USA).

2.6. Potentiometric Titration

Potentiometric titration experiment was carried out according to the modified procedure described
by Zhang et al. [22]. Dried biomass of freshwater moss V. dubyana (0.30 g) were protonated with 100 mL
of equimolar 0.1 mol/L HCl and NaCl for 2 h on the rotary shaker (200 rpm) at 25 ◦C. Subsequently,
moss biomass was separated by centrifugation and transferred into 100 mL of 0.1 mol/L NaCl and
agitated under the same conditions. Potentiometric titration was performed in an Erlenmeyer flask
with glass electrode (three-point calibrated with buffers—pH 4.0, 7.0 and 10.0) by dropwise addition of
0.1 mol/L mixture of NaOH and NaCl into the bacterial suspension. The titration was conducted in
the pH range of 2.0–11.0 and the potentiometric titration curve was obtained by plotting the volume of
0.l mol/L NaOH addition as titrant solution against the pH values measured. ProtoFit ver. 2.1 was
used to analyse the titration data.
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3. Results and Discussion

3.1. Biosorption Kinetics in Single and Binary Systems

As expected, the uptake of cationic dyes TT and MB by dried biomass of freshwater moss
V. dubyana from both single and binary solutions was a rapid process (Figure 1A,B). At the initial phase
of uptake, driving force is high (uptake increased linearly) and available high affinity binding sites on
V. dubyana biomass are occupied. Initial phase is followed by slower gradual uptake till equilibrium
is reached.

Q Q

Figure 1. Kinetics of thioflavin T (TT) and methylene blue (MB) biosorption by dried biomass of moss
V. dubyana (CB = 0.5 g/L) from single (A. C0 TT = 40 mg/L or C0 MB =80 mg/L) and binary (B. C0 TT =
40 mg/L and C0 MB = 40 mg/L) solutions at 25 ◦C and pH 6.0. Error bars represent standard deviation
of the mean (±SD, n = 2).

In case of MB, the maximum uptake in single system at initial concentration 80 mg/L was
observed after 120 min of exposure (130 ± 5 mg/g; d.w.). Uptake of TT at initial concentration 40 mg/L
increased rapidly in the first 90 min and after 120 min reached 43.5 ± 2.7 mg/g. The final equilibrium
was reached within the 2 h and after this time, there was no considerable increase in both TT and MB
sorption until the end of experiments. Our findings are in agreement with other studies of cationic
dyes sorption by various types of biomass. Similar behavior of MB sorption kinetics by green alga
Enteromorpha spp. [23] and red (Gracilaria parvispora), brown (Nizamuddinia zanardinii) and green (Ulva
fasciata) macroalga [9] was observed. Hameed [24] found that at higher initial concentration of MB
longer contact time is needed to reach equilibrium when grass waste was used as sorbent.

Biosorption of TT and MB by V. dubyana biomass from binary solution is shown in Figure 1B.
Although the same kinetic profile as in the case of dye sorption in single systems was observed, an evident
decrease of TT and MB biosorption capacities in comparison with single systems were recorded as a result
of competitive effects (see discussion below). The final equilibrium of both TT and MB was reached within
120 min. At initial dye concentration 40 mg/L, maximum sorption of TT (28.3 ± 0.3 mg/g d.w.) in binary
system was significantly lower than maximum sorption of MB (62.7 ± 0.3 mg/g, d.w.). The similar
kinetic profile in binary (MB + rhodamine B) and single biosorption system observed Fernandez et al. [25]
using Cupressus sempervirens cone chips.

It is evident that V. dubyana biomass exhibited significantly higher affinity to thiazine dye MB in
comparison with benzothiazole dye TT from both single and binary solutions. In both dye molecules
the positive charge is present on quaternary nitrogen =N+=, however in TT quaternary N is located in
position 3, substituted by one methyl group and in MB quaternary N is located in position 3 or 7 and
substituted by 2 methyl groups. Therefore, we suppose that among other mechanisms, steric effects in
dye molecules can affect dye affinity to moss biomass as well.
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3.2. Influence of pH

The pH of dye solution is one of the crucial parameters affecting the sorption process through
controlling both the ionization of dye molecules and the degree of ionization of functional groups
present on biomass surface.

The influence of solution pH (2.0 to 7.0) on TT and MB sorption by V. dubyana biomass from single
solutions is shown in Figure 2A. The lowest sorption capacities Q for both TT (QTT = 12 mg/g d.w.)
and MB (QMM = 4 mg/g d.w.) dyes were observed at low initial pH value (pH0 = 2.0) which could
be closely related to protonation of binding sites on biomass surface. The low adsorption capacity of
MB can also be explained by the fact that MB is mainly found as undissociated species MB0 (99% at
pH = 2.0 and 86% at pH = 3.0) [26]. Obtained results indicate that an increase in pH has a positive
effect on TT and MB sorption, since the competitions between dye cations and protons for the binding
sites decreases and such curves (Figure 2A) represent a typical cationic dye sorption behavior [10,18].

Q Q

Figure 2. Influence of initial pH0 on thioflavin T (TT) and methylene blue (MB) biosorption by biomass
of moss V. dubyana (CB = 0.5 g/dm3) from single (C0 TT = 40 mg/L or C0 MB 80 mg/L; A) and binary
(C0 TT = 40 mg/L and C0 MB = 40 mg/L; B) solutions at 25 ◦C for 2 h. Error bars represent standard
deviation of the mean (±SD, n = 2).

The highest Q values were recorded at pH > 4.0 with maximum QTT = 44 ± 1 mg/g d.w. and
QMM = 123 ± 3 mg/g d.w. at pH0 = 7.0. Similarly, Albadarin et al. [23] observed maximum biosorption
capacity of methylene blue by olive stone by-products at pH = 7.2 and maximum sorption of thioflavin
T by agricultural by-products from the hop (Humulus lupulus L.) was found within the range of initial
values of pH 4.0–7.0 [27].

The same behavior was observed in binary sorption system with equimolar initial concentrations
of TT and MB. Dye sorption capacities increased from 8.2 ± 0.1 mg/g to 22.7 ± 0.4 mg/g (TT) and
10.5 ± 1.4 mg/g to 54.6 ± 0.1 mg/g (MB) with increasing solution pH from 2.0 to 4.0 and remained
almost stable till pH 7.0. From Figure 2B it is evident that the biomass of V. dubyana exhibited
significantly higher affinity toward MB.

As was mentioned earlier, the dye sorption capacities are to a great extent affected by the dissociation
of functional groups present on moss surface. From the potentiometric titration curve (Figure 3A), it is
evident that from pH ~4.0 a small addition of NaOH caused a dramatic changes in solution pH what
indicates that relevant acidic functional groups (carboxyl, phosphoryl) present on biomass surface
are dissociated. To qualitative characterization of functional groups presented on the surface of moss
biomass and to determination of binding sites concentration (CAn) the prediction modelling was used.
The titration curve shows a relatively unpronounced inflection point, which predicts the existence of
several functional groups. According to the ProtoFit prediction and obtained values of residual sum
of squares (RSS), it was found that the titration profile was best described by a non-electrostatic model
for characterization of the four binding sites. The predicted functional groups with relevant pKa values
and concentrations of binding sites (CAn) presented on the surface of moss biomass are listed in Table 1.
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In connection to these results, we can suppose that MB+ and TT+ adsorbed on surface and balanced a
negative charge of biomass. Consequently, one of the possible mechanism of MB and TT biosorption by
freshwater moss V. dubyana is the electrostatic attraction.

Figure 3. Potentiometric titration curve for dried biomass of freshwater moss V. dubyana (3.0 g/L)
obtained by gradual addition of titrant 0.1 M NaOH at background electrolyte 0.1 M NaCl and reaction
temperature 25 ◦C (A). The change of initial pH0 of dye (single and binary) solutions after biosorption
and in control experiments in deionized water and without biomass (B).

Table 1. Predicted functional groups according to pKa values and concentration of binding sites (CAn)
presented on the surface of moss biomass (V. dubyana) using modelling software ProtoFit ver. 2.1.

Functional Group pKa CAn (mmol/g)

COOH 2.34–6.25 0.98
PO3H2 6.36–8.72 0.69

NH2 10.7–11.5 0.61
OH 8.36–12.0 0.64

During and after cationic dyes biosorption, the pH of the dye solutions in both single and binary
sorption systems changed (Figure 4B). The solution pH increased from initial pH0 values 4.0, 5.0 and 6.0 to
pHeq 5.2, 6.0 and 6.1 (MB), 6.6, 6.8 and 7.0 (TT) and 5.8, 6.4, 6.6 (TT + MB). On the contrary, a slight decrease
of solution pH was observed from pH0 = 7.0 to pHeq = ~6.6 probably as a result of a TT–hydrogen and/or
MB–hydrogen ion-exchange (Figure 3B). This equilibrium value of pHeq also corresponds to the value
of pHzpc = 7.78 predicted within the potentiometric titration and ProtoFit analysis, whereby the pHzpc

represents the value of pH at which the biosorbent shows a net zero surface charge.

Q

CB

Q

CB

Figure 4. The effect of biomass concentration CB on thioflavin T (TT) and methylene blue (MB)
biosorption by dried biomass of V. dubyana from single (C0 TT = 40 mg/L or C0 MB = 80 mg/L; (A) and
binary (C0 TT = 40 mg/L and C0 MB = 40 mg/L; (B) solutions at 25 ◦C, pH 6.0 for 2 h. Error bars
represent standard deviation of the mean (±SD, n = 2).
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3.3. Influence of Biomass Dosage

To investigate the biomass dosage on TT and MB removal, various amounts of dried moss biomass
were added to both single and binary dye solutions. From Figure 4A it is a clearly seen that the sorption
capacity Q of both TT and MB decreased from 241 mg/g to 118 mg/g (MB) and from 50.6 mg/g
to 2.6 mg/g (TT) with increasing concentration of moss biomass CB in single solutions. Different
relationship between the sorption capacities of dyes Q and the concentration of biomass CB was
observed in binary sorption system TT + MB (Figure 4B). The sorption capacity of TT changed only
slightly with increasing concentration of moss biomass in solution. On the contrary, the sorption
capacity Q of MB decreased significantly (from 107 to 52.8 mg/g) with increasing CB. We suppose that
competitive effects between cation dyes and binding sites play an important role and influence the
sorption behavior.

Tabaraki and Sadeghinejad [28] pointed out that an increase of biosorbent dose generally increases
the overall amount of dye biosorbed (removal efficiency), due to the increased surface area of biosorbent
which in turn increases the number of binding sites. Thus, the decrease in the amount of dye sorbed per
gram of biosorbent with increase in the biosorbent dose is mainly due to insaturation of binding sites
through the sorption process [29]. However, Kumar and Porkodi [30] observed negative aggregation
and changes in specific surface area (m2/g) as well as changes in effective mixing of biomass in
sorption systems when higher biomass concentrations were used.

3.4. Sorption Equilibrium in Single and Binary Systems

The adsorption equilibrium data of TT and MB from both single and binary sorption systems
were described by adsorption isotherms according to Langmuir and Freundlich.

The isotherm parameters obtained by non-linear regression analysis are reported in Table 2.
Coefficients of determination (R2) related to the Langmuir model applied to TT and MB biosorption
data (R2 = 0.965 for TT; R2 = 0.990 for MB) were higher than those for the Freundlich model (R2 = 0.955
for TT; R2 = 0.938 for MB). In addition, the biosorption of methylene blue and thioflavin T by
agricultural by-products from the hop (Humulus lupulus L.) [27] and methylene blue by water hyacinth
biomass [31], agro-waste oil tea shell [13], Anethum graveolens biomass [32] and Tremella fuciformis
biomass [33] was very well fitted by Langmuir model.

Table 2. Langmuir and Freundlich equilibrium parameters (±SD) obtained by non-linear regression
analysis for TT and MB biosorption by V. dubyana biomass in single systems.

Dye
Langmuir Freundlich

Qmax (mg/g) b (L/mg) R2 K (L/g) 1/n R2

TT 119 ± 11 0.04 ± 0.01 0.965 15.5 ± 3.8 2.58 ± 0.38 0.955
MB 229 ± 9 0.07 ± 0.01 0.990 45.2 ± 11.5 3.27 ± 0.59 0.938

TT: Thioflavin T; MB: methylene blue.

Maximum sorption capacity Qmax and constant b, calculated from Langmuir isotherm model
enable to characterize the affinity of V. dubyana biomass towards TT and MB (Table 2) in single sorption
systems. Qmax for TT (119 ± 11 mg/g, d.w.) was significantly lower in comparison with Qmax for
MB (229 ± 9 mg/g, d.w.). The affinity constant b of the isotherm corresponds to the initial gradient,
which indicates the V. dubyana biomass affinity at low concentrations of both TT and MB. Accordingly,
a higher initial gradient corresponds to a higher affinity constant b. It is evident, that Langmuir
isotherm for MB is steeper at lower equilibrium concentrations than those for TT (Figure 5A,B).
The difference in the b values 0.04 ± 0.01 L/mg (TT) and 0.07 ± 0.01 L/mg (MB), confirmed the higher
affinity of V. dubyana biomass to MB in comparison with TT. This was also reflected by higher Qmax for
MB (Table 2).
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Figure 5. Fit of the Langmuir and Freundlich isotherms of thioflavin T (TT); (A) and methylene blue
(MB); (B) sorption by dried biomass of freshwater moss V. dubyana (CB = 0.5 g/dm3) from single
sorption systems after 2 h interactions at 25 ◦C and pH 6.0.

The comparison of maximal sorption capacities Qmax determined from Langmuir model with
those of other authors is reported in Table 3. Although the data about TT (bio)sorption are very limited,
our results indicate that V. dubyana biomass exhibited the highest Qmax in comparison with other
organic and inorganic sorbents. Similarly, in case of MB biosorption the moss biomass has a high Qmax

when compared with different sorbents of plant origin.

Table 3. Comparison of Qmax values of different sorbents determined from Langmuir isotherm for TT
and MB.

Sorbent Qmax MB (mg/g) Qmax TT (mg/g) pH T (◦C) Reference

V. dubyana 229 119 6.0 25 present study
hop leaf biomass 184 77.6 6.0 25 [27]

Rhytidiadelphus squarrosus - 98.9 4.0 25 [34]
montmorillonite * - 95.2 6.0 25 [35]
Fomitopsis carnea - 21.9 - 30 [14]

Corn husk 47.95 - 6.0 25 [8]
Oak acorn peel 120.5 - 7.0 24 [36]

Salvia miltiorrhiza 100 - 7.0 [12]
Eucalyptus bark 204.8 - 9.9 30 [37]

Platanus leaf 99.1 - 7.0 30 [38]
Banana stalk 243.9 - - 30 [39]

* Cetylpyridinium modified.

In comparison with single sorption systems, in binary or multicomponent mixtures cationic
dyes may interact or compete for binding sites of moss biomass. Therefore, the behavior of each
species in a multicomponent system depends strongly on the number and properties of other species
present. In addition, the solution pH, the physical and chemical properties of both the sorbent and
sorbate significantly influenced the sorption process. The simultaneous Langmuir and Freundlich
sorption isotherms of MB and TT from binary system MB + TT (concentration ratio C0 TT:C0 MB = 1:1)
by V. dubyana biomass are shown in Figure 6A,B. Table 4 presents isotherm parameters calculated by
non-linear regression analysis.
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Figure 6. Fit of the Langmuir (A) and Freundlich (B) isotherms of thioflavin T (TT) and methylene blue
(MB) biosorption by dried biomass of freshwater moss V. dubyana (CB = 0.5 g/dm3) from binary sorption
system TT + MB (concentration ratio C0 TT:C0 MB = 1:1) after 2 h interactions at 25 ◦C and pH 6.0.

Table 4. Langmuir and Freundlich equilibrium parameters (±SD) obtained by non-linear regression
analysis for TT and MB biosorption by V. dubyana biomass in binary system TT + MB.

Dye
Langmuir Freundlich

Qmax (mg/g) b (L/mg) R2 K (L/g) 1/n R2

TT 1 49.3 ± 6.2 0.03 ± 0.01 0.905 6.92 ± 1.46 2.77 ± 0.36 0.972
MB 1 160 ± 17 0.05 ± 0.02 0.950 25.4 ± 0.72 2.67 ± 0.05 0.999

TT + MB 2 232 ± 29 0.013 ± 0.004 0.955 16.7 ± 1.9 2.29 ± 0.12 0.839
1 Sorption of individual dye in binary system TT + MB. 2 Total TT and MB sorption (Qeq = Qeq(TT) + Qeq (MB)) in
binary system TT + MB.

It is evident that sorption of both TT and MB increased with increasing of dyes concentrations in
binary mixture. However, the coexistence of MB and TT influenced the sorption capacity of each other,
advocating the competitive sorption between TT and MB. The sorption of MB is less affected by the
presence of TT than the sorption of TT by the presence of MB in solution.

Maximum sorption capacities Qmax of cationic dyes in binary system TT + MB calculated from
Langmuir model reached 49.3 ± 6.2 mg/g (TT) and 160 ± 17 mg/g (MB) and values of affinity
parameter b (0.03 ± 0.01 L/mg for TT; 0.05 ± 0.02 L/mg for MB) indicating markedly higher affinity of
moss biomass to MB. However, both Qmax values in binary system are significantly lower in comparison
with Qmax values obtained in single sorption systems (Table 1). The sorption isotherms of total dye
sorption (data calculated as Qeq = Qeq(TT) + Qeq(MB); Ceq = Ceq(TT) + Ceq(MB)) were also constructed
and evaluated (not shown). From Table 4 it is clear that maximum sorption capacity Qmax for MB from
single sorption system calculated from Langmuir model (Table 2) is almost equal to total Qmax(TT +
MB) in binary system. This confirms the hypothesis that both TT and MB in binary mixture TT + MB are
sequestered by identical binding sites on biomass surface and observed differences in individual dye
sorption capacities Q are due to (i) mutual competitive effects between dyes and (ii) different affinity
of biomass to cationic dyes. Remenárová et al. [19] described competitive effects during sorption in
binary system TT + MG (malachite green) by moss R. squarrosus. They revealed that TT significantly
affected biosorption of MG in binary system TT + MG, the competitive effect of MG on TT was less
pronounced. On the contrary, Albadarin et al. [18] observed that the total adsorbed quantity of single
dyes is only slightly larger than a mixture of two components with the same concentration in binary
system MB and alizarin red S (ARS). This indicating the presence of limited number of active sites by
which the two dyes can be sequestrated and for which they will, to some extent, compete for in binary
system. Based on obtained data and results of other authors we suppose that variance in affinity in
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multicomponent dye systems could be attributed to the different chemical structure of dye molecules
and physicochemical properties of sorbent used. Tabaraki et al. [28] stated that the chemical structure
of dye molecules, the number of sulfonic groups, the basicity and molecular weight of molecules
significantly influenced biosorption capacity and affinity.

4. Conclusions

In the present study, dried biomass of freshwater moss V. dubyana has been used as biosorbent for
cationic dyes methylene blue and thioflavin T removal from both single and binary systems. Results
revealed that an increase in pH has a positive effect on TT and MB sorption and the electrostatic
attraction is one of the possible mechanism of MB and TT removal by moss V. dubyana. The experimental
equilibrium biosorption data of TT and MB from single systems were well described by Langmuir
isotherm and maximum sorption capacities Qmax were 119 ± 11 mg/g for TT and 229 ± 9 mg/g for MB.
In binary mixture, the presence of MB caused significant decrease of TT sorption indicating higher affinity
of biomass to MB. We conclude that in binary systems the competitive effects can substantially influence
the sorption process and should be thoroughly evaluated before application of selected adsorbents for
removal of basic dyes from wastewaters containing mixtures of dyes.
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Abstract: We studied and quantified the elimination of sunflower oil from a wastewater influent
using a biological treatment by activated sludge. Estimation of the biodegraded material was obtained
doing a mass balance, and we conducted a follow-up of the different operational parameters and
design. We delivered information about the operation of a system for treatment by activated sludge
fed with an influent with sunflower oil and saccharose. The influent was previously agitated before
entering the effluent sludge in a lab-scale plant. The working range for oil concentration was 100
to 850 mg/L in the influent. Biodegradation was in the range of 60% to 51%. The process works
better with a high initial concentration of biomass (7500 mg/L) in order to absorb the impacts caused
by the oil on the microorganisms. The lowest total suspended solids concentration was 4500 mg/L.
The elimination of sunflower oil in biodegradation and flotation was on the order of 90%.

Keywords: biodegradation; fat; activated sludge

1. Introduction

Domestic wastewater and some types of industrial wastewater contain fats and oils in
a considerable proportion. The fraction of lipids in urban wastewater is 30–40% of the chemical
oxygen demand (COD), a test that measures organic matter [1].

The typical solution used for the elimination of fats and oils is based on physical and
physico-chemical treatments, generating high volumes of fatty semisolid waste that is also highly
undesirable from an environmental point of view. Considering the above mentioned, it is worth the
effort to investigate an alternative biologically-based treatment for such types of waste.

In this laboratory-scale experiment, artificial wastewater containing oil and a substrate simulating
residual water of urban or industrial origin, is biologically treated by activated sludge.

Degradation of sunflower oil was studied in an influent that also had saccharose. The influent
is treated in an activated sludge plant designed to work with high concentrations of biomass.
Initial biomass concentration (TSS) was 7500 mg/L, in order to face the situation of a substrate
of a slower biodegradation.

The behavior of lipids in active sludge processes is, in general, not well understood. The literature
generally states that lipids and fatty acids can be removed by biological treatment, which eventually
causes foam formation composed of filamentous bacteria and flocs that also inhibit microbial
reproduction [2].

In general, flotation is used in the separation of solids from fluids or between immiscible fluids.
There are three different types of flotation, the difference is based on how the air is introduced into the
wastewater: by the use of air at atmospheric pressure or dissolved and induced via air [3].

Physical-chemical treatment is applied to wastewater with fats and oils highly emulsified and
dispersed, and where the size of fat particles is less than 20 microns. When using a dissolved air
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flotation system to treat wastewater in the oil industry, the elimination efficiency is increased from 50%
to 88% due to the addition of chemicals [4]. On the other hand, using electro-coagulation achieves high
effectiveness through the destabilization of the emulsions, improving the removal of oils and fats [5].

As for the biodegradability of fats and oils, there is generic information classifying them as a slowly
biodegradable substance. As for the degradation itself, bacteria initially saves these substances in their
cytoplasm and later, through an enzymatic process, they perform hydrolysis to produce an assimilable
substrate that can be biodegraded [6].

There are three types of reactions catalyzed by microbial enzymes: oxidatives, hydrolytic,
and synthesis. The hydrolytic enzymes are used to hydrolyze insoluble complex compounds,
such as fats and oils, on simple components that pass through the cellular membrane by diffusion.
These enzymes (for instance oxidoreductases) act outside the cell wall [7].

Fats and oils are biodegraded by a wide range of microorganisms, however, the most
common is an extracellular enzyme called lipases. This enzyme releases fatty acids, as a result of
enzymatic action [8]. Fatty acids can be biodegraded by a wider range of microorganisms, including
microorganisms that do not produce extracellular lipolytic enzymes [9].

Wastewater with high lipid concentration inhibits the activity of microorganisms in biological
treatment systems, such as activated sludge and methane fermentation. To reduce such inhibitory
effects, microorganisms capable of effectively degrading edible oils can be selected from different
environmental sources [10].

Taking into account that the fat and oil biodegradation process is slow, they do not enhance the
development and growth of bacterial colonies and, therefore, it is recommended to acclimatize the
biomass to this type of substrate for a certain period of time, such that the biomass adapts and achieves
the expected biodegradation efficiency. The adaptation to the new substrate is due to mutations or
changes caused by environmental conditions and chemical or physical agents, which modify the
cell DNA, giving it new characteristics, which allows the cell to degrade new substrates from those
generated by biodegradation. Spontaneous mutations occur in one of 106 cells; however, the molecule
DNA is able to self-replicate [11].

The process of activated sludge has been used for wastewater treatment from industrial and urban
sources for a century. The design of these plants is carried out mostly based on empirical evidence.
Since the 1960s, a more rational solution for the design of activated sludge has been developed.
The latter solution is based on the observation that if any urban or industrial wastewater is put through
an aeration process for a sufficient period of time, the content of organic matter is reduced, creating, at
the same time, a flocculent sludge [12].

The typical design parameter of the activated sludge treatment system is the mass load (ML).
By definition, the mass load of the aeration tank is the relation between the daily feed mass of organic
matter that gets into the aeration tank and the degrading biomass content inside the same tank [7].

There are many studies about the behavior of lipids in biological treatment assessing the disposal
process [5]. Biodegradation of substances, slightly or not soluble in water, is one of the greatest
problems in the use of biotechnology for the treatment of contaminated solid and liquid waste [13].
Microorganisms use a wide variety of organic compounds, like carbon as an energy source, for growth.
When these substrates are not reachable due to low solubility, competition with other microorganisms,
or other environmental factors, the use of biosurfactants is recommended to obtain a carbon source [14].

In a biological treatment where activated sludge is in use, the efficient contact of phases, water and
oil, is very important and, therefore, a significant interfacial area is required to reduce mass transfer
limitations. The interfacial area can be expanded by delivering energy to the system by means of
mechanical stirring or an electric field. The increment of the interfacial surface between the aqueous
phase and oily or fatty phases is often implemented by mechanical stirring [15].

Regarding the stirred aeration tank used to complete the mixing and the corresponding dispersion
level, there are two important factors that largely determine the emulsion level: bubble size and
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distribution, and the fraction of the dispersed phase. The average bubble size is between 150 μm and
250 μm [16], which can be obtained by means of a suitable booster and fine bubble diffusers.

If there is a suitable enzyme concentration and an optimal interfacial area between the aqueous
phase and the oily phase, the mass transfer is solved and it gives way to the hydrolysis stage [17].

This investigation studies and quantifies sunflower oil biodegradation using a biological treatment
system based on activated sludge at the laboratory scale with a high initial concentration of biomass
(7500 mg/L).

2. Materials and Methods

2.1. The Choice of Sunflower Oil Is Explained Based in the Following Criteria

• It is the most frequent oil used in Chile;
• It is well standardized; and
• It is a highly accessible product.

The chemical composition of sunflower oil is shown in Table 1.

Table 1. Fatty acids that make up sunflower oil and specific stereoanalysis [18]. Results in % moles.

Fat Position 16:0 18 18:1(9) 18:2(9,12) 18:3(9,12,15)

Sunflower oil girasol
1 10.6 3.3 16.6 69.5 -
2 1.3 1.1 21.5 76.0 -
3 9.7 9.2 27.6 53.5 -

2.2. Physico-Chemical Parameters and Analytical Methods

Chemical Oxygen Demand (COD)

The potassium dichromate method was used to evaluate COD levels. The method used is
a variation of the standard method [19], however, it maintains the basis of it. The variation used has the
advantage that it uses a significantly smaller sample and reagents. The sample is chemically oxidized
through the action of potassium dichromate at 150 ◦C for two hours. Silver sulfate is used as a catalyst
and mercury sulfate is used to avoid possible interferences with chloride. Afterwards, determination
by spectrophotometry at 600 nm is performed. Equipment and instruments used to determine the
various parameters to characterize the wastewater were used.

The following parameters with their corresponding methods were measured:

Total Suspended Solids (TSS), Volatile Suspended Solids (VSS) and Sludge Volumetric Index (SVI)

TSS is determined by filtering a known volume of the sample on Whatman (Whatman plc,
Maidstone, UK) 4.7 cm GF/C glass fiber filters and then drying it at 103–105 ◦C. The difference in
weight of the filter before and after filtration is used to estimate the TSS, 209C method [20]. The Volatile
Suspended Solids are determined by weight loss after calcination at 550 ◦C, 208E method [20].
For Sludge Volumetric Index, method 213E is used [20].

Fats and Oils

When determining the fats and oils, the Gravimetric Assay Soxhlet method is used. This method
quantifies substances with similar characteristics on the basis of their common solubility in
an appropriate solvent, 213E method [20].
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2.3. Determination of Chemical Oxigen Demand (COD)-Substrate Relationships

Samples composed by mixtures of water and substrates prepared at different concentrations, and
their respective COD is estimated. This test is performed in order to produce a calibration curve and
establish a ratio (substrate concentration/COD).

2.4. Continuous Equipment

In the current investigation, an activated sludge plant at the laboratory scale is used to conduct
biodegradability tests in wastewater with oils and fats. To meet these objectives, experimental
work is required, with such parameter information describing the process dynamics regarding the
aeration and sedimentation tanks regarding fat and oil content of the wastewater. For this purpose,
BIOCONTROL-MARK 2 equipment was used. The details of the equipment is shown in Figure 1.

Figure 1. Experimental equipment diagram.

This experimental equipment consists essentially of the following parts:

Control Unit

Composed of a main switch, an air cylinder, and is complemented with a flow meter and a flow
regulation system. Additionally, a wastewater feed pump, complemented with a flow rate regulation
system, a timer for intermittent operations, and an ON-OFF switch allowing sludge recycling from the
sedimentation tank to the aeration tank.

Aeration Tank

It consists of a transparent Plexiglas® (Vittadini Riferimenti, Milan, Italy) cylinder with a height of
38 cm and a diameter of 20 cm, which has outlets at various heights associated with different volumes
(7, 8, 9 and 10 L). There are two separated inlets allowing the recirculation of sludge from the top.
The influent to be treated is placed at the bottom. In addition, the system has two ceramic diffusers
placed in the bottom in a way that they can disperse the air in tiny bubbles [21].

Sedimentation Tank
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This consists of a transparent Plexiglas® (Vittadini Riferimenti, Milan, Italy) cylinder, where its
lower part is cone-shaped to make sludge sedimentation and thickening easier.

The mixed liquor is fed from the aeration tank, which has, in its upper part, an outlet. This flow
escapes by overflow, when it arrives to the sedimentation tank. The solid phase decantation gives
a method to a downward flow. The decanted sludge is separated and recirculated at the bottom
through a pump towards the aeration tank. Treated water also uses the overflow mechanism to be
evacuated to the storage tank.

2.5. Experimental Methodology

a. Feed Preparation

The treatment system was fed initially with synthetic wastewater prepared in the laboratory
according to the typical characteristics of strong urban wastewater [22]. This wastewater has
an approximate BOD of 400 mg/L, with the corresponding proportions of nitrogen and phosphorus,
in a relation of BOD:N:P = 100:5:1. Approximately 400 mg of saccharose, 20 mg of phosphate hydrogen
of potassium, and 100 mg of ammonium chloride were added per liter of water. Measurements begin
when sunflower oil is added, the concentration of this substrate gradually increases. Feed was prepared
daily and nitrogen and phosphorus increased according to the organic input coming from fats and oils.

b. Operating Modes

The synthetic wastewater was poured into a storage pond of approximately 50 L, in which
a stirring unit has been installed to disperse the oil or fat. Through a peristaltic pump, controlled by the
control unit, it drives the feed to the aeration tank. Oxygen feed and recirculation flow are controlled
by the control unit. Process effluent is collected in a 30 L volume tank, where the samples are taken to
be processed. The flow of synthetic wastewater is 25 L/day.

3. Results

3.1. COD-Substrate Relationships

From the experimental values, a straight line with a slope of 2.13 is obtained, as shown in Figure 2,
from which it can be stated that this type of oil has a COD per gram, which is above of other organic
substances [23]. The model obtained is: Y = 2.1255X.

Figure 2. COD-sunflower oil relationship.

From the experimental values, a straight line with a slope of 1.17 is obtained, as shown in Figure 3,
from which it can be stated that the saccharose has a COD per gram, which is above of other organic
substances [23]. The model obtained is: Y = 1.1744X.
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Figure 3. COD-saccharose relationship.

3.2. Mass Balance

In this experience, water and oil are mixed by mechanical stirring. Even though part of the
added oil remains accumulated, it is important to determine the oil fraction which does not enter the
aeration tank.

Biodegradability is estimated considering the oil that actually enters the aeration tank, which will
correspond to the oil that is subject to a biological treatment process using activated sludge.

The influent has saccharose and sunflower oil. Saccharose concentration is constant and sunflower
oil concentration is gradually increased. In this case, the initial biomass concentration present in the
aerobic reactor is 7500 mg/L.

As shown in Figure 4: F0, C0: Flow and concentration of oil entering the mixing tank. F1, C1: Flow
and concentration of oil from the feed tank to the aeration tank. F2, C2: Flow and concentration of fat
and oil exiting the aeration tank. F3, C3: Flow and concentration of fat and oil from the purified effluent.
F4, C4: Flow and concentration of fat and oil in the recirculation flow. M1: Mass of oil contained in the
mixing liquor of the aeration tank. M2: Mass of oil floating on top of the sedimentation tank and the
mass of oil and fat at the bottom of sedimentation tank by adherence to the biomass.

 
Figure 4. The plant process of activated sludge diagram.

Matter Balance: Determination of Biodegradability

From the matter balance, the mass of biodegraded sunflower oil is obtained, which is part of the
influent to the system, as follows:
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For the aeration tank:
dM1/dt = F1C1 − F2C2 − rAV + F4C4 (1)

For the secondary sedimentation tank:

dM2/dt = F2C2 − F3C3 − F4C4 − F6C6 (2)

It is pertinent to point out that, F6 = 0.
M1: mass of oil and fat in the aeration tank.
M2: mass of oil and fat in the sedimentation tank.
V: Volume of reactor.
rA: Disappearance speed of vegetable oil.

The balance for the whole system is:

dM1/dt + dM2/dt = F1C1 − F3C3 − rAV (3)

From this expression, we have that the term rAV, corresponding to vegetable oil disappearing by
unit of time, is ultimately the oil purely degraded by the microorganisms, such that:

rAV = F1C1 − F3C3 − dM1/dt − dM2/dt (4)

As it has been said, a significant part of the oil floats and, therefore, it is not biodegraded and
goes directly into the secondary sedimentation tank, where it is accumulated. By reasons of technical
feasibility, the enforcement of the matter balance must be performed holistically and not derivatively.
Therefore, this accumulation effect due to floating is considered and measured, which is very important
in order to measure the level of biodegradability corresponding to the influent that has oil.

When the matter balance is performed holistically, for a determined period of time, we have:

M1 + M2 = F1C1Dt − F3C3Dt − rADt (5)

where Dt is the period of time, (one day).
Then, if a subscript is used to characterize the corresponding day, we have:

For day 1:
M11 + M21 = F11C11Dt − F31C31Dt-VrADt (6)

For day 2:
M12 + M22 = F12C12dt − F32C32Dt − rAVDt (7)

For day n:
M1n + M2n = F1nC1nDt − F3nC3nDt − rAVDt (8)

the mass balance for a determined amount of days operating:

Σ(M1i + M2i) = F1iDtΣ(C1i) − F3iDtΣ(C3i) − rAVDt (9)

Therefore, the expected biodegraded oil can be estimated by:

F1iDtΣ(C1i) − F3iDtΣ(C3i) − Σ(M1i + M2i) = rAVDt (10)

Then biodegradability is:
D = rAVDt/F1iDtΣ(C1i)

D = {F1iDtΣ(C1i) − F3iDtΣ(C3i) − Σ(M1i + M2i)}/F1DtΣ(C1i) (11)
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3.3. Experimental Protocol of Matter Balance of the Activated Sludge Plant

In this protocol an experimental method to conduct a thorough and accurate balance of fat and
oil matter is proposed. From the process diagram, the streams of input and output are defined and
measured both in flow and concentration.

Feed flow and concentration of fat and oil (F1, C1) are known and set according to the
experimental conditions.

F2, C2: It is not significant for the matter balance.
F3, C3: This flow is equal to the input flow and, therefore, it is given by the predetermined

conditions for the experiment, and C3 concentration is obtained by Soxhlet method.
F4, C4: It is not significant for the matter balance.
M1: Oil concentration in mixed liquor measured by Soxhlet using a sample of 250 mL.

The concentration is calculated for the total volume of mixed liquor.
M2: In this case, sunflower oil mass accumulated in the sedimentation tank in a determined period

of time must be estimated, for which it is necessary to remove, dry, and weigh the supernatant oil.
This task was performed by implementing a drainage in the secondary sedimentation tank

discharging to an auxiliary tank, and collecting the corresponding part of oil in another container.
After this, water evaporation is performed in a water bath and the separated oil is weighed to determine
the oil mass accumulated in a given period of time.

M21: This is determined by Soxhlet extraction of oil accumulated in the biomass of the
sedimentation tank.

3.4. Matter Balance Results

The empirical results of the mass balance is shown in Table 2.

Table 2. Matter balance of activated sludge with stirring and the increase of the initial biomass.

Period of Operation of
the Mass Balance (day)

Fed Oil
Mass (g)

Retained
Oil Mass (g)

Accumulated
Oil Mass (g)

Oil Mass in
Effluent (g)

Biodegraded
Oil Mass (g)

Biodegradation
Efficiency (%)

1–8 24 2 4 4.9 13.1 60
9–15 48 5 13.5 6 23.5 54.6
16–22 94 9 38 5.5 43.5 51

3.5. System Behavior and Operating Parameters

3.5.1. COD Removal and Mass Loading

Figure 5 shows the elimination of COD and its relationship with the mass loading. As a design
parameter of the active sludge, it is verified that the biodegradation of the oils and fats decreases
with the increase of the mass load. This increase is given by the higher load of fats and oils, which is
the substrate of slower biodegradation, and the value of this parameter indicates the accumulation
of fats and oils. On the other hand these fats and oils are accumulated in the ponds of the system,
therefore, they do not affect the efficiency of the elimination of fats and oils since they do not leave by
the effluent.
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Figure 5. Graphic of the evolution of the removal and biodegradation of COD in the mass load.

3.5.2. Behavior of Biomass

Figure 6 shows the behavior of biomass through total suspended solids. The trend shows
a decrease in the concentration of solids as oil is added to the system, although the process is reversed
from the ninth day, which is explained by the acclimation of the microorganism to the oil. The high
concentration of the initial biomass, 7500 mg/L, allows a resistance to the decline in biomass caused by
the fed influent. In fact, the lowest concentration of total suspended solids also corresponds to a high
concentration, 4500 mg/L. It is observed that the presence in the influent substrates causes an increase
of the SVI of a value of 60 mL/g, to values that exceed 100 mL/g, then are stabilized at an average of
85 mL/g. It is remarkable that, despite the increase experienced by the SVI, the achieved values are
within a suitable range, indicating proper biomass sedimentation in the activated sludge.

Figure 6. Graphic of the evolution of mass and SVL.
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3.5.3. Sunflower Oil Removal and Biodegradation Efficiency

It can be noticed that the concentration of grease and oil in the effluent is independent from the
concentration of the influent containing sunflower oil. The latter is because the oil is not biodegraded
and it is accumulated in the aeration tank and in the secondary sedimentation tank, as is shown in
Figure 7. Therefore, oil is removed by flotation. The elimination of sunflower oil by biodegradation
and flotation reaches 90%.

Figure 7. Graphic of the evolution of oil in the influent and effluent, mixed feed, biomass increase,
removal efficiency, and biodegradation.

The low solubility of the sunflower oil in the aqueous phase also affects biodegradation, which is
mitigated by the emulsification in small drops that create a kind of pseudo-solution corresponding to
oil that is feasibly treated biologically.

Another biodegradation limiting factor is the amount of biomass available. In this experience,
the oil mass was progressively increased and, therefore, the ratio of biomass oil and organic matter is
decreasing. This is reflected by the increase of the mass load, as shown in Figure 5.

In experiments performed to characterize the transformation of lipids in activated sludge under
aerobic conditions, the results showed that the total lipid content in the effluent could not be reduced
under 300 mg/L when initial content of 2000 mg/L is used [5]. In this experience, despite the presence
of an easily biodegradable substrate, such as saccharose, biodegradation reached in excess of 51%,
as shown in Figure 7.

4. Discussion

The biodegradation of oils and greases incorporates carbon to the ecological chains through the
carbon cycle, which is the most sustainable option.

From the results, a significant level of biodegradation of sunflower oil exceeding 53% is verified.
When analyzing this value, the competence of substrates must be considered, since in this case
microorganisms have both saccharose and oil as carbon sources, and considering that saccharose is
a substrate of easier biodegradation; they are developed with higher biodegradation rates than those
species that are compatible with this kind of substrate.
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The oil biodegradability level is approximately 53%, on average. This result confirms that,
in a significant proportion, oil and fat can be removed from an influent by biodegradation mechanisms
of the activated sludge process.

In experiences carried out in a batch reactor with a saccharose and sunflower oil mix, the reached
values of biodegradation are on the order of 63–67% for the biomass that, before the experiment,
was not subjected to the mix with sunflower oil [24] and, in this case, a continued system of activated
sludge, the values go from 51% to 60%, as they have some similarities.

The experience of an activated sludge system working with a biomass concentration within
the normal rank (3000–4000 mg/L) shows a significant development of bulking from 120 mL/g to
300 mL/g, approximately [25], and this biomass-reinforced system decreases bulking obtaining an SVI
that is between 40 mL/g to 115 mL/g, which shows a drastic difference.

On the other hand, laboratory studies for commercial supplements, multi-species
bioaugmentation found removal values of fat and oil from 37% to 62% [26]. This result has some
similarities with the effect of sludge acclimatization, which is also of a biological nature.

In the results there is an important percentage of sunflower oil that is not biodegraded; this is due
to the lack of solubility of the substrate which originates as a biphasic system which is also increased
by the oil tendency to float on water, especially when there is an air flow from the bottom. This means
that an important part of the oil does not contact the biomass, violating an essential and basic condition
for substrate biodegradation and, therefore, it goes from the feed tank to the secondary sedimentation
tank where it is accumulated.

Regarding to the organic matter removal (saccharose and vegetable oil) (Figure 5), if the quality
of the effluent resulting from the treatment of activated sludge is considered, optimal levels of
performance are achieved, because there is a removal level of COD that is above 90%, which would
correspond to the COD being biodegraded, and also to removal by physical processes, such as oil
floatation. For aerobic biological treatment, there are experiences in plants at full scale. An evaluation
of 55 treatment plants of municipal water in the United States verified that fat and oil concentration in
the influent had an average value under 80 mg/L and a BOD of 300 mg/L, and the effluent obtained
had a fat and oil concentration under 10 mg/L and a BOD under 40 mg/L to the level of effluent.
It also can be observed that the fat and oil removal does not show a seasonal variation [27].

From Figure 5 it can be observed the efficiency of COD removal is over 80% and it does not
depend on the mass load applied, which is explained by the fact that part of the removed oil is by
physical mechanisms of separation. On the other hand, biodegradation decreases substantially when
mass load increases. There are adequate removal levels when it is worked on a range of a conventional
regime, but not for high rate ranges.

Therefore, the corresponding value to the COD disposal is higher than the one corresponding to
the COD biodegradation because, in the first one, the accumulated oil in the aeration and sedimentation
tank is not considered, mainly, which is the COD which is not biodegraded. This is necessary to perform
a matter balance of the system so as to allow the more accurate measurement of the organic matter
that has actually been biodegraded by the activated sludge.

In the application of biological treatment by activated sludge to the derived effluents from the
olive oil industry, the treatment of green wastewater of olive oil-activated sludge was used and the
results obtained show that this alternative of treatment is efficient, reaching levels of COD disposal
of 75–85%, with a COD of input between 1000 to 1500 mg/L, due mainly to ethanol disposal and
fatty acids.

The increase of hydraulic retention time and the temperature improved the sludge removal. Thus,
the effluent systematically reached a concentration of 200 to 300 mg/L [28].

These results are very similar to those obtained by other researchers for biodegradation of
olive oil in a batch-activated sludge system using both acclimated and non-acclimated sludge. For
non-acclimated sludge, levels of biodegradability obtained between day 1 and day 4 were 6% to 68%,
while for acclimated sludge, results vary from day 2 to day 5 by 58% and 95% [29].
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The values of biodegradation of oil and fat obtained between 69% and 75%, and are similar to
those of an aerobic biodegradation experiment that removes fats and oils from the dairy industry,
which uses as biomass a mixture of isolated and selected native bacteria, which reached 72% efficiency
of biodegradation [30]. The biodegradation of oils and greases incorporates the carbon of these
substrates to the ecological chains and the carbon cycle, from the ecosystem point of view, is the most
sustainable option.

5. Conclusions

• Sunflower oil is biodegradable and it is reached a percentage of biodegradation above 51% for
a wide range of concentrations of these kinds of substrates in the influent, despite the competitive
presence of saccharose.

• The removed oil in the process of wastewater treatment is through floating and biodegradation
mechanisms. The elimination of sunflower oil sustained in biodegradation and flotation
reaches 90%.

• It is concluded that it is pertinent to add superficial scavengers to the sedimentation tank that
eliminate the floating oil.

• Biomass has a great capacity to adapt to an oil substrate and does not affect sedimentation.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: During simulation of a water regime of heavy soils, it is necessary to know the isotropy
parameters of any volume changes. Volume changes appear in both vertical and horizontal directions.
In vertical directions, they appear as a topsoil movement, and in horizontal directions as the formation
of a crack network. The ratio between horizontal and vertical change is described using the geometric
factor, rs. In the present paper, the distribution of volume changes to horizontal and vertical
components is characterized by the geometric factor, in selected soil profiles, in the East Slovakian
Lowland. In this work the effect of soil texture on the value of the geometric factor and thus, on
the distribution of volume changes to vertical and horizontal components was studied. Within the
hypothesis, the greatest influence of the clay soil component was shown by the geometric factor value.
New information is obtained on the basis of field and laboratory measurements. Results will be used
as inputs for numerical simulation of a water regime for heavy soils in the East Slovakian Lowland.

Keywords: volume changes; isotropy; geometric factor

1. Introduction

Heavy soils are characterized by a high content of clay particles which, due to moisture changes,
cause volume changes in soil. When moisture increases, soil swells, and on drying, soil shrinks.
Volumetric changes occur in a three-dimensional process, that in the vertical direction reflects the
vertical movement of the soil surface, and in the horizontal plane the formation of cracks. The degree
of distribution of soil volume changes to horizontal and vertical components depends on the isotropic
properties of the soil environment [1–4]. The presence of cracks in conditions of heavy soils creates
a two-domain soil environment, which significantly affects hydrological processes, especially in
extreme meteorological conditions, highlighting the importance of studying this three-dimensional
process [5–9]. Due to expected climatic changes, it is assumed that an increased frequency of extreme
meteorological events will occur.

The aim of the paper is to characterize the distribution of volume changes to horizontal and
vertical components in selected soil profiles in the East Slovakian Lowland (ESL) using a geometric
factor. Based on the obtained results, the next goal is to verify the hypothesis concerning any effect
of texture on the value of the geometric factor and thus, on the degree of distribution of volume
changes to vertical and horizontal components. Within the hypothesis, it is assumed that the clay soil
component has the greatest influence on the geometric factor value [10,11]. Results will be used as
inputs for numerical simulation of water regimes of heavy soils in the ESL [12–17].

Environments 2018, 5, 45 59 www.mdpi.com/journal/environments



Environments 2018, 5, 45

2. Materials and Methods

The procedure for determining isotropic soil volume expansion is based on laboratory
determination of volume changes in clay-loam soil, for a precisely defined geometry of soil sample
volume at the initial state of the experiment, and in the drying process under controlled conditions.
Drying of isotropic soil samples is accompanied by volumes changes caused by horizontal and vertical
shrinkage. Horizontal shrinking under natural conditions causes crack formations and vertical changes
followed by decrease of soil surface area. From this point of view, laboratory results of studied volume
changes should be interpreted for natural conditions. Previous studies [18–20] have mentioned one
possible approach.

Figure 1 is a plot of soil sample saturation in the form of a cube with an edge length, zs. Soil sample
saturation is represented by a broken line. Its volume is Vs = z3

s . After isotropic shake, the saturated
sample is reduced by volume ΔV per cube, as per z = zs − Δz for edge length and volume V = z3.
Based on the above, it is possible to formulate a relationship

V
Vs

=
Vs − ΔV

Vs
=

z3

z3
s
=

(zs − Δz)3

z3
s

. (1)

On the basis of Equation (1) and Figure 1, it is possible to deduce the relationship between volume
change of sample and change in sample height, i.e., by changing the volume in the vertical direction
and in the horizontal plane.

1 − ΔV
Vs

=

[
1 − Δz

zs

]3
. (2)

For most soils in natural conditions, according to Equation (2), it is possible to consider isotropic
shrinkage. Therefore, it is possible to substitute a the geometric factor rs for 3 without greater loss of
accuracy. We can then present a generalized version of the equation in the form

1 − ΔV
Vs

=

[
1 − Δz

zs

]rs

. (3)

Mathematical expression of the relationship between volume change of sample and its vertical
decrease can then be expressed in the form

Δz = zs −
[(

V
Vs

) 1
rs
]

zs. (4)

Total change in soil volume is represented by ΔV = ΔVv + ΔVh, while ΔVv = z2
s Δz. From the

above and from Equation (4), the relation follows

ΔVh = ΔV − z2
s Δz, (5)

ΔVh = Vs

[(
V
Vs

) 1
rs − V

Vs

]
. (6)

In accordance with Equation (1), Equation (2) can be interpreted as follows. In the case of shrinking
without cracks, rs = 1. In the case of crack formation and without decrease, rs → ∞. For all other
cases, for formation of drained cracks and a surface decrease, occurring simultaneously, the following
values are distinguished: rs = 3 for isotropic shrinking; 1 < rs < 3, while vertical movement is more
prevalent than horizontal shrinking. If rs > 3, then the formation of cracks is more prevalent than
vertical movement.
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Figure 1. Change in the isotropic state of a cube shaped soil sample during drying. A dotted line shows
the sample in saturated state, volume Vs, with an edge length zs. The full line shows the sample after
shrinkage, volume V, with an edge length zs. Change of the cube edge length after drying is Δz.

Considering that during the drying, the change of sample height in the direction of the vertical
axis of sampling is measured, and volume of soil sample saturated by water, and volume of dried soil
sample is measured also, it is possible to calculate the geometric factor rs from Equation (4). By adjusting
the equation, we get a relationship for calculating the geometric factor in the following shape.

rs =
log( V

Vs
)

log
[−(Δz)+zs)

zs

] . (7)

From Equation (5), based on these theoretical considerations and experimental field and laboratory
measurements, the geometric factor of volume expansion was determined as a quantifier of the
distribution of total volume changes to horizontal and vertical components.

Another part of this research consists of two stages. In the first stage, rs values were quantified
for characteristic profiles on the ESL. In the second stage, the correlation between values of the
geometric factor and content of clay (rs < 0.002 mm), dust (rs = 0.002–0.050 mm) and sandy particles
(rs = 0.050–2.000 mm) in soil were investigated. Investigated soil layers were classified in terms of
isotropic volume changes.

To assess this correlation, models that best describe the tightness of correlation relationships were
selected. As a criterion for selecting a model, the correlation coefficient value was used.

In addition, the relationship between rs and Vh has been shown, based on measurements of
V, Vs, Zs, Δz and Equation (6).

Measurements were made on the ESL in 11 sampling profiles from 10 different locations, the
location of which is shown in Figure 2. Sampling points were selected to characterize the soil
environment of the ESL. As part of the fieldwork, intact soil samples were taken by the swab probe
method and placed into collecting rollers. The volume of withdrawal rollers was 100 cm3 with a
diameter of 5.6 cm. The geometric dimensions of soil samples during shaking were measured by a
micrometer. The size of shrinking versus percentage saturation for Michalovce is shown in Table 1, in
the last column on the right. The largest measured volume changes were around 40%. Soil samples
were saturated under laboratory conditions to full water capacity, and after measuring their geometric
dimensions, were dried at 30 ◦C gradually until the weight changes were approaching the measurement
error. The last drying was carried out at 105 ◦C. All necessary data for calculating the variables of
Equation (7) were obtained by measuring the geometric dimensions of the soil samples after drying.
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Soil samples were taken at depths of 0.10 m to 0.80 m at all locations except the Milhostov site. At the
Milhostov site, samples were taken from depths of soil up to 1.60 m.

Figure 2. Map of the area of interest.

3. Results

The results of the measurements and calculations were divided into two parts in accordance
with the methodological procedure. In the first part, geometric factor values were quantified. In the
Michalovce profile in Table 1, the values of the soil sample volume changes, and values of the
geometric factor rs, are shown. In Table 1, for three successive layers of 0.1 m intervals, the height of
the water-saturated rollers, their saturated volumes and these values after drying, are given. For each
measurement, a calculated value of rs and then an average value of the geometric factor for each
layer are calculated, according to Equation (7). From Table 1, percentage volume change, and change
in vertical dimension (Δz) of individual samples, as well as their average values in each layer, are
obvious. In Table 2, each layer of each collection site is characterized by texture composition. All eleven
sites were processed analogously. Table 3 summarizes values of the geometric factor in all eleven
investigated soil profiles. The table also shows coordinates of individual field profiles. Results indicate
that, in the examined profiles, volume change predominantly results in the formation of cracks (rs > 3.0).
Only in Senné was an isotropic shrinkage identified (rs = 3.0). In two profiles, the predominance of
vertical movements over crack formation was identified (Kamenec (2.8), Somotor 2 (2.3)). The highest
value (rs = 13.0) was identified in the locality of Vysoká [21]. Vysoká also had the highest variation
range. The lowest value (rs = 1.7) was found in Somotor 2.

The second part of this research focused on a correlation analysis between the values of the
geometric factor and the components of the texture of the soil samples. In addition, the shape of
dependence between rs and Vh is shown based on volumetric measurements.

Figure 3 represents an analysis of the effect of the clay particle fraction, which is represented by
a particle fraction of <0.002 mm for the geometric factor values. The geometric factor in this case is
the average value of soil layers from which soil samples were taken for grain analysis. The effect of
the content of clay particles on rs is obvious from this picture. In this case a correlation was identified
R = 0.56. The result can be interpreted as a significant influence of clay content in soil on the geometric
factor, and on the distribution of total volume change to vertical and horizontal components. The figure
shows that clay, and clay soil (45% to 55% clay content), are isotropic in terms of volume change.
In addition, vertical movement slightly outweighs horizontal plane movement with an increase in the
clay content of soils, and the variability of this movement decreases. The geometric factor oscillates
slightly below the isotropic boundary. As the proportion of clay in soils decreases, the variability of rs

is significantly increased.
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Table 1. Soil sample measurements and calculation of rs in the Michalovce locality.

Layer
[cm]

Rolle
Number

zs [m]
Vs

[m3]
V [m3] Z [m] Δz [m] rs [-] rs [-] Δz [%]

ΔV
[%]

88 4.38 101.02 80.44 4.06 0.32 2.98 7.36 20.38
0–10 507 4.30 100.97 81.58 4.07 0.30 3.04 2.93 6.77 19.20

511 4.33 101.25 84.29 4.11 0.28 2.76 6.43 16.75

78 4.30 100.87 85.90 4.16 0.20 3.41 4.59 14.80
10–20 527 4.30 100.31 86.11 4.15 0.22 2.96 3.05 5.03 14.16

530 4.33 100.51 86.28 4.13 0.23 2.79 5.33 14.16

504 4.30 100.04 87.84 4.16 0.19 2.91 4.37 12.20
20–30 525 4.33 100.51 88.92 4.18 0.18 2.94 3.09 4.08 11.53

533 4.37 100.85 88.79 4.21 0.16 3.40 3.67 11.96

74 4.36 100.63 87.16 4.16 0.20 3.10 4.53 13.38
30–40 87 4.37 101.01 87.19 4.21 0.16 3.94 3.36 3.66 13.69

515 4.34 100.42 85.93 4.13 0.22 3.03 5.01 14.43

76 4.36 100.83 90.10 4.26 0.11 4.59 2.41 10.64
40–50 80 4.37 101.15 90.61 4.28 0.10 5.00 4.58 2.17 10.42

519 4.38 99.70 90.35 4.28 0.10 4.15 2.34 9.37

84 4.37 100.97 90.57 4.24 0.13 3.60 2.97 10.30
50–60 506 4.35 100.41 91.39 4.25 0.10 4.04 4.07 2.30 8.98

536 4.36 99.79 92.12 4.28 0.08 4.57 1.72 7.68

81 4.36 100.43 93.63 4.33 0.03 - 0.69 6.78
60–70 529 4.36 100.13 92.82 4.30 0.06 5.45 5.27 1.38 7.30

535 4.37 101.05 93.35 4.30 0.07 5.08 1.55 7.62

85 4.38 100.96 95.62 4.33 0.05 4.70 1.14 5.29
70–80 505 4.36 100.79 93.73 4.31 0.06 5.46 4.76 1.32 7.01

534 4.36 100.39 93.45 4.28 0.08 4.12 1.72 6.91

Legend: zs—sample height in a saturated state; Vs—volume of the saturated sample; V—sample volume after
shrinkage; Z—height after drying, ΔZ—change of sample height; rs—geometric factor; rslayer average of the
geometric factor; ΔV—total change in sample volume.

Table 2. Texture characteristics of studied soil profiles in Michalovce. Analogously, all examined
profiles were characterized.

Layer [cm] I. Fraction <0.001 mm Clay [%] Silt [%] Sand [%]

0–10 28.07 31.85 56.08 12.07
10–20 27.19 31.04 59.27 9.69
20–30 27.29 31.14 58.42 10.44
30–40 27.61 31.63 59.89 8.48
40–50 23.09 26.66 60.83 12.51
50–60 19.78 22.73 60.67 16.60
60–70 18.35 20.89 63.53 15.59
70–80 16.94 19.27 56.33 24.40

Table 3. Profile evaluation by the average rs value.

Locality [cm] Coordinates
rs in Layer [-] I. Fraction Clay Profile Rating

Max Min Max-MinAvg <0.001 mm <0.002 mm

Michalovce N48◦44.255′ E21◦56.664′ 5.3 2.9 2.3 3.9 23.54 26.90 1
Milhostov N48◦40.185′ E21◦44.248′ 5.9 2.8 3.1 3.9 27.28 29.15 1
Pribeník N48◦23.688′ E21◦59.547′ 3.4 2.9 0.5 3.1 29.70 31.90 1

Senné N48◦39.802′ E22◦02.892′ 4.4 2.6 1.8 3.0 51.03 54.84 2
Sírnik N48◦30.538′ E21◦48.830′ 4.8 2.7 2.0 3.3 30.55 35.18 1

Somotor 1 N48◦23.748′ E21◦48.471′ 10.0 3.8 6.2 5.3 23.72 25.89 1
Somotor 2 N48◦23.173′ E21◦48.237′ 3.0 1.7 1.3 2.3 18.30 20.15 3

Horeš N48◦22.540′ E21◦53.907′ 3.9 2.7 1.2 3.1 41.19 43.74 1
Kamenec N48◦21.048′ E21◦48.877′ 3.4 2.2 1.2 2.8 29.81 32.11 3
Vysoká N48◦36.796′ E22◦06.898′ 13.0 3.0 10.0 5.7 11.27 12.88 1
Zatín N48◦28.725′ E21◦54.918′ 3.4 2.9 0.5 3.4 28.45 31.55 1

Legend: 1—formation of cracks (rs > 3); 2—isotropic shrinkage (rs = 3), 3—vertical movement 1< rs <3.
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Figure 3. Relationship between the geometric factor, rs, and grain content of particles sized <0.002 mm,
which represents the percentage of clay particles in soil samples.

Figure 4 shows the relationship between rs and silt particles in the soil samples. The Correlation
coefficient, R = 0.34, is insignificant. The greatest variability of rs was found to be between 30 and 40%
for silt particles. Increasing the particle ratio caused the variability of rs to decrease, and rs values
tended to approach the value of “3” from above, i.e., to the value of isotropic volume change.

Similar results are documented in Figure 5. Here, the relationship between rs and the sand content
in soil can be seen. The correlation coefficient of R = 0.36 is insignificant. The difference between
the sand content in soil and silt content in soil, is the evenly distribution of sand content variability.
The sand content trend in soil, increasing with the geometric factor, is opposite to that of the silt content
in soil, which decreases with an increase in the geometric factor. In both cases, the rs values oscillate
around the isotropic shrinkage value, or are higher than the isotropic shrinkage value.

Figure 4. Relationship between the geometric factor, rs, and the grain content of particles sized between
0.002–0.05 mm, which represents the percentage of silt particles in the soil samples.
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Figure 5. Relationship between the geometric factor, rs, and the grain content of particles sized between
0.05–2 mm, which represents the percentage of sand particles in the soil samples.

Figure 6 shows the relationship between the volume change in the horizontal direction Vh, and the
geometric factor, rs, with the volume change Vh being expressed as a percentage of the total measured
volume change. The graph shows the effect of the geometric factor on the behavior of volumetric
changes and their distribution to horizontal and vertical components. With an increase in rs, more of
the total volume change is due to the horizontal component.

Figure 6. Relationship between the geometric factor and the horizontal component of volume change.

4. Discussion

There may be several causes of the observed anisotropy of soil, when its volume was changed.
It can be assumed that this is due to inequalities that occur in sedimentation processes, and the
inhomogeneity of clay minerals that are sources of volume changes in soils. The primary condition
causing volume change, is the presence of clay minerals and water. Crystals of clay mineral are
composed of platelet formations (consisting of silicon tetrahedra and aluminum octahedra) ranging
from 1 (montmorillonite) to a theoretically unlimited number (kaolinite). Individual plates have a very
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small valency (0.5–1.0 nm) and a high specific surface area (15 m2·g−1—kaolinite, 80 m2·g−1—illite;
800 m2·g−1—montmorillonite). The size of the specific surface of these plates is closely related
to the size of the volume changes. The larger the specific surface, the greater the ability to swell.
The surface of the clay mineral plates carries a negative electrical charge that can attract water molecules.
Consequently, with the increasing the surface area of clay mineral crystals, the more water molecules
can bind. With an increasing water content, swelling of such a clay occurs. Drying will return the clay
to its original volume. The abilities of individual minerals to assimilate water into their structure, and
thus increase their volume, are different. Kaolinite clays are relatively inactive (they have low ability
to bind water), illite clays have low to moderate swelling ability, and montmorillonite clays are highly
expansive, and in their pure form (under laboratory conditions), can change volume by 1400–2000%
(Na-montmorillonite). Pore size and pore distribution in soil is another factor influencing volume
change. Presence of organic components in soil may also have a significant effect on volume changes.

Under natural conditions, clay minerals do not occur in pure form but in mixed structures.
Therefore, it is necessary to know the species composition of clay minerals for a detailed assessment
of these processes. Their determination is difficult. Information on the species composition of clay
minerals is insufficient for the ESL.

For these reasons, further research on the ESL should aim to determine the species composition
of clay minerals in characteristic soil species. These findings will help to avoid possible mistakes in
determining cracked porosity based on physical clay content. This is the reason for paying increased
attention to identifying the species composition of clay minerals in the soils of the ESL.

In this context, it is necessary to be aware that the amount and distribution of volumetric changes
to horizontal and vertical components also have an indirect influence on the presence of silt and
sand in soil. The representation of any of the textural components of clay, silt and sand, is a linear
combination of the remaining two, provided that the granularity is accurately determined. If one of
them is increased in soil, the remaining two are reduced. Silt and sand do not cause volume changes,
but the increased soil content reduces clay content and volume change. This creates an inhomogeneous
environment in terms of volume change and the associated geometric factors. The anisotropy of
volume changes increases followed by the increased variability of the geometric factor. If there are
large amounts of silt and sand or a reduction in clay, then soil is lighter and volume changes disappear,
respectively. These changes are not measurable. With an increase in clay content and a decrease
in silt and sand content, volume changes begin to display characteristics of isotropic shrinkage, i.e.,
rs = 3. With isotropic shrinkage, the impacts of silt and sand gradually disappear. Changes in rs

across the vertical soil profile may be related to an increase or decrease in soil clay content. This is
common under the ESL conditions. This may be associated with the impact of superficial soil layers.
Sedimentation processes can have a significant impact on the anisotropy of volumetric changes and
changes in the geometric factor, rs, across vertical soil profiles in lowland conditions. This is especially
true when platelet clay particles are predominately oriented in one direction.

The degree of influence of individual grain fractions on the geometric factor is related to the size
of the grains and the pore size. The smaller the particles in the porous material, the more homogeneous
it is, and the value rs approximates or oscillates around the value “3”. The upper limit of clay particle
size (2 μm) is 25 times smaller than the upper limit of dust particle size (50 μm) and 1000 times less
than the upper limit of sand particle size (2000 μm). These variation ranges cause rs to deviate from
the value “3”, i.e., to deviate from isotropic shrinkage and thus increases the variability of rs.

5. Conclusions

In this paper, values of the geometric factor, rs, were quantified in characteristic soil profiles.
Based on this, soil profiles were evaluated for the distribution of volume changes to horizontal and
vertical components. In one case, isotropic volume changes were identified in Senné. This was the
locality with the highest content of clay minerals of all investigated localities. Vertical volume changes
dominated in two locations. In the remaining eight locations, horizontal volume changes dominated,
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i.e., crack formation and thus the formation of a two-domain soil system (crack and soil matrix) [22–25].
Summaries of the results are shown in Table 3.

The effect of texture on the geometric factor was analyzed. A high correlation between measured
horizontal volume changes and the geometric factor has been demonstrated. The results are graphically
shown in Figures 3–6. All results were obtained from experimental measurements in the field and in
the laboratory.

To focus further research on this subject area, we recommend paying increased attention to
identifying the species composition of clay minerals in the soils of the ESL.

The results of this analysis will be used for numerical simulation of the water regime and its
prognosis under heavy soil conditions in the ESL.
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Abstract: Soil erosion, as a significant contributor to nonpoint-source pollution, is ranked top
of sediment sources, pollutants attached to sediment, and pollutants in the solution in surface
water. This paper is focused on the design of mathematical model intended to predict the total
content of nitrogen (N), phosphorus (P), and potassium (K) in bottom sediments in small water
reservoirs depending on water erosion processes, together with its application and validation in small
agricultural watershed of the Tisovec River, Slovakia. The designed model takes into account the
calculation of total N, P, and K content adsorbed on detached and transported soil particles, which
consists of supplementing the soil loss calculation with a determination of the average nutrient content
in topsoils. The dissolved forms of these elements are neglected in this model. Validation of the model
was carried out by statistical assessment of calculated concentrations and measured concentrations
in Kl’ušov, a small water reservoir (Slovakia), using the t-test and F-test, at a 0.05 significance
level. Calculated concentrations of total N, P, and K in reservoir sediments were in the range from
0.188 to 0.236 for total N, from 0.065 to 0.078 for total P, and from 1.94 to 2.47 for total K. Measured
nutrient concentrations in composite sediment samples ranged from 0.16 to 0.26% for total N, from
0.049 to 0.113% for total P, and from 1.71 to 2.42% for total K. The statistical assessment indicates the
applicability of the model in predicting the reservoir’s sediment quality detached through erosion
processes in the catchment.

Keywords: agricultural watershed; nonpoint-source pollution; nutrient content; sediment quality

1. Introduction

Soil erosion, as a significant contributor to nonpoint-source pollution, is ranked the top of sediment
source [1], pollutants attached to sediment [2], and pollutants in the solution of surface water [3].

Worldwide, soil erosion by water affects 1094 million hectares of arable land [4]. Across Europe,
data on trends in soil erosion are lacking and erosion estimates are based on modelling studies. In the
1990s, water erosion affected 105 million hectares of soil or 16% of Europe’s total land area (excluding
Russia) [5]. In 2006, it was estimated that the surface area affected by water erosion in the EU-27
was 130 million hectares [6]. In 2014–2015, approximately 11.4% of the EU territory was affected by
moderate to high level water erosion rate (more than five tons per hectare per year). The reduction
of this rate against 1990s by 4.6% is mainly due to the application of water erosion control practices
which have been applied during the last decade in the EU [7].

A significant amount of global sediment flux is retained in reservoirs [8]. It is estimated that
the global annual loss in storage capacity of the world’s reservoirs due to sediment deposition is
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approximately 0.5–1% [9], and for individual reservoirs these values can be as high as 4–5% [10].
The useful lifetime of the reservoirs is thus reduced to only 22 years on average [11]. Other studies
found in the literature [12,13] have reported that worldwide rivers carry approximately 15 billion tons
of sediments to the sea annually. Walling and Webb [14] have given an overview of mean annual total
suspended sediment transport to the oceans that ranged from 8 to 51 billion tons of sediments.

Together with the small fraction of sediment, pollutants including nutrients are transported
via surface runoff [15] from arable land in the catchment [16] and are deposited in reservoirs [17].
The quantity of nutrient concentrations in water reservoir sediments, associated with nonpoint source
pollution from agricultural catchments, is regarded as the environmental pollution index. As published
by Qian et al. [18] the easier transformation of nitrogen and phosphorus from agricultural soils to
freshwater bodies contributes to their accelerated eutrophication. Nutrient concentrations in runoff
are affected by many factors including climate, soil characteristics, relief, land use, and chemical
application [19]. Typically, the eroded soils contain about three times more nutrients per unit weight
than are left in the remaining soil [20]. Pimentel and Burgess [21] summarized, that a ton of fertile
topsoil averages 1 to 6 kg of nitrogen, 1 to 3 kg of phosphorus, and 2 to 30 kg of potassium, whereas the
topsoil on the eroded land has an average nitrogen content of only 0.1 to 0.5 kg per ton. As reported
in literature [22,23], sediments act as an efficient trap for both nutrients (nitrogen and phosphorus).
For example, sediments from Gulf of Finland trap 20–50% of P and 40–65% of N in the Neva estuary
and in the open Gulf, and up to 100% in the Neva Bay are buried within the accumulating sediment.
The rest is released to the overlying water [22]. Similarly, [23] showed that finer sediment particles (silt
and clay) transported by rivers carry the major part of nutrient loads by absorption and thus, sediment
settling can remove nutrients from the water column. On the other hand, the sediment accumulation
in Iron Gate reservoir (Romania) on the Danube River corresponded to 5% of total nitrogen and 12% of
total phosphorus of the incoming loading [24].

In order to protect surface water resources and optimize their use, soil and nutrient losses from
catchment areas must be controlled [25] and minimized [26]. Conventional methods to assess soil
erosion [27] and sediment-associated chemical runoff are expensive, time-consuming, and need to
be collected over many years [28,29]. Nowadays, preference is given to predict [30] and control
sediment and nutrient yields from agricultural nonpoint source runoff using mathematical models [31].
Soil erosion models can assess and simulate the extent and magnitude of erosion processes in watershed.
To predict soil erosion rates by water, several models exist which differ greatly in terms of complexity,
inputs, and spatial and temporal scale [32]. Most have been developed for large agricultural areas
and are designed to predict annual rates of soil loss from land under various cropland and rangeland
management techniques [33,34]. To estimate sediment yields into small reservoirs, regression models
can also be used. Most of these models are site-specific and do not permit the land and water managers
to assess the impact of agronomic and mechanical changes on sediment yields [35] much less on
sediment quality. Thus, there is a pressing need to extend such models to provide sediment quality
prediction by integrating already available research methods with new generalization and integration
techniques. Better predicting of small water reservoirs’ sediment quantity and quality is necessary, of
all things, with regard to utilization or application of dredged sediment from water reservoirs [36,37].

The objective of this study is to design a mathematical model intended to predict the total
content of nitrogen, phosphorus, and potassium in bottom sediments in small water reservoirs,
with its application and validation in the small agricultural watershed of the Tisovec River, Slovakia.
Specification of sediment quality in the reservoir depending on the main periods of the cropping cycle
and distribution of erosivity during a year is the novelty of this article. Also, an average plant nutrient
uptake for chosen crops divided into five crop-stage periods during growing season was devised.
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2. Materials and Methods

2.1. Study Area

A prediction model was designed on the basis of the nutrient transport study carried out in
the small agricultural catchment of the Tisovec River (northeast of Slovakia, the district of Bardejov)
covering an area of 6.0 km2. The catchment falls into the drainage basin of the Topl’a River. The average
annual air temperature is 8 ◦C and the average annual rainfall is about 670 mm with a maximum in
the summer months. Planosols, cambisols, and albic luvisols are the dominant major soil groups of
the Tisovec basin with the presence of medium-textured soils (sandy loam). Non-point sources of
pollution from agricultural production areas are the leading cause of the sediment and water quality
degradation in this catchment. Different land uses occur within the catchment.

The upper and middle zone of the catchment consists mainly of forests (39.2%) and pastures
(21.7%), 21.4% of downstream areas are covered with agricultural land. The rest of the catchment is for
other uses.

For irrigation of surrounding agricultural land and accumulation of water, the Kl’ušov small
water reservoir with total capacity of 72,188 m3 was built in the Tisovec River in 1986. At present,
it is also used for retention of high water, suburban recreation, and as a fishery. It has a surface area
of 2.2 ha, a length of about 494 m, and a mean depth of 3.5 m. At the dam, the reservoir reaches a
maximum water depth of 9.57 m [38].

Because of the rough terrain, climatic conditions, and soil types, this catchment is exposed to water
erosion. Eroded soil particles in this catchment greatly affect the quantity and quality of sediments in
the Kl’ušov reservoir. This reservoir trapped approximately 24,500 m3 of sediments delivered from the
upper catchment during 19 years of its operation and its total storage capacity decreased by about
33% [38].

2.2. Sampling Procedure and Chemical Analysis

To determine the total N, P, and K content in eroded soil particles, soil samples were collected from
two parcels (1004/1 and 2001/1) of arable land situated next to the reservoir (Figure 1). Within each
parcel, about 30 to 40 soil subsamples were taken and mixed into one composite sample. Considering
the fact that the highest nutrient levels occur in the surface layers, sampling depth was set at 0.30 m [39].

Figure 1. Particle size distribution measured for original and mechanically activated sediments.

Together with soil sampling, 21 composite (disturbed) reservoir sediment samples were taken
from the drained reservoir to determine total N, P, and K content. Sampling methodology was as
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follows. Part of the composite sediment samples were taken from a location in proximity to the
dam due to deposition of fine-grained particles (<63 μm) washed away through water erosion and
preferentially attaching the nutrients [40]. Other samples were collected along the reservoir and others
in different sampling depths from one location. A S9 sample was taken from the Tisovec stream.

Composite soil and sediment samples were collected in buckets; the weight of the composite
samples was about 3 kg for sediment and 5 kg for soil. In laboratory conditions, the samples were air
dried at room temperature, any coarse lumps were crushed and samples were homogenized.

Adsorbed forms of nutrients in soil and sediment samples were determined for total nitrogen
content by elemental analysis (LECO CHN628) and for total phosphorus and potassium using an
inductively coupled plasma-atomic emission spectrometry technique (Agilent 5100 ICP-OES).

To determine the amount of dissolved N and P in soil samples, laboratory leaching experiments
were conducted. Leachates were prepared in a 1 to 10 proportion of soil sample to distilled water.
After 24 h, leachates were subsequently filtered and total N and P contents were determined using a
DR 890 (Hach Lange) portable colorimeter.

2.3. Model

The model works on the calculation of total nutrient (N, P, and K) concentrations in detached
eroded soil particles in dissolved and adsorbed form of these elements.

Calculation of total N, P, and K in adsorbed form consists of supplementing the soil loss calculation
with a determination of the average nutrient content in topsoils.

Soil loss from arable land is computed using the Universal Soil Loss Equation (USLE) [41] which
is expressed as

Gr,i = R ∗ K ∗ L ∗ S ∗ Cr,i ∗ P (1)

where Gr,i is the potential long term average annual soil loss (tons per hectare per year); R is the
rainfall erosivity factor in MJ ha−1 cm h−1; K is the soil erodibility factor in t ha h ha−1 MJ−1 mm−1;
L, S is the topographical factor; Cr,i is the average plant cover factor in i-year calculated as a sum of
divided Ci factors; and P is the support practice factor. The generalized plant cover (C) factor values
resulting from the USLE are specified and modified by their dividing into five crop-stage periods (Ci)
according to Wischmeier and Smith [41] (seedbed preparation, establishment, development, maturing
crop, stubble field) to take into account the height of plant cover from the ground [42] and annual
rainfall distribution. To compute Cr,i, partial Ci factor is weighted according to distribution of erosivity
during a year.

The calculation of average nutrient concentrations in topsoils is expressed by deducting nutrient
input from fertilizer use from plant nutrient uptake (output). As in soil loss calculation, even in this
case, the calculation is divided into five crop-stage periods.

Finally, the total N, P, and K content in transported soil particles from arable land to reservoir is
calculated through the modification of the average N, P, and K concentrations in eroded soil particles
in adsorbed form detached through water erosion by sediment enrichment ratio (SER) [43] using the
proposed equation

CX =

5
∑

i=1
Xi · Gi

Gr,i
· SER =

5
∑

i=1
Xi · Gi

Gr,i
· e2−0.2 ln(Gr,i .1000) (2)

Xi = backgroundsoilconcentration + (N, P, Kinput − plantN, P, Kuptake) (3)

where CX is an average annual concentration of total N, P, K in transported soil particles from the
studied parcel (kg N,P,K ha−1 or mg N,P,K kg soil−1); Gi is partial soil loss in individual crop-stage
periods (t ha−1); Gr,i is an average soil loss from parcel in i-year (t ha−1 year−1); Xi is residual
concentration of total N, P, K in soil in i-period (kg N,P,K ha−1). The total concentrations of N, P, K
in reservoir bottom sediments are computed as a weighted mean of the calculated average annual
concentration of total N, P, K in transported soil particles from parcels in the watershed.
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2.4. Statistical Methods

The validation of the proposed prediction model was carried out via a statistical assessment of
the total N, P, and K concentrations in reservoir sediments calculated during the 10-year crop rotation
system and determined nutrient concentrations in the Kl’usov small water reservoir.

It is natural to suppose that the random variables CXy—representing pertinent concentrations with
X being N, P, or K, and y being either v for the values calculated by the proposed model or m for the
measured data—exhibit a lognormal distribution. Thus the data should be logarithmically transformed.

In order to infer the proposed distribution a conformity test can be performed. The inference
about the normality can be done using the Shapiro–Wilk (SW) test [44] for the transformed data.
The hypothesis H0: CXy ~ N (μ(CXy),σ2(CXy)) is tested with respect to the alternative H1: CXy ~ non
N (μ(CXy),σ2(CXy)). The test statistic W for the used test is given as

W =

(
n
∑

i=1
aixi

)2

n
∑

i=1
(xi − x)2

(4)

where the values in a pertinent dataset are denoted xi the parameters of the test ai are obtained from
the table data for the SW test [45], which in the present case of n = 20 samples are

ai = −a21−i, i = 1, 2, . . . 10, a11 = 0.0140, a12 = 0.0422, a13 = 0.0711, a14 = 0.1013, a15 = 0.1334,
a16 = 0.1686, a17 = 0.2085, a18 = 0.2565, a19 = 0.3211, a20 = 0.4734.

(5)

The critical value for the test statistic with a significance level 0.05 is Wcrit = 0.905. If W is less than
Wcrit, the null hypothesis is rejected.

If, as assumed, the normality is not rejected at the 0.05 significance level, the random variables’
means for each element can be compared—i.e., the calculated v and measured m—using the
two-sample t-test (with the hypotheses H0:μv = μm vs. H1:μv 
= μm), while for a comparison
of the variances the two-sample F-test (with the hypotheses H0:σv2 = σm2 vs. H1:σv2 
= σm2) is
applied [46,47]. In all the cases, the significance level is set to the value 0.05. The parameters μ and σ

are estimated by the sample mean đx̄ and sample standard deviation S, respectively.

3. Results and Analysis

3.1. Field Measurements

Chemical analyses showed that measured N, P, and K concentrations in collected average soil
samples from parcel 1004/1 ranged from 0.11 to 0.22% for total N, from 0.055 to 0.082% for total P,
and from 1.72 to 1.91 for total K depending on collection period (different rates and date of fertilizer
application, plant cover, crop uptake rates). Determined (measured) concentrations in soil samples
from parcel 2001/1 ranged from 0.12 to 0.23% for total N, from 0.049 to 0.065% for total P, and from
1.67 to 1.85 for total K.

Measured N, P, and K concentrations in composite sediment samples are given in Table 1.

Table 1. Measured concentrations of total N, P, and K in reservoir sediments.

Sample
N P K

Sample
N P K

(%) (%) (%) (%) (%) (%)

S1 0.260 0.112 2.420 S12 0.240 0.101 2.400
S2 0.240 0.113 1.980 S13 0.250 0.103 2.420
S3 0.230 0.066 1.960 S14 0.250 0.108 1.880
S4 0.220 0.066 1.690 S15 0.150 0.049 1.940
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Table 1. Cont.

Sample
N P K

Sample
N P K

(%) (%) (%) (%) (%) (%)

S5 0.220 0.067 2.050 S16 0.160 0.049 1.990
S6 0.200 0.090 2.030 S17 0.180 0.052 2.020
S7 0.170 0.049 1.710 S18 0.170 0.061 2.020
S8 0.160 0.070 2.200 S19 0.160 0.055 2.000

S10 0.230 0.086 2.320 S20 0.180 0.059 2.040
S11 0.230 0.103 2.370 S21 0.190 0.077 2.330

3.2. Model

The dissolved concentrations of total N and P in solution from soil samples were very low
(at levels 0.22–0.43% of total N and 0.45–0.86% of total P) and therefore the dissolved forms of the
following elements were neglected in this model.

The proposed model takes into account the calculation of total N, P, and K content adsorbed on
detached and transported soil particles via water erosion.

The individual factors entering the equation are as follows. For the whole investigated territory
(Bardejov district), it is considered with the constant value of factor R = 22.43 MJ ha−1 cm h−1 derived
by Malisek [48]. K factor data is determined considering the soil texture in watershed and range from
0.25 to 0.40 t ha h ha−1 MJ−1 mm−1. LS factor is determined for each outflow profile. The average Cr,i
values calculated are 0.25 for winter oilseed rape, 0.27 for triticale, 0.57 for corn silage, 0.17 for winter
wheat, and 0.31 for spring barley. The P values are set at 1.0.

Based on the determination of a ‘divided’ Ci factor, partial soil loss Gi in individual crop-stage
periods from studied parcels (1004/1 and 2001/1) are calculated and the results are given in
Tables 2 and 3. Average annual soil loss ranged from 1.9 to 17.7 t ha−1 year−1 from 1004/1 parcel and
from 5.34 to 27.7 t ha−1 year−1 for 2001/1 parcel according to used crop and management practices
during the season. However, long term average annual soil loss is 8.3/14.3 t ha−1 year−1 from 1004/1;
2001/1 parcels depending on the crop and parcel length and slope gradient.

Table 2. Partial and average annual soil losses from 1004/1 parcel.

Year/Crop

Gi (t ha−1)
Gr,i

(t ha−1 Year−1)Crop-Stage Period *

1 2 3 4 5

1/winter oilseed rape 3.74 1.88 0.14 1.22 0.78 7.75
2/triticale 5.41 0.36 0.08 1.55 0.75 8.16
3/corn silage 3.41 3.50 5.35 5.47 - 17.73
4/winter wheat - 0.03 0.06 1.75 0.07 1.91
5/winter oilseed rape 1.96 1.34 0.11 1.26 0.77 5.45
6/winter wheat 5.24 0.19 0.06 1.46 0.75 7.71
7/potatoes 3.85 1.44 4.40 5.52 - 15.22
8/winter wheat 0.04 0.15 0.08 1.42 0.76 2.44
9/spring barley 4.17 0.96 2.39 0.85 0.21 8.58
10/winter oilseed rape 3.74 2.24 0.15 1.15 0.78 8.06

* 1—seedbed preparation; 2—establishment; 3—development; 4—maturing crop; 5—stubble field.
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Table 3. Partial and average annual soil losses from 2001/1 parcel.

Year/Crop

Gi (t ha−1)
Gr,i

(t ha−1 Year−1)Crop-Stage Period

1 2 3 4 5

1/corn silage 0.55 3.67 10.57 12.88 0.06 27.73
2/spring barley 0.10 0.20 1.85 2.91 0.28 5.34
3/triticale 5.88 3.99 0.21 3.07 0.14 13.28
4/winter oilseed rape 2.94 8.31 0.48 2.60 1.59 15.93
5/triticale 10.29 0.87 0.18 2.98 1.55 15.86
6/pea 8.24 1.70 4.43 1.87 1.57 17.81
7/winter wheat 8.74 0.61 0.14 4.39 0.10 13.99
8/spring barley 0.49 0.82 2.73 2.42 1.55 8.02
9/winter rye 7.57 0.67 0.15 2.88 1.85 13.12
10/winter oilseed rape 7.35 0.79 0.21 2.32 1.61 12.28

In terms of land management, the Tisovec River catchment falls under the authority of the
Kl’ušov agricultural cooperative and all parcels within the catchment, with similar topographical and
soil characteristics, are managed in a similar way. Consequently, calculations of total N, P, and K
concentrations in eroded soil particles in adsorbed form are realized for the same (two) parcels of
arable land situated next to the Kl’ušov reservoir.

Information about nutrient inputs is provided by the agricultural cooperative in the studied area.
The fertilizers used in the watershed are primarily NPK fertilizers (8.5% or 15% N) and ammonium
nitrate (27% N). Data about plant nutrient uptake are calculated according to the average yield in the
Tisovec catchment’s area and the mean plant nutrient uptake values provided by The Central Control
and Testing Institute in Agriculture. For crops commonly grown in our conditions, partial (divided
into five periods) and average plant nutrient uptake during the crop-stage periods was designed
(Table 4).

Table 4. Proposed partial and average plant nutrient uptake during the crop-stage periods.

Crop (kg ha−1)
Crop-Stage Period 5

∑
11 2 3 4 5

spring barley
N 0.00 15.90 17.75 20.00 0.00 53.65
P 0.00 2.05 2.50 3.70 0.00 8.25
K 0.00 18.65 21.80 19.55 0.00 60.00

winter wheat, triticale,
winter rye

N 0.00 0.00 19.10 71.35 0.00 90.45
P 0.00 0.00 1.25 10.75 0.00 12.00
K 0.00 0.00 9.55 67.50 0.00 77.05

winter oilseed rape
N 0.00 9.90 68.90 30.00 0.00 108.80
P 0.00 1.40 15.90 5.00 0.00 22.30
K 0.00 6.20 88.10 7.70 0.00 102.00

pea
N 0.00 18.30 17.70 26.30 0.00 62.30
P 0.00 1.90 1.80 2.60 0.00 6.30
K 0.00 8.50 8.20 12.10 0.00 28.80

potatoes
N 0.00 18.27 17.66 53.00 0.00 88.93
P 0.00 2.61 2.52 7.58 0.00 12.71
K 0.00 23.49 22.71 68.15 0.00 114.35

corn silage
N 0.00 16.35 16.89 50.18 0.00 83.42
P 0.00 2.18 2.19 6.75 0.00 11.12
K 0.00 13.62 13.67 42.22 0.00 69.51
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The total N, P, and K content in transported soil particles from arable land to reservoir is calculated.
The background concentrations of the modelled elements in topsoils from parcels 1004/1 and 2001/1
were 0.16/0.18% for N, 0.068/0.054% for P, and 1.81/1.80 for K. The values of SER ranged from 0.97 to
1.63 depending on an average soil loss from parcels in i-year.

Finally, the total nutrient contents in reservoir sediments CXv (Table 5) are then computed as
a weighted mean of the calculated average annual total nutrient concentrations in transported soil
particles from investigated parcels. The area of 1004/1 parcel is 15.63 ha and 2001/1 parcel area is
18.46 ha.

Table 5. Calculated concentrations of total N, P, and K in reservoir sediments.

Year
CXv in Reservoir (%)

N P K

1 0.188 0.067 1.956
2 0.225 0.078 2.307
3 0.188 0.066 1.944
4 0.225 0.082 2.387
5 0.203 0.072 2.131
6 0.193 0.068 2.032
7 0.189 0.065 1.954
8 0.236 0.083 2.469
9 0.199 0.069 2.071

10 0.202 0.070 2.096

3.3. Statistical Tests and Interpretation

Calculated concentrations of total N, P, and K in reservoir sediments (CXv) were compared with
chemical analyses obtained from collected average sediment samples (CXm).

First, the SW test is used to surmise the normality of the distributions. The SW test statistic W (4)
is calculated for each set of the logarithmic data. The results are summarized in Table 6, where also the
comparison with critical value set at a 0.05 Wcrit significance level is introduced. In each case, the null
hypothesis of the SW test is not rejected so that the samples of transformed data can be considered to
have a normal distribution.

Table 6. The values of test statistic W (v for calculated, m for measured data) in testing of H0 and H1

hypotheses using the SW test of conformity and their comparison with the critical value.

Element
SW Test

Wv Wcrit Wm Wcrit

N 0.9255 > 0.905 0.9088 > 0.905
P 0.9346 > 0.905 0.9064 > 0.905
K 0.9145 > 0.905 0.9138 > 0.905

The results of the comparison of two samples for each element are shown in Table 7,
the test statistics T are compared with critical percentages of the pertinent distributions F and
t, respectively [44,46].

The results imply that for the case of nitrogen the hypothesis H0 should be rejected, because the
value of the test statistic is larger than the critical percentage. For phosphorus and potassium, however,
the hypothesis H0 cannot be rejected. This result influences the mode of the t-test for comparing the
means: For N it is used with an assumption of unequal variances, while for P and K equal variances
are assumed.
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Table 7. The test statistics and the F-test and t-test critical percentages for a comparison of variances in
N, P, and K concentrations.

Element
Variance Mean

T Percentage T Percentage

N 2.7161 > 2.5089 0.4956 < 2.0345
P 2.2073 < 2.5089 0.0863 < 2.0227
K 0.7173 < 2.5089 0.4078 < 2.0227

The results in Table 7 do not permit the rejection of the hypothesis H0 for any of the concentrations
considered. Thus, it can be supposed that the means of both results sets—i.e., measured and calculated
according to the model (2)—N, P and K do not vary significantly in total concentrations. This result is
also confirmed by finding the two-sided confidence intervals (CI) for distribution means μ.

The CIs obtained for a 0.95 confidence level both for transformed and untransformed random
variables were calculated. Numerical data is supported by graphs in Figure 2 which show
calculated and measured concentrations of all elements and which also include CIs of pertinent
distribution means.

It can be observed that the CIs are overlapping for nitrogen and phosphorus even when CIv
is inside CIm, while for potassium it is reversed. The explanation of this strict inclusion takes into
account the errors caused by the sample collection and its determination. The reversed situation for
potassium seems to be caused by the two extreme data obtained by the model.

 
Figure 2. Graphical view of the statistical assessment of calculated (CXv) and measured (CXm)
concentrations in sediments for X = N, P, or K.

4. Conclusions

This paper summarizes the results of a study aimed at the design of a mathematical model
to predict the nitrogen, phosphorus, and potassium concentrations in reservoir bottom sediments.
The proposed model has been developed and validated for the agricultural watershed of the Tisovec
River in northeast of Slovakia, where the Kl’ušov reservoir is located. Based on the results described
above, following conclusions can be summarized:

• Prediction model of sediment quality in the reservoir was specified depending on the main five
periods of the cropping cycle and distribution of erosivity during a year.

• Total N, P, and K contents in bottom sediments were calculated considering soil loss using USLE
equation supplemented with a determination of the average soil nutrient concentration in topsoils.
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• The generalized plant cover factor value given in the USLE calculation was modified by its
dividing into five crop-stage periods. To compute C, soil loss ratios were weighted according to
annual distribution of erosivity.

• For selected crops (spring barley, winter wheat, triticale, winter rye, winter oilseed rape,
corn silage, potatoes, and pea) an average plant nutrient uptake during five crop-stage periods
was devised.

• Validation of the proposed model using t-test and F-test at a 0.05 significance level has shown
that the suggested model can be used for predicting the content of total nitrogen, phosphorus,
and potassium in reservoir sediments.

The study also reveals that the model may be considered a predictor for water management
enterprises and agriculturists in the future.
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Abstract: The paper deals with the computational life cycle assessment (LCA) model of electricity
generation in the Czech Republic. The goal of the paper was to determine the environmental
assessment of electricity generation. Taking into account the trend of electricity generation from
2000 to 2050, the paper was focused on electricity generation evaluation in this country in view
of its current state and future perspectives. The computational LCA model was done using the
Intergovernmental Panel on Climate Change (IPCC) method, which allowed the assessment of
greenhouse gas emissions. For the assessment, 1 Mega-watt hour of the obtained electricity (MWhe)
was used as a functional unit. The cradle-to-gate approach was employed. The system boundary
covered all the technologies included in the electricity mix of the country. Resulting from the analysis,
the solids, lignite in particular, was assessed as an energy source with the most negative impact on
the emissions of greenhouse gas. This article results from international cooperation of a Czech-Polish
team in the field of computational LCA models. It presents partial results of the team cooperation
which serves as a base for following comparison of Czech and Polish systems of electricity generation.

Keywords: environment; electricity; LCA assessment; Czech Republic

1. Introduction

Searching for cost effective and environmentally friendly energy sources has become more
critical with increasing concerns about sustainability [1]. Electricity is one of the main contributors
to global environmental impacts. It is one of the main sources of environmental burden in several
sectors such as buildings or information and communication technology [2]. Electricity supply is
often highlighted as a significant hot spot in Life cycle assessment (LCA) results for a majority of
product and service life cycles [3]. The method of LCA is one of the most effective tools being used to
provide a material and energy balance over the entire life of a material, product, technology, or service,
determining its interaction with its environment, and assessing its impacts on the environment [4].
It has its roots in a number of studies conducted in the 1960s and 70s that aimed at optimizing energy
consumption in a context where the latter represented a restraint for the industry. Since then, LCA has
been further developed and standardized but its core aim has always remained to understand the
overall environmental impacts of a product or system along its full lifecycle (from the extraction of the
necessary primary resources, to end-of-life disposal, and recycling where applicable) [5]. There are
studies, following LCA analysis, which are aimed at possibilities of further product utilization, e.g.,
into segments of construction materials [6–8].
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The life cycle assessment (LCA) can support the elaboration of policies to meet global or regional
challenges. It can also allow for the identification of hotspots and the refining of existing energy
policies, e.g., supporting amendments in national emission standards and prioritizing or targeting
specific energy sources and technologies identified as important causes of environmental impact in the
countries considered. The LCA is a systemic tool and is, thus, highly relevant for evaluating long-term
electricity trajectories, which can encompass all electricity supply systems and their interactions with
other systems and society at large [9,10].

In the field of power engineering, this method has been used globally. The reference literature
shows results of LCA of individual energy sources and technologies. The assessment of electricity
system generation in general view of energy sources has been carried out for many countries such as
China, UK, USA, Portugal, Romania, Poland, Mexico, Mauritius, and Tanzania [11–17]. Some authors
assessed electricity generation in view of greenhouse gas emissions (GHGs) [18,19]. Some authors
studied on environmental impact of electricity generation from renewable resources [20–27]. There are
also papers that have assessed clean and innovative power technologies [28–31]. In the case of the
Czech Republic, there is a lack of papers concerning the LCA of energy systems. Only the results of the
LCA analyses of municipal waste management in the Czech Republic are presented in literature [32].
This paper’s objective is to provide an environmental assessment of energy sources used for electricity
generation in the Czech Republic. Its purpose is the assessment of applied energy sources and
interpretation of their environmental effect in current and future perspectives.

2. Materials and Methods

Environmental assessment has been carried out for electricity generation in the Czech Republic;
a country located in central Europe with a population of over 10 million inhabitants. The country’s
surface area is 78,866 km2. The Czech Republic is one of the most industrialized economies and
developed in the Central and Eastern Europe. The Czech electricity market is characterized by
a very positive attitude towards nuclear power, a dominant position of lignite in the Czech Republic
electricity generation, and a strong role of electricity export since the Czech Republic ranks sixth
in the world and fourth in Europe in electricity exports [33]. The dominant source of energy in the
Czech Republic is solids (hard coal and lignite), which constitutes 39% of the total primary energy
supply. The computational LCA model was based on International Organization for Standardization
(ISO) ISO 14,040:2006 using SimaPro 8 software (Pré Sustainability, Amersfoort, The Netherlands)
with Ecoinvent 3 database. The authors changed electricity mix from ecoinvent according to data
from [34]. Reference [35] describes the principles and framework for LCA, including four stages which
are presented on the Figure 1.

Figure 1. Stages of life cycle assessment based on [35].
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The cradle-to-gate approach was employed. The functional unit was applied as the production of
1 MWh of electricity. All input and output are indicated based on this functional unit. Environmental
assessment was made using the LCA method, based on the IPCC method, allowing the presentation
of greenhouse gas emissions (GHGs) with life cycle approach. IPCC method was developed by the
Intergovernmental Panel on Climate Change (IPCC). The IPCC publishes Global Warming Potentials
(GWPs) [36]. GHG emissions from analyzed systems were quantified per unit of electricity. The impact
category refers to GHGs and expresses the radiative forcing of greenhouse gas emissions over
a 100-year horizon, expressed in kilograms of CO2 equivalent. The life cycle greenhouse gas emission
involves analysis the GWPs of energy sources through life cycle assessment of energy sources for
electricity generation.

For the purpose of computational environmental life cycle assessment model, data for the current
and future electricity generation in the Czech Republic were identified in European and global energy
bases. Figure 2 shows the inventory data of electricity production from 2000 to 2050 that was required
to perform the computational model.

 

Figure 2. Live cycle inventory data for analysis, based on [34,37].
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In Czech Republic, the main energy sources for electricity are solids (lignite and hard coal) and
nuclear energy. The trend in 2000–2050 shows a drop from 52,752 Giga-watt hour of the obtained
electricity (GWhe) to 17,948 GWhe in generation from coal and an increase from 13,590 GWhe to
54,467 GWhe in nuclear energy. Coal is the only significant indigenous energy resource in the
Czech Republic. The country’s proven coal reserves have been estimated at some 880 million tonnes.
Hard coal accounts for 10%, while lignite presents more than 90% of these reserves. Lignite provides
an important contribution to the country’s energy supply. The largest lignite deposit in the Czech
Republic holds reserves of 750 million tonnes of good quality coal with an energy content of up to
17,500 kJ/kg. These reserves are estimated to last for the next 100 years, subject to mining limits set in
1991 [38].

The nuclear sources in the Czech Republic are primarily used for generation of electricity.
These now supply 32% of all electricity produced in the country. There are two nuclear power plants
in the Czech Republic, in Dukovany and in Temelin. One of the priorities of the State Energy Policy is
the completion of the construction of additional nuclear power units to produce around 20 Terra-watt
hour (TWh by 2035, extending the lifetime of the existing four units in the Dukovany power plant
and later the possible construction of another unit to compensate for the commissioning of this plant.
In the long term strategy, nuclear energy is supposed to provide electricity in excess of 50% to replace
a large proportion of the coal sources. Sites for future additional nuclear power stations in the Czech
Republic after 2040 are being explored and prepared [39].

Oil and gas deposits are insignificant in the Czech Republic. From 2020, oil is not expected to
be used in the Czech Republic for the production of electricity. The current ratio of gas to electricity
generation is roughly 3%. The domestic energy system is practically entirely dependent on imports
of this energy commodity. The dominant supplier is the Russian Federation, together with Norway.
In long term strategy, electricity from natural gas is expected to be generated in cogeneration. The Czech
Republic in its energy policy assumes the development of so-called micro cogeneration sources,
primarily using natural gas [39]. The total proportion of gas in the energy mix therefore rises after 2020.
In 2050, gas fired generation is expected to be partially replaced by solids and decline to 11,840 GWhe.

The decline in the ratio of domestic energy sources to the electricity generation from primary
energy sources inevitably leads to the development of low-carbon ones. The Action Plan for Biomass in
the Czech Republic legislatively supports the development of electricity generation from biomass and
waste until domestic potential will have been exhausted [40]. In long term strategy, the biodegradable
municipal waste is expected to replace primary sources. Currently, 500 kg of municipal waste is
generated per inhabitant of the Czech Republic per year. The amount of waste rises as the population’s
purchasing power increases. Nowadays, there are only three waste energy utilization facilities in the
Czech Republic, with a processing capacity of 654 tonnes per year [39].

Czech geographic conditions allow the installation of renewable energy plants which make use of
weather, like wind or sun. However, due to the natural environment, these types of plants yield only
average results. Although renewable energy sources are not competitive on their own and the support
for every MWh of the green energy produced and supplied to the grid is necessary, the increasing
trend in electricity generated in wind and solar plants is visible in following years until 2050. In 2015,
there was a sharp rise in the use of solar energy for electricity production due to the disproportionate
amount of support for newly built commercial plants from 2006–2010. Before legislation reacted to the
photovoltaic boom (by the end of 2010), the Czech installed solar capacity rose from 40 MW in 2008 to
1960 MW in 2010. The Czech subsidy for solar electricity dropped from an initial 15,565 Czech crowns
(CZK)/MWh in 2006 to zero for newly built commercial photovoltaic plants in 2014 [33].

Distribution of energy sources on electricity generation in the Czech Republic is in Figure 3.
Renewable energy represents 12% of the total amount of 82.6 TWh of electricity generated in 2015.
In comparison with the average of International Energy Agency countries, it is a half share. In the
European Union (EU) in 2015, the main sources of electricity included nuclear energy 867,402 GWhe
(which constituted 26.68%), solids 846,834 GWhe (which constituted 26.04%), and natural gas
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566,075 GWhe (which constituted 17.41%). Renewable energy sources accounted for 28.2% of electricity
generation in total.

Figure 3. Distribution of energy sources on electricity generation in Czech Republic based on [41].

In the EU, wind and hydro plants provide the largest contribution from these sources,
supplying 19% of gross electricity generation in 2015. Generation from solar sources contributes
3%. The investments into solar plants are expected in Southern Europe to reach an installed capacity of
183 GW by 2030 and 299 GW by 2050 [34]. Also, the use of biomass and waste combustion for power
generation is expected to increase over time, both in pure biomass plants and cofiring applications in
solid fuel plants. The current biomass and waste contribution to electricity generation in European
Union is 6%. The share of geothermal electricity generation in long time European strategy remains at
0.2%. In the European Union, gas plays a crucial role in the context of emission reduction targets and
increased implementation of variable renewable energy sources. Gas-fired generation is a back-up
technology for variable energy sources.

Electricity generation from solids in European Union declines significantly in the projection period
from 2000–2050. The same trend is recorded in energy strategy of the Czech Republic. At the end
of projection time, share of solids in gross electricity production increases in European Union from
5.9% in 2045 to 6.1% in 2050; in the Czech Republic from 7.4% even to 17.9% [37]. It is explained
by economically driven investments into clean coal technologies and technology of carbon capture
and storage (CCS) which has taken place in the long term in countries such as Czech Republic with
substantial solid generation and endogenous resources. According to the EU Reference Scenario,
by 2050 in the European Union, more than half of solid-fuelled generation will be produced from
facilities with installed CCS technologies.

3. Results

The comparative analysis of life cycle greenhouse gas emissions of electricity production
in the Czech Republic is presented in Figure 4. The GHGs for the electricity generation was
917 kg CO2 eq/MWh in 2000, while in 2050 the potential impact on GHG will be 331 kg CO2 eq/MWh.
The value of GHG emissions from 2000 over the past 50 years decreased by 66%. Table 1 then sums up
calculated GHG emissions from individual energy sources.
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Figure 4. Analysis of greenhouse gas emissions of electricity production in the Czech Republic based
on Intergovernmental Panel on Climate Change (IPCC) method.

Table 1. Greenhouse gas emission electricity production from individual energy sources in the Czech
Republic in kg CO2 eq.

Year Total Nuclear
Hard
Coal

Lignite Oil
Natural

Gas
Biomass
Waste

Hydro Wind Solar

2000 917 1.45 112.69 746.98 6.15 48.97 0.43 0.09 0.00 0.00
2005 773 2.35 94.15 624.03 4.79 47.01 0.53 0.11 0.00 0.00
2010 707 2.56 86.02 570.10 2.24 44.14 1.50 0.12 0.04 0.62
2015 670 2.62 77.99 516.98 3.39 65.17 1.58 0.11 0.07 2.25
2020 673 2.69 81.97 543.32 0.00 41.13 0.80 0.12 0.11 2.39
2025 661 2.58 76.08 504.22 0.00 73.27 1.95 0.11 0.11 2.33
2030 651 2.51 70.36 466.33 0.00 107.05 2.50 0.11 0.12 2.28
2035 517 3.30 50.23 332.96 0.00 124.62 2.98 0.11 0.12 2.27
2040 355 4.12 25.02 165.80 0.00 153.58 4.27 0.12 0.12 2.28
2045 262 4.53 11.57 76.65 0.00 161.37 5.14 0.14 0.20 2.22
2050 331 4.22 27.81 184.39 0.00 107.67 4.43 0.14 0.20 2.54

An analysis of the greenhouse gas emissions for each source of electricity in the Czech Republic
was done in order to determine the environmental determinants of the impacts. The determinants of
the GHG emissions of current and future electricity generation in the Czech Republic are presented in
Figure 5.

 

Figure 5. Determinants of greenhouse gas (GHG) emissions of current and future electricity generation
in the Czech Republic based on IPCC method.

4. Discussion

The environmental assessment of Czech electricity sources shows that the greenhouse gas (GHG)
emissions are determined by generation from solids, in particular lignite. The share of solids in the
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electricity generation system in the Czech Republic is mostly lignite over the analyzed period. It shows
that electricity generation from lignite is associated with high impact in greenhouse gas emissions.
The analyses that were carried out have shown that, despite the decreasing tendency of environmental
impact, a slight increase related to the emissions of greenhouse gas was indicated between 2045 and
2050. This is due to an increase in the share of lignite and hard coal in the electricity generation
structure in 2050 compared to 2045, as shown in Figure 2. It is predicted to increase from 67,972 GWhe
to 17,948 GWhe. The increasing tendency is expected in relation with implementation of clean
coal technologies such as coal gasification in integrated gas combined cycle (IGCC), in atmospheric
fluidized bed (AFB), or pressurized fluidized-bed combustion (PFBC). These technologies are regarded
to be more environmentally friendly in comparison to conventional coal power plants due to their
high thermal efficiency, capability to process low grade coal, and low non-carbon GHG emissions.
In this period, the technology of carbon capture storage (CCS) is supposed to be implemented in
some power plants to prevent CO2 from entering the atmosphere. The vision of establishment of
efficient high-tech technologies changes the approach to solids, resulting in increasing electricity
generation from this indigenous resource in the Czech Republic. Electricity generation from solids
after 2050 remain a leading source in GHG emissions predicted to emit 212.2 kgCO2eq (Table 1) for
17,948 GWhe (Figure 2) of electricity in 2050. Since 2000, GHG emissions from solids have decreased
four times. The amount of predicted electricity from the source is expected to decrease just three times
in this period.

This study has shown that the share of nuclear energy in electricity generation will increase in
the Czech Republic. Despite the increase of nuclear energy, it is not associated with an increase in
greenhouse gas emissions. In 2000, 13,590 GWhe of electricity was produced in Czech nuclear plants
and only 1.45 kgCO2eq was emitted. The nuclear electricity presents about 32% in electricity mix of
the Czech Republic. GHG emissions 2.62 kgCO2eq indicated for this distribution are insignificant.
By 2050, GHG emissions from nuclear source are predicted to be 4.22 kgCO2eq for a quadruple increase
in electricity generated at 54,467 GWhe. Electricity generation from solids reached a similar value
(52,752 GWhe) in 2000 and presented 859.67 kgCO2eq of GHG emissions.

The trend similar to electricity from nuclear plants is recorded in the case of hydropower
energy, solar, and wind. Electricity generation from these sources has an increasing tendency which
does not result in a significant increase in GHG emissions. In consideration of renewable resources,
the least ecological one is solar energy. An analysis of environmental determinants has shown that
electricity generation in solar plants relates to largest GHG emissions in group of green energy sources.
GHG emissions from solar energy are expected 2.54 kgCO2eq for 2967 GWhe of electricity in 2050.
To compare, similar amount of GHG emissions from nuclear energy 2.56 kgCO2eq was in 2010 for
27,998 GWhe of electricity.

It has been reported that an increase in the natural gas source for the production of electricity
affects the increase of GHG emissions. The ratio in GHG emissions of natural gas is expected to increase
significantly from 2040 to 2050. In 2045, emissions are expected to reach 161.37 kgCO2eq. In this year,
the electricity generation from natural gas is predicted to overcome emissions from solid sources
related to the significant decline in electricity production from solids predicted for this year.

5. Conclusions

Based on analysis, inventory data for electricity generation in the Czech Republic were identified.
The main energy sources in the Czech Republic are nuclear energy, lignite, and hard coal. The trend
in the years 2000–2050 shows an increase in nuclear energy and a decrease in electricity generation
from coal. Oil is not expected to be used in the Czech Republic for the production of electricity from
2020. An increase in generation from wind, gas, solar, and biomass is expected in the following years
until 2050.

Despite the reduction in the share of lignite and hard coal in the electricity generation system
in the Czech Republic, the share of solids has the greatest impact on the greenhouse gas emissions.
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The obtained results show that the determinant of the greenhouse gas emissions from electricity
generation systems is electricity from lignite. Despite a significant increase of nuclear power in
electricity generation systems, this source does not affect the greenhouse gas emissions.
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1 Department of Environmental Engineering, Technical University of Košice, 042 00 Košice, Slovakia;
rastislav.fijko@tuke.sk (R.F.); iva.remenakova@gmail.com (I.R.)

2 Department of Meteorology and Hydrology, University of Bucharest, 010041 Bucharest, Romania;
ddcwater@yahoo.com

* Correspondence: martina.zelenakova@tuke.sk; Tel.: +421-55-602-4270

Received: 30 November 2017; Accepted: 8 January 2018; Published: 10 January 2018

Abstract: Currently an international topic—not only among the members of the European Union—is
the use of renewable energy, such as hydro power. The subject of this paper is the environmental
impact assessment of the small hydropower (SHP) plant. The paper identifies the environmental
impacts of an SHP plant in Spišské Bystré, Slovakia. It also assesses the alternatives to a specific
hydraulic structure by quantitative evaluation from the point of view of character of the impacts,
their significance, and their duration. The conclusion of the work includes the selection of the optimal
alternative of the assessed construction and proposes measurements to reduce the negative impacts.
The benefit of this paper is in highlighting the importance of assessing the impact of construction
on the environment in the planning phase. Eliminating the negative impacts of the construction on
the environment is much more challenging than the implementation of preventive measures, and it
is therefore necessary to assess at the planning phase how the construction and operation of the
proposed activities impact the environment.

Keywords: environmental impact assessment; hydro power plant; matrix of impacts

1. Introduction

Like the power industry, water management is not a sector per se, but it does secure access to
water for all other sectors and for society as a whole according to need. However, unlike energy there
are no alternative sources of water, and that is why for several years now water has been considered as
a strategic raw material. The assessment of water resources involves establishing the amount, quality,
and availability by evaluation of the possibilities of sustaining their development, management,
and control. Water is used for cooling, shipping, and washing as a solvent, and also sometimes is
found in the ingredients of finished products. A large amount of water is needed for refrigeration
equipment. Volumes of industrial water are completely different in individual industrial sectors
and also in different types of production, depending on the technology of the production process.
Again, this depends on the climatic conditions, because the use of industrial water usually seems to be
significantly smaller in northern areas than in southern regions, where the air temperature is higher.
Developing the use of industrial water is one of the main reasons for water pollution in the world today.
This is explained by the fact that in various countries, industrial growth has greatly increased and
exaggerated the proportions of waste being released as waste water into watercourses, predominately
untreated or only partially purified. In the battle with such pollution problems, many countries have
approved energy measures for reducing the use and release of industrial waters. Since the 1970s and
1980s, a tendency towards stabilization and even a drop in the demand for industrial waters has been
seen. It is expected that in many countries in the future, the trend will be a downward one due to a
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larger use of systems for supplying circulating water, and many industrial branches will aim at dry
technologies without water usage.

The issue of greenhouse gas emissions in Europe is becoming important. European Union
countries are continuously working to reduce these emissions. They have created a program for the
use of renewable energy sources, committing to a 20% reduction of emissions by 2020. Working towards
such a goal means that it is necessary to avoid deforestation, use new technologies, and use renewable
energy sources—either geothermal, solar, wind, or hydropower [1]. In Slovakia, hydropower is the
most common source of renewable energy used to produce electricity. Based on hydropower potential
available for electricity generation at 7361 GWh per year, the current use is 57.5%. The share of
larger hydropower for electricity produced in 2002 was 92% and the proportion of small hydropower
(SHP) only 8%. The utilization of hydro power plants—particularly SHPs—in Slovakia for electricity
generation is of prime importance to the economy. Small hydropower plants’ utilization of the
total available potential is 16% (1220 GWh), while the current total utilization is 24.5% (284.1 GWh)
of the total available potential of SHP in Slovakia [2]. Small hydropower (SHP) plants have an
installed capacity of 1–10 MW, and their impact on the environment is subject to assessment under
Annex 1 of Act no. 24/2006 Coll. the impact assessment on the environment, as amended in the
Slovak Republic. Installations for hydroelectric energy production are also subject to an environmental
impact assessment under the European Directive 2014/52/EC. The necessity of more comprehensive
standards for the impact assessment and the governance of small hydropower projects was proved,
for example, by Kibler and Tullos [3]. They investigated the cumulative biophysical effects of small
and large hydropower dams in China’s Nu River, and they revealed that biophysical impacts of
small hydropower may exceed those of large hydropower—particularly with regard to habitat
and hydrologic change. Standards for SHP plants’ impact assessment are necessary to encourage
low-impact energy development. This is also a contribution of the presented paper. The environmental
implications of small and large hydropower projects were also studied by Henning et al. [4,5] and
Ferreira et al. [6]. Mayor et al. [7] assessed the differential contributions to the regional energy and
water security of large- and small-scale hydropower deployment in the Spanish Duero basin. Results
of their study showed greater impacts of SHP, mainly as a result of cumulative effects cascading along
the rivers system.

Directive 2001/77/EC of the European Parliament and of the Council on the promotion of
electricity produced from renewable energy sources in the internal electricity market and Directive
2003/54/EC of the European Parliament and of the Council have stability rules commune in terms of
obtaining and distributing electricity. The Commission Communication of 10 January 2007 entitled
“Roadmap for renewable energy—Renewable energies in the 21st century: building a more sustainable future”
has demonstrated that a 20% target for the global share of renewable energy would be an achievable
target and that a framework that includes binding targets should provide the business community
with the long-term stability needed to make rational and sustainable renewable energy investments
to reduce dependence on imported fossil fuels and increase the use of new energy technologies.
The Framework Directive 2009/28/EC on the promotion of the use of energy from renewable sources
aims at developing the local and regional electricity market in order to reduce greenhouse gas emissions.
The Renewable Energy Directive establishes an overall policy for the production and promotion of
energy from renewable sources in the EU Member States. It requires the EU to fulfil at least 20% of
its total energy needs with renewables by 2020—to be achieved through the attainment of individual
national targets. On 30 November 2016, the Commission published a proposal for a revised Renewable
Energy Directive to ensure that the target of at least 27% renewables in the final energy consumption
in the EU by 2030 is met. The Directive specifies national renewable energy targets for each country
(from a low of 10% in Malta to a high of 49% in Sweden), taking into account its starting point and
overall potential for renewables.

However, all of these initiatives are in conflict with the provisions of the Framework Directive
2000/60/EC, according to which strict rules are imposed to reduce the hydromorphological alteration
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of watercourses, but also the evaluation of eco-systems. In Romania, the development of investments
in micro-hydro power plants was supported, but in contradiction the environmental provisions
were enforced, imposing major restrictions. So, in 2015, the European Commission launched the
infringement procedure against Romania due to micro-hydropower projects in the Fagaras Mountains.
A similar situation has occurred in Slovakia.

Assessment of the impact of the project on the environment is considered as a tool that minimizes
the implementation of activities which could in any way negatively interfere with the environment and
at the same time allows choosing the optimal solution from the proposed alternatives of the project
implementation—the alternative with the smallest negative impact of a proposed activity on the
environment. At present, several authors are devoted to the issue of environmental impact assessment
in Slovakia [8–11]; in the Czech Republic [12]; in Poland [13]; and in Romania [14,15].

Environmental impact assessment (EIA) procedures for public and private projects that are likely
to have significant effects on the environment in Slovakia have been in place since the adoption of
the EIA Act in 1994. In 2006, a new EIA Act was approved, and EIA procedures began to be applied
to buildings under the 2006 Planning Act. Law no. 24/2006 Coll. on the assessment of impacts on
the environment and on amendments to certain laws, which entered into force on 1 February 2006 to
regulate all EIA process in the Slovak Republic. It implements Directive 2014/52/EC of the European
Parliament and the Council amending the previous Directive 2011/92/EC on the assessment of the
effects of certain public and private projects on the environment. EIA is a tool for decision making,
with the final aim of the sustainable development of society.

According to Law no. 24/2006 Coll. the assessment of impacts on the environment and on
amendments in the Slovak Republic, the “Industrial installations for the production of electricity
from water power” hydropower plants from 5 MW to 50 MW are under a screening procedure,
and hydropower plants producing more than 50 MW are under compulsory assessment.

This paper also briefly presents a case study: technical and technological solutions of three
variants of the selected engineering construction of a small hydroelectric power plant situated in
Spišské Bystré, in Slovakia. The assessment was devoted to direct impacts of the proposed activity,
characteristic of the current state of the environment in the affected area, the assessment of the expected
impacts of the proposed activity on the environment, and estimation of their importance using the
point method. For comparison of the variants of small hydroelectric power plants, the matrix method
is applied. The purpose of this comparison is to select the optimal variant of the proposed action,
and proposes measures to prevent, eliminate, minimize, and offset the impacts of the proposed activity
on the environment.

2. Materials and Methods

Many methods have been introduced over the last 50 years to meet the different requirements of
environmental impact assessment studies. Mentioned methods are explained, for example, in [16,17]. There
is a need for a general and thorough approach to justifying, explaining, demonstrating, implementing,
sampling, using, and creating real skills in analysis in any area of human society [18,19]. Most management
decisions are concerned with the future; however, the future is usually uncertain [20–25]. The uses of risk
identification, analysis, and assessment in relation to the environment have broadened considerably in
recent years.

Guidelines of the European Commission [22] provide information on approaches that were
selected from case studies and literature survey. These include scoping and screening techniques
which predict the magnitude and significance of impacts and attempt to quantify them based on their
intensity, frequency, duration, and character. Scoping and impact identification methods include:

• Network and analysis
• Consultation and questionnaires
• Checklists

93



Environments 2018, 5, 12

Evaluation and screening methods include:

• Modeling
• Comparative methods

Techniques include:

• Matrices
• Expert opinion.

The EIA process involves a combination of approaches [12]:

• Identification and definition of the impact;
• Analysis of the impact associated;
• Determining the significance of the impact.

It is expected that EIA will continue to act as an effective tool to prevent the application of
investments not only in Slovakia which by their degree of environmental damage vastly outweigh
their benefits [23–25].

In this paper, the impact matrix has been used for the environmental impact assessment of small
hydropower plants, and presents an overview, distribution, and classification of the impact of the
projects on the environment by different criteria for the purposes of the evaluation. In addition, it
also highlights the identification and assessment of the expected impacts of the construction on the
environment. The presented impact matrix combines qualitative and quantitative methods: verbal
statements which were transformed into the numerical values presented in Table 1. This assessment
requires special attention and sensitive work with verbal and numerical scales. It used indicator
values. This method consists of only a very approximate method, where by its value an indicator may
represent a description of the analyzed problem.

The assessment was done by seven experts—the authors and three more people—the experts
working in the field of SHP plant design and/or the assessment of environmental impacts of SHP
plants, and one of them is working in the landscape ecology—the nature protection. They used the
brainstorming method. They consulted the selection of the criteria and their impacts at the personal
meetings as well as by e-mail communication.

The proposed EIA methodology involves a combination of approaches:

• Establishing the context

� Characteristics of the current state of the environment in the affected area
� Brief description of alternatives of the proposed activity (A0, A1, A2)

• Evaluation of impacts

� The character of the impacts
� The significance of the impacts
� The duration of the impacts

• Quantification of impacts and
• Comparison of alternatives.

The use of proper EIA methodologies and procedures can help the decision-makers to manage
proper activities based on qualified decisions [26].

In the following, the case study is presented.
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Table 1. Quantification of impacts and comparison of alternatives.

Impact on

Alternative 0 Alternative 1 Alternative 2

CH0 S0 D0
CH0 ×

S0 × D0
CH1 S1 D1

CH1 ×
S1 × D1

CH2 S2 D2
CH2 ×

S2 × D2

population:
noise 0 0 −1 2 1 −2 −1 2 1 −2
vibrations 0 0 −1 2 0.5 −1 −1 2 0.5 −1
dust 0 0 −1 3 0.5 −1.5 −1 3 0.5 −1.5
quality of life 0 0 −1 2 0.5 −1 −1 2 0.5 −1
economy −1 2 1 −2 1 3 1 3 1 2 1 2
tourism, recreation 0 0 1 2 1 2 1 2 1 2
sport activities 0 0 1 2 0.5 1 1 2 0.5 1

water conditions:
surface water flowing −1 2 1 −2 1 2 1 2 1 2 1 2
surface water standing −1 2 1 −2 1 3 1 3 1 3 1 3
ground water in inundation −1 2 1 −2 1 3 1 3 1 3 1 3
ground water in protected area −1 2 1 −2 1 2 1 2 1 2 1 2

soil:
land occupation 0 0 −1 1 1 −1 −1 1 1 −1
water regime of soil −1 2 1 −2 1 2 1 2 1 2 1 2
soil erosion −1 2 1 −2 1 3 1 3 1 3 1 3

fauna and flora and their
biotopes:

fauna-mammals 1 2 1 2 −1 2 1 −2 −1 2 1 −2
fauna-birds 1 1 1 1 −1 1 1 −1 −1 1 1 −1
fauna-ichthyofauna 1 2 1 2 −1 3 1 −3 −1 1 1 −1
fauna-amphibians 1 2 1 2 −1 3 1 −3 −1 1 1 −1
flora-at construction site 0 0 −1 3 0.5 −1.5 −1 2 0.5 −1
flora-at backwater 0 0 −1 2 1 −2 −1 1 1 −1

landscape:
structure 0 0 −1 1 1 −1 −1 1 1 −1
using 0 0 1 2 1 2 1 2 1 2
scenery 0 0 −1 1 1 −1 −1 1 1 −1

the protected areas and their
protective zones:

protected areas 0 0 −1 1 1 −1 −1 1 1 −1
water protected areas 0 0 −1 1 1 −1 −1 1 1 −1

the territorial system of
ecological stability 0 0 −1 3 1 −3 −1 2 1 −2

urban areas, land use:
urban areas 0 0 1 3 1 3 1 3 1 3
land use 0 0 1 3 1 3 1 3 1 3

air:
air quality 0 0 −1 1 1
concentrations of emissions 0 0 −1 1 1

SUM −7 1 7.5

Study Area

The selected site for the proposed activity—construction of small hydropower plant—is located
in the village Spišské Bystré, district of Poprad, Eastern Slovakia (see Figure 1). The study area is close
to the High Tatras Mountains, where the High Tatras National Park is located (20 km) and near the
Slovak Paradise protection area (10 km), but the selected site is actually out of any protected area.
The municipality is located at an altitude of 674 m, has a population of 2394 and an area of 3787 ha.
Bystrá creek is a right-bank tributary of the Hornád, which belongs to Danube River Basin and has
a length of 17 km. The proposed SHP plant is designed as a run-of-river plant in river kilometer 4.0.
The annual discharge of Bystrá creek is 0.42 m3/s. The discharge of 100-years return period in the
site is 60 m3/s. Currently, the creek in that area has the character of unregulated water flow with an
irregular trapezoidal profile width from 2.0 m to 6.0 m in the bottom and from 5.0 m to 10.0 m in water
level. The proposal of a small hydropower plant includes a regulation of the river bed, which consists
mainly of fortifications of the channel cross-section.
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Three alternatives of the proposed activity were assessed (Figure 2):

• Alternative 0—the present state of the environment, no SHP plant will be constructed;
• Alternative 1—construction of SHP plant;
• Alternative 2—construction of SHP plant with bypass fish pass.

 

proposed construction 
of SHP plant 

Figure 1. Location of the study area. SHP: small hydropower.

 

Alternative 0 

Figure 2. Cont.
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Alternative 1 

Alternative 2 

Figure 2. Alternatives of the proposed activity.

Impacts on the environment are reflected by the effects of the water project, which in this case
is the small hydro power plant. From the identification of impacts and their influence on individual
components of the environment of the study area by the detection matrix, it is obvious that the most
significant negative impacts during the construction activity will be from construction machinery,
accompanied by noise, emissions, and dust. These stressors negatively affect habitats, climate,
population and other components of the environment. The construction will also affect the soil
layers as well as the quality of surface water. Direct negative impact on the environment during the
operation of the SHP plant is not expected. For a comprehensive assessment of the expected impact in
terms of its significance, nature, and duration, it is recommended to use the quantitative evaluation
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method. The assessment of the expected impacts of the proposed activity on the environment is
presented as follows.

3. Results

This chapter includes the comparison of alternatives of the proposed activity (SHP plant in Spišské
Bystré) and the selection of the optimal alternative, including a comparison with zero alternative
(Alternative 0, Alternative 1, Alternative 2). The first step of the impact assessment of the proposed
activity on the environment is the identification of the impacts on the partial components of the
environment. When developing criteria and determining their importance, we placed emphasis on
the nature, extent, and duration of the effects. We have assigned values to individual consequences
according to the proposed scale:

• The character of the impacts (CH):

� − negative,
� 0 no impact,
� + positive,

• The significance of the impacts (S):

� 1 insignificant,
� 2 significant,
� 3 very significant,

• The duration of the impacts (D):

� 0.5 short-term,
� 1 long-term.

Table 1 identifies the impacts on individual components of the environment.
The values of the nature of the impacts are added according to the above-proposed scale. We have

assessed only the impacts envisaged occurring during the construction and operation of the SHP plant.
The next step in the EIA process is the selection of the optimal alternative by assessing the

character, significance, and duration of the impacts undertaken by quantitative method (Table 1).
Impacts’ nature have been counted separately for each alternative of the proposed activity as a sum of
points that are product of multiplying the character, the significance, and the duration of the impacts.
The alternative that reached the highest positive value can be considered as optimal.

The highest value of 7.5 is according to Alternative 2: SHP plant Spišské Bystré with a bypass
fishpass; therefore, it can be considered from a comprehensive assessment of the environmental impact
as an optimal variant, with the least negative impacts to the environment (although this alternative is
the costliest). During construction, it is necessary to pay attention to the measures that reduce and
respectively mitigate the adverse impact on the environment, including the health of the population.
Measures need to be designed to prevent, eliminate, minimize, and compensate the negative impacts.

4. Discussion

The objective of this paper is the analysis and evaluation of the environmental impacts of
small hydro power plants by use of the matrix of impacts. The identification and evaluation of
the environmental impacts include the health and social impacts to the population in the study area.
The aim is the selection of the optimal variant of the proposed activity, using quantitative evaluation.
In practice, there are many procedures and methods which can be used to identify and evaluate
these impacts. In order to identify environmental impacts of the water structure, in accordance with
valid legislation, we used a survey matrix method by which we specified the impacts of the activity
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on the components of the environment. This method increases the transparency and precision of
the evaluation process, and also satisfies the requirements of the environmental impact assessment
procedure. This approach can be applied to other infrastructure projects. Comparison of alternatives
and selection of the optimal variant are implemented based on selected criteria and foreseen impacts
of the activity on the environment. This method is adequate for the assessment of the proposed
environmental impacts of SHP plants, although to confirm the results, the other (the alternative)
method could be also used. Comparison of the variants revealed that Alternative 2—construction
of SHP plant with bypass fishpass can be considered as an optimal variant because it reached the
highest positive values. Not only from an economic point of view (which is the use of renewable
energy sources), but also from an ecological point of view that involves the reduction of greenhouse
gas emissions, the proposal of the optimal variant is beneficial to the concerned area. The benefit of
the study is in pointing out the importance of environmental impact assessment of the construction
before requesting a permit for the construction. Eliminating the negative effects of construction on
the environment is far more demanding than the implementation of preventive measures, and it is
therefore necessary to assess how the construction will affect operation of the proposed activity in the
area. The use of the EIA process can help the decision-makers to select proper mitigation measures
based on qualified decisions. The proposed activity in Spišské Bystré, Slovakia is used as a case study
to exemplify the methodology.

5. Conclusions

Environmental impact assessment (EIA) is an important process prior to approval of the proposed
activity. It can provide essential information about the foreseeable impacts of the investment plan on
the environment. The assessment of the potential impacts on the environment is the most important
stage in the EIA process. Environmental assessment is based on the technical description of the project,
as well as prediction and evaluation of the impacts on the environmental components. From the point
of view of environmental requirements for construction, the negative impact on the environment
is minimized in the preparatory phase of the project by analyzing and assessing the impact of the
construction on the environment, thus avoiding an increase in costs due to unforeseen impacts during
the construction phase.

The knowledge of tools to assess interaction between humans, natural resources, and water
projects is developed, distributed, and used with the aim of mitigating adverse impacts and
remediating the environment. The approach has an original solution concept.
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Abstract: The Framework Directive 2009/28/EC on the promotion of the use of energy from
renewable sources aims at developing the local and regional electricity market in order to reduce
greenhouse gas emissions. A comparison study of the proposed activities of construction of a new
biomass-fired power plant or reconstruction of an old one-gas power plant in town located in eastern
Slovakia is presented in this paper. The method of the index coefficient was used for choosing the
best alternatives. Multicriteria analysis proved that the construction of biomass-fired power plant is
the most suitable solution chosen from three assessed variants (no activity is implemented, biomass
power plant and modernized gas boiler).

Keywords: biomass-fired power plant; ecological criteria; economic criteria; multicriteria analysis;
technical criteria and technological criteria

1. Introduction

The Cardiff summit in 1989 created the platform of coordinated action aimed at protecting the
environment. The European Commission has progressively focused its attention on the development
and integration of environmental aspects into the sectoral policies of transport, energy, industry,
agriculture, industry, internal economic policy and fisheries. The first step was decision-making of
the first integration strategy in the energy sector adoption in 1999, which was modified in 2001 and
presented in Gothenburg, Sweden, before the European Council [1,2].

Directive 2001/77/EC [3] of the European Parliament and of the Council of 27 September 2001 on
the promotion of electricity produced from renewable energy sources in the internal electricity market
and Directive 2003/54/EC [4] of the European Parliament and of the Council of 26 June 2003 have
stability rules commune in terms of obtaining and distributing electricity. Another important document
presented by the European Commission was “Green Paper on a secure, competitive and sustainable
energy for Europe” [5], which was released in 2006. The aim of the EC was to create an integrated
energy policy in Europe. The Commission Communication [6] of 10 January 2007 entitled “Roadmap
for renewable energy—Renewable energies in the 21st century: building a more sustainable future”
has demonstrated that a 20% target for the global share of renewable energy would be achievable
targets and that a framework that includes binding targets should provide the business community
with the long-term stability needed to make rational, sustainable renewable energy investments to
reduce dependence on imported fossil fuels and increase the use of new energy technologies.

In December 2008, a wide range of measures in the European Union (EU) was adopted, which were
aimed at reducing the impact of the EU states’ activities on global warming and also reducing negative
effects on the global climate, while ensuring adequate and reliable energy supply. The Framework
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Directive 2009/28/EC [7] on the promotion of the use of energy from renewable sources aims at
developing the local and regional electricity market in order to reduce greenhouse gas emissions.

Energy is one of the sectors that pollute and harm the environment the most. The alignment of
energy and environmental conditions is at the moment one of the most serious strategic challenges to
addressing global environmental problems. Therefore, the development of energy must strictly respect
the principles of sustainable development. With a view to the future, the reduction of the negative
effects of energy on the environment in Slovakia can be achieved by promoting the use of renewable
energy sources as well as by promoting energy-saving measures [3].

From the point of view of sustainable development, the transition from the use of non-renewable
energy sources to the use of renewable energy sources is necessary. To achieve this goal, it is necessary
to change habits, practices and technologies not only in production but also in consumption. Total
energy consumption is one of the main determinants of the impact of energy on the environment.
Therefore, it is necessary to harmonize the relationship between energy and the environment through
the introduction of technologies using renewable energy sources. All energy sources must be used
not only with respect to the environment but also with respect to human health [8]. There are many
Environmental Impact Assessments (EIA) of the thermal power plant worldwide. The energy strategy
of the EU has become one of the most important factors influencing the development not only in
the polity of the member states. Different mitigation measures for the control of pollution caused by
thermal power as well as some new technologies are described in the paper by authors from India [9].
The Environmental Impact Assessment Report for the Tanda thermal power plant (in New Delhi)
presents that the adverse environmental impacts due to construction and operation of thermal power
can be mitigated to an acceptable level by implementation of various measures for mitigation [10]. In a
paper by Pokale [11], the EIA of the thermal power plant and its effect, as well as a cost-benefit analysis,
are presented and discussed. Studies not only from Italy [12], Bangladesh [13], China [14,15], Spain [16]
or Turkey [17] confirm that the countries try to make every effort to respect the principles of sustainable
development. Moridi et al. (2015) [18] presented a Multi-Criteria Decision-Making analysis method
(MCDM) with the aim to select and prioritize appropriate technologies based on key criteria including
cost, design, maintainability, and size and filtration efficiency in their paper. They were searched for
optimal technologies for the treatment of air pollutants emitting from industrial complexes, especially
petrochemical industries. EIA is a necessary step also during the early planning stages of environmental
structures in order to gain clear insights into the structures’ probable impacts with respect to the
different components of the total environment. Likewise, the use of appropriate EIA techniques can
aid decision-makers in formulating appropriate actions based on informed decisions in light of project
urgency and limited resources, which are common constraints in developing countries [19].

This paper is based on legislative and methodological documents relating to the assessment
process of environmental impact—Directive 2014/52/EU of the European Parliament and of the
Council of 16 April 2014 [20] on the assessment of the effects of certain public and private projects on the
environment (only Act in the following) (the Environmental Impact Assessment, or EIA Directive) [20]
and exactly Act No. 24/2006 Coll. on Environmental Impact Assessment as amended [21]—national
Law in Slovakia (only Act in the following). The purpose of this Act is to ensure the procedure for the
overall expert and public assessment of construction, and other activities determined under the Act
(see Act Annex) prior to the decisions on the permission thereof under special provisions, and also for
the assessment of proposals for certain development policies and generally binding legal directives
from the point of view of their presumed effect on the environment.

The main steps of the EIA process in Slovakia according to National Council of the Slovak Republic
2005 are presented in Figure 1 [22].
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Figure 1. Main steps of the Environmental Impact Assessments (EIA) process in Slovakia (National
Council of the Slovak Republic 2005) [22].

The 2006 EIA Act introduced no major changes in EIA procedures; it tightened certain procedural
time limits and better delineated EIA responsibilities between the Ministry of the Environment and the
regional and district environment offices. The Act was amended many times to respect all requirements
of European Union; the last amendment was in June 2017, which was devoted to public participation
in the EIA process [22].

There is a direct proportion of energy production and impact of the assessed activity on the
environment. Effective and rational use of energy seems to be the best solution how to decrease the
negative impact [8].

In the Act, the term “activity” is defined as an operation (structure, facility or others) that by
its properties, localization or cooperation with other factors can affect the environment and cultural
heritage. To implement such an activity, the permission (approval) or other decision according to
specific regulations is necessary.

The Act consists of six parts and sixteen annexes. Annex 8 presents a list of activities subject to
environmental impact assessment. It is divided into part A, presenting activities subject to obligatory
evaluation, and part B, presenting activities subject to screening.

Variant solutions which are subject to assessment are mostly different in terms of capacity,
technology, time of realization, construction costs and maintenance costs. When comparing variants,
the result should be in the order of suitability for implementation with regard to human health
and the environment. The economic and technical aspects of implementation are the most distinct.
The economic aspect is not required by Act 24/2006 [21] to be considered, therefore, in many intentions
it is only advisory. Comparing of variations mostly only provides information on the impact of
individual variants on the environment and human health [6].

The proposed activity is the construction of a new biomass-fired power plant or reconstruction of
an old one-gas power plant in the Trebišov town district in Slovakia. The result is a comparison of the
proposed activities with the current state of the area using index coefficient method and finally the
selection of the best alternatives of the heating system of Trebišov city.

2. Materials and Methods

2.1. Description of the Study Area

Impact assessment on the environmental compounds of the proposed power plant for heating in
Trebišov city in Slovakia (Figure 2) was done according to Act 24/2006 Coll. as amended [21]. Trebišov
is situated in the southeast part of Slovakia. It is surrounded by the Slanské Mountains that affect the
air circulation. Southwest to northwest winds prevail in this territory. Average annual wind speed in
the lowlands of Slovakia is relatively homogeneous. Minimum wind speed is usually connected with
situations of temperature inversion, especially in the winter season.

Trebišov district is separated into three climatic areas. Part of the district lies in warm and
moderately warm climatic areas and one part lies in cold climatic areas (higher than 800 m a.s.l.) [23].

103



Environments 2018, 5, 19

The study area according to temperature is characterized by two areas. Specifically, part of the district
is situated in a warm and dry area with cold winter (January ≤ −3 ◦C) and part belongs to warm and
mildly dry area with cold winter (January ≤ −3 ◦C).

Long-time average air temperature measured at the Milhostov weather station is 9 ◦C, and during
the vegetative season, the temperature reaches 16.5 ◦C. The duration of the vegetation period is
200–220 days. The average number of summer days is 67 [23,24].

 

Figure 2. Location of Slovakia and Trebišov district within the European Union (adapted from
maphill.com) [25].

The rivers in the Trebišov district are the Ondava River and Latorica River. There are no areas of
water bodies which are under the protection. Very important water sources are the Ondava River and
Trnávka River, as well as Ruskovský Pond situated in this study area [26]. From the geomorphological
division, the study area is located in the Matransko-Slanská area (The Western Carpathians) and in the
Eastern Slovakian Lowlands. There are no more significant deposits of ore minerals in the vicinity of
Trebišov. There are mainly non-toxic raw materials here as andesite (mainly), which is used primarily
as a building material, gravel or paving stone. In particular, the Slanské Hills are covered with andesite
volcanoes and stratovolcano.

In the cadastral area of the Trebišov town, the following soils are found: black, brownish and
bottomland occurring as subtypes of the black soils and brownish soils [27]. From the agricultural
point of view, the most valued are brownish soils. They are more harvested and used for cereal
growing. The acidity of the soil is weakly alkaline and has a pH value of 7.3 [27].

2.2. Description of the Project

A brief description of the technical and technological solution is as follows. The central energy
source of heating for Trebišov town has two possibilities:

• biomass-fired power plant (alternative 1; wood chips and straw);
• modernization of existing natural gas boiler (alternative 2).
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A technological solution of biomass-fired power plant consists of the boiler house (SO 01), a handy
storage of straw (SO 02) and technical annex (SO 03). Individual objects are connected structurally and
technologically. Objects of power supply are located in the northern part of the plot.

The boiler construction consists of a steel hall with three boilers, one for combustion of wood
and two for burning straw. The building object SO 02—a straw storeroom—consists of a single store.
There is a firewall designed between the boiler room and the straw storeroom. The building object SO
03—the technical annex—consists of two above-ground floors. Construction of the technical pavilion
is built of Porotherm walls. In the technical pavilion, there is the operator, the equipment and the
administration of the boiler room [23,24].

2.2.1. Biomass-Fired Power Plant

Wood Chips Combustion

Uncontaminated wood chips will be used as fuel. The preparation of fuel is ensured by cleaving
of waste wood (wood-based residue from wood extraction) [23,24]. The fuel will be transported to the
boiler room by means of a lorry with a trailer on which two containers are attached with volumes of
2 × 35 m3. The cars enter via gate No. 1 to the building and the fuel is emptied to a biomass-wood
storage site (building SO 04). It is an uncovered, three-sided (height of 2.5 m) concrete walls bounded
space. The entrance of fuel into the landfill, as well as its storage, is illustrated by the red arrows,
and the transfer of fuel from the biomass landfill to the charging press is illustrated by the blue arrows
in Figure 3. Ash removal from the burning process is illustrated by the green arrows. The task of the
fuel store exchanger is to gradually add the accumulated quantity of feedstock (wood chips) to the
feed press and through it to the inlet part of the boiler in order to ensure the continuous supply of the
boiler to the fuel.

Figure 3. The direction of the fuel handling (source: by authors).
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Straw Combustion

As a fuel, the straw used in agriculture as cereal crops will be used. Fuel is provided by packing
into large straw bales in the fields.

The fuel will be transported to the boiler room by means of a lorry on which straw bales are
stored. The straw is stored on the car; in one layer there are 10 parcels and, in the case of an assumed
package with a width of 1200 mm, height 900 mm, length 2200 mm, weight 261 kg, can be placed in
three layers. One trailer car carries 60 straw bales for a total weight of 15.66 t [23]. The cars enter via
gate No. 1 and the fuel is transported either directly to the straw storeroom (SO 02) or to the straw
landfill (SO 05). The placement decision will be based on the fulfilment of both stocks. The unloading
is carried out using a forklift truck. The transport of fuel to the boiler house and to the warehouses is
illustrated by the red arrows in Figure 4.

Figure 4. The direction of the straw handling (source: by authors).

The covered straw landfill (SO 05) only serves as a temporary storage to overlap a failure in
the fuel supply logistics to the boiler house. In the case of emptying the straw storeroom (object
SO 02), straw bales will be taken from the covered straw landfill (object SO 05) using a forklift truck.
The transport of fuel from the covered straw landfill to the straw storeroom is illustrated by the blue
arrows in Figure 4.

In the case of direct straw removal in the straw storeroom (object SO 02), the packages are stacked
on top of a precisely drawn place on the store floor. Storing exactly in place is important for handling
straw bundles using an automatic crane. The bridge crane located on the crane track, which will be
located on the building of the hall, ensures the transport of the straw package as required by the boiler
automation and its placement on the conveyor, which ensures delivery of straw to the boiler. The fuel
transportation within the interior spaces is represented by a yellow arrow and ash removal from the
burning process is illustrated by the green arrows (Figure 4). Just before entering the straw bales into
the boiler, the conveyor ensures that it is rotated to the vertical position. In this position, the straw
bundle is cut into three parts by means of the cutting device and transported to the boiler itself, where
it burns [23].
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2.2.2. Modernization of Existing Natural Gas Boiler

Atmospheric natural gas-fired water tube boilers are used in old central boiler houses. These
boilers using the combustion gas transfer the heat to the primary heat exchanger, then it is distributed
to the secondary circuit and through pipes to the heated objects. At the secondary circuit is installed a
heat meter which measures the heat consumption [23,24,28]. They produce dry combustion products
which reach a temperature of 120 ◦C to 180 ◦C. Hot combustion products are discharged to the chimney,
thereby loss of heat appears. Waste gas contains latent heat which is bound to water vapor resulting
from the combustion of natural gas. From the total heat energy gained from natural gas combustion,
only 80% is used for water heating. This combustion of natural gas forms a large amount of exhaust
gases emitted into the atmosphere through the chimneys. They have a high temperature and steam
having a high energy flows through the chimney without further use.

When gas is heated, large amounts of flue gas are generated and released into the atmosphere
through the chimneys. They have high temperature and water vapor, which has high energy, escapes
the chimney without any further use. With conventional gas boilers, the connection of the condensate
hose to the waste is complicated. The hose may clog or freeze, and the condensate can enter the boiler
and cause a boiler failure. Sewage water can also be pushed out into the boiler [28,29].

2.3. Application of the Methodology

A lot of methods (tools) have been utilized over the last decades to meet the different actions
required in the conduction of impact studies. The objectives of the different actions vary, as do the
usable methods for each. These methods are described for example in [30] or [31,32].

Guidelines of European Commission [33] provide information on methods and tools that were
selected from case studies and literature research. These generally fall into two groups:

• Scoping and impact identification techniques—these identify how and where an indirect or
cumulative impact or impact interaction would occur—Network and analysis; Consultation and
questionnaires; Checklists, Matrices; Expert opinion.

• Evaluation techniques—these quantify and predict the magnitude and significance of impacts
based on their context and intensity—Matrices; Expert opinion.

It is possible to apply at the outset to define the problem, establish the terms of reference, design
the overall EIA process, and set the study boundary. Scoping helps to reform EIA institutional
arrangements by focusing on each EIA activity and documents (impact identification and prediction,
public and agency consultation and other), as well as subsequent proposal acceptance or rejection [34].

During the EIA process usually, a combination of techniques is used, or approaches are adopted
at different stages of the project. Examples of both categories are set out below, in Figure 5.

Figure 5. Methods and tools for assessment of indirect and cumulative impact as well as impact
interaction (after Walker and Johnston 1999) [22].

The next differentiation of methods in the EIA process is given also in Zeleňáková and Zvijáková
(2017) [22]. Table 1 presents the recommended methods suitable for impact assessment in the preliminary
impact study, environmental impact statement and methods of multicriteria analysis.
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Table 1. Methods for impact assessment in the preliminary impact study, environmental impact
statement and methods of multicriteria analysis (after Kozová et al. 1996) [22].

Group of Methods Methods

Recommended methods suitable for
preliminary impact study

Ad hoc methods
Checklists and catalogues of criteria
Tables and matrices, expressing the causes and the effects
Networks and system diagrams
Decision trees
Overlay mapping

Recommended methods suitable for
environmental impact statement

Prognostic methods

• Modeling

- mathematical models
- simulation models
- experimental in situ or laboratory models

• Comparative methods

Multicriteria analysis
Method of utility function
Total Environmental Quality Indicator (TIEQ) method
Methods for determining weights of criteria

• Ranking method
• Allocation method
• Grading method
• Pairwise comparison method
• Dual method ALO-FUL

Multicriteria analysis considers the assessment of the impact on the environment. Objective
assessment is based on the use of quantitative factors—objective technical, technological, social and
economic units. Qualitative assessment includes [35,36]: indicators; indices; intervals; categories;
classes. Indicators can be represented by its description. Indices and intervals can express the
magnitude or quality of parameters using the index function. Categories and classes use usually the
subjective assessment of the features of interval and/or ratio scales. Formalized workflow involves
ensuring that detection of an impact is done using a single method, and prognosis of induced changes
is carried out on a scientific basis.

The selection of the optimal alternative is enjoyed by various methods, particularly by multicriteria
analysis. The general procedure of multicriteria evaluation of alternatives includes six relatively
discrete steps [8]:

• The creation of a purpose-oriented set of evaluation criteria;
• Setting the weights of the evaluation criteria;
• Assessment of the results (consequences, benefits, but also potential damages or losses of

alternatives), it is a partial assessment of the alternatives;
• Assessment of the risks associated with implementing the alternatives;
• Determination of the preference order of alternatives and selection of the best option.

Multicriteria analysis is used to determine the value of a comprehensive land use in terms of
the quality of the environment affected by humans. Multicriteria method utilizes the catalogue of
criteria [8,37,38]. Its structure is hierarchical, adaptive and, basically, the whole society allows you to
select the preferred option of a conventional set of alternatives or to give a preferential position of
alternatives to a given set of criteria.

In the EIA process, it is always necessary to consider at least two alternatives to the proposed action:

(I) zero alternative—if there is no activity (current state of the environment); and
(II) alternatives of the proposed activity—variants of the activity that usually differ in the locality

(site of construction), used technology, time of implementation, etc.
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The purpose should be to find the optimal solution, in practice a choice called “preferred option”.
The selection of the optimal alternative is enjoyed by various methods, particularly by multicriteria
analysis [36].

The evaluation presented in a previous paper [39] was done using the method of the Total
Environmental Quality Indicator (TIEQ) to calculate the optimal variant. The TIEQ method is a
modified utility function. The principle of this method is that the assessed impacts represented by the
relevant indicators can be considered from the point of view of quantity and quality and transformed
into partial utility functions and these values can already be compared [37]. According to this method
alternative of biomass-fired power plant, (A1) is the best one [39]. However, due to the extent of the
project, the demand for proof of this fact by another method was required. It makes the calculation
more objective and has a higher value. The index coefficient method was chosen as the next method
of multicriteria analysis for assessment and for selecting the best option for boiler construction in
Trebišov city.

The index coefficient method determines the partial evaluation of the criteria through the
calculation of the partial profitability through the index coefficient kij. The total profitability of
the variant Uj (Equation (1)) is determined as the sum of the coefficients of the index coefficients kij
(Equation (2)) and the criteria of the relevant variant and the weight of the i-th criterion [40]:

Uj = ∑ Pij = ∑ kij.wi (1)

Uj is the overall profitability of the j-th variant; Pij is the i-th criterion of the j-th variant; kij is
the index coefficient of the i-th criterion of the j-th variant; wi is the weight of the i-th criterion where
Σwi = 100. The value of Uj determines the order of the advantage of the variants. There are also
different possible methods for determining weights of criteria:

• Ranking method
• Allocation method
• Grading method
• Pairwise comparison method
• Dual method ALO-FUL

Pairwise comparison method by Fuller triangle was used in the presented case. The determined
criteria were compared based on a number of preferences to each criterion. The total number of the
pairs is n/2(n − 1); in our case, it is 9/2(9 − 1) = 36. The final weight for each criterion is calculated by
a number of preferences to criterion divided by 36. The variation that achieves the highest value of
overall performance is the best possible [40].

kij =
H
bv

(2)

The coefficient kij is determined by comparing the value of the criterion of the variant under
consideration (H) with the value of the basic variant (bv). A basic variant is a fictitious variant whose
values of the criteria are theoretically the best (worst) or variants whose values for the criteria are
predetermined according to the set goal. The principle of this method is that in a fictitious base variant
we replace criterion values by number 1. The profitability of the criteria for the other variants is
calculated using a coefficient as the ratio between the value of the calculated variance criteria and
the original value of the base criterion. To determine the kij coefficient, two classes of criteria have
to be distinguished. The first class is profit-type criteria, where higher values are preferred to lower
performance levels (i.e., the higher the criterion value, the better). The second class is cost-type criteria
where lower values are preferred to higher performance levels (i.e., the lower the criterion value,
the better this criterion) [40]. Thus, criteria for increasing or decreasing preference are distinguished.
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3. Results and Discussion

In the EIA process, considerations of two alternatives of the proposed action in comparison with
zero alternative is usually taken in the assessment. In the presented case the study of considered
alternatives are:

• Alternative 0—the zero alternative—if no activity is implemented.
• Alternative 1—the biomass-fired power plant in Trebišov district.
• Alternative 2—modernization of existing natural gas boiler.

Comparison of alternatives is done by multicriteria analysis. The beginning of this evaluation
is creating a set of criteria and determining their importance (weight). We have chosen nine criteria
described in Table 2. For evaluation and comparison, the criteria are divided into qualitative and
quantitative ones.

Table 2. Description of criteria.

Aspect Economic Technical Ecological Social

Criteria (Pi)

the total cost of
construction (P1) time of construction (P3) waste production (P6) job opportunities (P8)

annual operation
cost (P2) land occupation (P4) emissions

production (P7)
extra boiler room
construction (P9)

energy outputs of the
power plants (P5)

Character of
assessment quantitative quantitative qualitative qualitative

The points (0–10) associated with each criterion (Table 3) were stated based on different experts’
suggestions [23] (10 experts were involved) by brainstorming method with the aim to get the most
objective results. The opinions of experts did not differ widely in most cases.

Table 3. Index coefficient method.

Criteria Pi/
Alternative Ai

P1 P2 P3 P4 P5 P6 P7 P8 P9 ∑∑∑Uj

bv 9 8 10 8 9 8 7 9 8

wi 3 3 8 3 11 17 19 17 19 100

A0

value 0 € 0 € 0 months 0 m2 0 MW no 0% 0 yes

points 9 8 10 8 0 8 7 0 0

ki0 1 1 1 1 0 1 1 0 0

ki0.wi 3 3 8 3 0 17 19 0 0 53

A1

value 3.8 mil. € 0.54 mil. € 9 months 2000 m2 14 MW yes 0% 8 no

points 3 6 2 3 9 5 7 9 8

ki1 0.33 0.75 0.2 0.375 1 0.625 1 1 1

ki1.wi 0.99 2.25 1.6 1.125 11 10.63 19 17 19 82.6

A2

value 2.6 mil. € 0.65 mil. € 3 months 1250 m2 10 MW yes 6.5% 6 no

points 8 5 8 6 8 4 6 7 8

ki2 0.88 0.625 0.8 0.75 0.88 0.5 0.86 0.78 1

ki2.wi 2.64 1.875 6.4 2.25 9.68 8.5 16.3 13.26 19 79.9

Ecological criteria are the most important from an environmental perspective. The evaluation is
influenced by subjective opinions of evaluators. The effects of operating variants cannot be measured,
assessed and compared. Two criteria are evaluated (P6 and P7). A0 has the best results (no waste
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production) and A1 and A2 have broadly similar points (some waste production exists). During the
combustion processes of biomass, the ash is produced and, in the case of modernized natural gas
boiler, condensation and latent heat appear. A0 and A1 produce no emission, which is why they are
better than A2.

Economic criteria are important aspects of comparison. In this case, they determine and compare
the costs spent on the construction (P1) and annual operation of the alternatives (P2). In our case,
the cheapest variant is Alternative A0, while Alternative 1 (A1) is more expensive in the total costs of
the construction compared to Alternative 2 (A2), but is more favourable in the annual operating costs.

Technical and technological criteria were evaluated quantitatively. Criterion as the time of
construction (P3), land occupation (P4) and energy output (P5) of three boilers belongs here. In two
criteria, A0 is more advantageous than A1 and A2, but in the comparison with the third criterion—the
output of boilers—Alternative 0 is the worst. Comparing criteria of A1 and A2 at the time of
construction and land occupation, A2 is the preferred option, but according to an aspect of energy
output, A1 seems to be a better variant.

Social criteria are also qualitatively assessed. The rating is influenced by subjective opinions
of evaluators as well. Social impacts directly interfere with the quality of the life of the population,
in our case, the alternative which offers more job opportunities (P8) and where it is needed for extra
boiler room construction (P9). Since boilers are designed for citizens, they are designed to improve
the quality of their lives. In our case, it has been compared which alternative can provide more job
opportunities and which alternative contains the residents’ need to build their own home boiler room.
In both alternatives mentioned above, A0 is the worst. A1 is better than A2 compared to the job
opportunities. In terms of the second criterion, both alternatives are able to compensate for the home
boiler to a sufficient extent so that residents do not have to build the home boiler rooms.

The second step was to determine the index coefficient kij. This is determined by evaluating
criteria where the value of the highest criterion is replaced by a value of 1. Subsequently, the other
values are calculated as the ratio of value 1 to the appropriate variant value. The basic variant in this
step is those where number 1 is located. The total profitability was calculated based on Equation (1).

The construction of the biomass-fired power plant is the best of the three compared alternatives
based on the selected criteria from the point of view of the environmental impact assessment (Figure 6).
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Figure 6. Summary comparison of the assessed alternatives.

The aim of the assessment was to make an overall investigation, description and evaluation of the
direct and indirect environmental impacts of the activity on the environment, to determine measures
that will prevent or mitigate pollution and damage to the environment, and to explain and compare
the advantages and disadvantages of the proposed activity including its variants, in comparison also
with the situation that would exist if the activity was not implemented. Biomass-fired power plant
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seems to be the better alternative (U2 = 82.6) compared to modernizing the existing natural gas boiler
(U3 = 79.9) and compared to if no activity were implemented (U0 = 53).

Alternatives 1 and 2 only have 2.7 points of difference. This difference is very low, so we made
a sensitivity analysis of the different criteria, which are the criteria that have the real importance
in the final decision. Sensitivity analysis of Alternative 0 is presented in Figure 7, Alternative 1
is presented in Figure 8 and Alternative 2 is presented in Figure 9 where criteria: P1—the total
cost of construction, P2—annual operation cost, P3—the time of construction, P4—land occupation,
P5—energy output, P6—waste production, P7—emissions production, P8—jobs opportunities,
P9—extra boiler room construction.
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P4 
P3 
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P1 

Figure 7. Sensitivity analysis of Alternative 0.
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Figure 8. Sensitivity analysis of Alternative 1.
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Figure 9. Sensitivity analysis of Alternative 2.

Figures 7–9 show results from sensitivity analysis as to how the model is sensitive to the choice of
the criteria. The figures depict the effect on the selected activity (its alternatives) due to the different
input data. Criteria: P7—emissions production and P9—extra boiler room construction have major
influences on the selection of the best alternative. The assessment shows the highest sensitivity to
these criteria. The proposed activity shows little sensitivity to all other criteria P1–P6 and P8.

4. Conclusions

The environmental impact assessment process for plants, structures, facilities and other activities
has been applied in developed countries for several decades and is one of the main tools of preventive
environmental protection and sustainable development.

The use of biomass in heating systems is beneficial because it uses agricultural, forest, urban and
industrial residues and waste to produce heat and electricity with less effect on the environment than
fossil fuels.

Coefficient index method as a tool of multicriteria analysis was used for proving that the
construction of biomass-fired power plant is the most suitable solution chosen from three assessed
variants (no activity is implemented, biomass power plant and modernization of existing gas boiler).

The index coefficient was used to state the weights of criteria. The points (0–10) associated with
each criterion were stated based on ten different experts’ suggestions with the aim to get the most
objective results. In this evaluation, the highest score is the best possible. According to these points,
Alternative A2 seems to be the best one (overall profitability of 82.6). Proposals were discussed with
professionally qualified persons working in the field of environmental impact assessment as well as
civil engineers.

The main contribution of the present paper is using theoretical knowledge of the issue, evaluation
on the state of the environment in the area by the multicriteria analyses to select the optimal alternative
of the action in the decision-making process in order to preserve environmental quality for further
sustainable development of society in the study area. Most important for the assessment is the right
selection of the criteria. In our assessment, we found out by a sensitivity analysis that the criteria
that have the real importance in the final decision are P7—emissions production and P9—extra boiler
room construction.
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36. Říha, J. Environmental Impact Assessment of Investments; Multicriteria Analysis and EIA; Academia: Prague,
Czech Republic, 1995.

37. Majerník, M.; Húsková, V.; Bosák, M.; Chovancová, J. Methodology of the Environmental Impact Assessment;
Technical University of Košice (TUKE): Košice, Slovakia, 2008.

115



Environments 2018, 5, 19
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Abstract: The objective of this paper was to offer a preliminary overview of Taiwan’s success in green
building material (GBM) efforts through legal systems and promotion measures, which are relevant
to the contribution to indoor air quality (IAQ) due to sustainability and health issues. In the first part
of the paper, the IAQ regulations are summarized to highlight the second nation (i.e., Taiwan) around
the world in IAQ management by the law. In addition, the permissible exposure limits (PEL) in
Taiwan for airborne hazardous substances were first promulgated in 1974 to deal with occupational
health issues in the workplace environment. In the second part of the paper, the developing status of
the GBM in Taiwan is analyzed to unravel its connection with the Indoor Air Quality Management
Act (IAQMA), promulgated on 23 November 2011. By the end of September 2017, a total of 645 GBM
labels have been conferred, covering over 5000 green products. Due to the effectiveness of source
control, the healthy GBM occupies most of the market, accounting for about 75%. The IAQMA,
which took force in November 2012, is expected to significantly increase the use of healthy GBM
in new building construction and remodeling, especially in low formaldehyde (HCHO)/volatile
organic compound (VOC)-emitting products.

Keywords: green building material; indoor air quality; occupational exposure; volatile organic
compound; source control

1. Introduction

Most people spend over two thirds of their time indoors. The indoor air at home or in an office
building, school and other workplaces could be contaminated by a variety of gaseous and particulate
contaminants that are sometimes present in concentrations above those which cause adverse health
effects. These indoor air pollutants (IAP) are mainly emitted from building materials, furnishings,
office appliances/equipment, consumer products, cleaning/maintenance materials, combustion
processes (e.g., tobacco smoking, fuel-fired cooking or space heating), and outdoor air pollution.
Regarding the regulations for ambient air quality, for instance, the Clean Air Act Amendments of
1990 in the USA was enacted and revised to make the law more readily enforceable. Based on the
field investigations, the concentrations of individual volatile organic compounds (VOC) in the indoor
air are often higher than those outdoors because many building materials emit VOCs over their
extended periods of time [1]. As a consequence, the indoor air quality (IAQ) has become an important
health issue for the public and the decision makers because of its adverse impact on acute or chronic
symptoms or illness [2,3]. The sick building syndrome (SBS) has been used to describe building-related
symptoms [4], which include respiratory irritation, headache, dry cough, dry or itchy skin, dizziness
and nausea, difficulty in concentrating, fatigue, and sensitivity to odors [5]. In addition, formaldehyde
(HCHO), a potent mucous membrane irritant and a widespread IAP, has been listed as a Class 1
carcinogen (confirmed as a human carcinogen) by the International Agency for Research on Cancer [6].
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Therefore, many national/federal competent authorities (e.g., the Environmental Protection Agency,
the Consumer Product Safety Commission, the Department of Housing and Urban Development,
and the Occupational Safety and Health Administration in the United States) have stipulated legal
standards and/or voluntary guidelines that involved in indoor/workplace air quality management,
and dangerous/defective products [7].

In response to the global trends in climate change mitigation and IAQ-based health issues since the
1980s, the industry, officials and universities have jointly committed to promote the green building (GB)
or sustainable building concept [8]. Thereafter, the GB certification system was developed in the United
States and European countries [9]. To achieve sustainability and resolve health issues, GB schemes
usually include several prevention and control measures for building design and construction. Among
them, the adoption of certified healthy green building material (GBM) is an efficient scheme because
the sources of IAP come originally from a variety of building materials. With the use of low-emission
products, the problem buildings, especially in new building construction and remodeling, can be
significantly reduced [10]. For instance, alternative products with low levels of HCHO can be
used instead of HCHO-emitting products such as particleboard and hardwood plywood paneling.
As described later [11], based on the regulatory definition in Taiwan, healthy GBMs have better IAQ
than conventional building materials, or so-called green, natural or organic products or materials
because the latter cases can contain toxic or hazardous constituents [12].

Through the media’s reports on the monitoring results of IAQ by academic scholars and non-profit
organizations, Taiwanese people have been increasingly paying attention to the adverse impact of IAPs
on human health since the early 2000s. This has led to the necessity of legislation for the purposes of
protecting public health and also improving work performance. The Indoor Air Quality Management
Act (IAQMA) was promulgated on 23 November 2011, and took effect one year after promulgation.
In the Act, the central competent authority refers to the Environmental Protection Administration
(EPA). Also, the IAPs refers to substances that are normally dispersed in indoor air, and which
may directly or indirectly affect public health or the living environment after long term exposure,
including carbon dioxide, carbon monoxide, formaldehyde, total volatile organic compounds (TVOC),
bacteria, fungi, airborne particles (PM2.5 and PM10), ozone, and other substances designated and
officially announced by the EPA. On the other hand, the Ministry of Labor (MOL) has committed
to the Occupational Safety and Health Administration (OSHA) to deal with IAQ-related issues in
the workplace environment. Therefore, the permissible exposure limits (PEL) in Taiwan for airborne
hazardous substances in workplace were promulgated since the 1970s, and recently revised in 2014.
Meanwhile, the Architecture and Building Research Institute (ABRI) under the Ministry of Interior
(MOI) drafted the GBM labeling system in 2003, and formally implemented it in 2004. The core
value of the GBM is based on the non-toxicity, harmlessness, and relevant specification standards
met. Currently, there are four GBM categories, covering the features of ecology, health, recycling,
and high-performance.

This paper offers a preliminary analysis of the IAQ improvement through of the joint efforts
of the cross-ministries in Taiwan, including the EPA, the MOL and the MOI. In the first part of the
paper, the IAQ regulations are summarized to highlight the features of the IAQMA because Taiwan
became the second nation when South Korea introduced their regulations dedicated to IAQ control.
In line with the international trends in GB and/or sustainable building in recent years, the developing
status of the GBM in Taiwan is analyzed in the second part of the paper to unravel its connection with
the IAQ.

2. Indoor Air Quality Regulations in Taiwan

2.1. Environmental Protection Administration

In order to define the IAQ within a built environment, the IAQ guidelines and/or standards
have been developed by several national and international agencies [7,13]. In some countries
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(e.g., South Korea), the IAQ standards are adopted by the regulatory authorities as an enforceable act
or law. By contrast, the IAQ guidelines are designed by several countries or international organizations
to offer only guidance to reduce adverse health impacts resulting from IAP in the living environment.
For example, the World Health Organization (WHO) first published the IAQ guidelines for Europe
in 1987, which contained health risk assessments of 28 air contaminants (especially formaldehyde
and VOCs) [14]. The guidelines aim to provide a scientific basis for public health professionals, as
well as specialists and authorities. However, it should be noted that the IAQ guidelines and/or
standards for VOCs (except for formaldehyde) are generally described as the total volatile organic
compounds (TVOCs).

In the past decades, it has been reported that the IAQ in Taiwan was not good [11,15], causing a
large number of problem buildings. Their poor performance may be attributed to the crowed living
space, poor air circulation, lack of ventilation, building materials, and humid subtropical climate.
This problem has attracted much attention because most people spend about 90% of their time indoors,
thus exposing to a variety of IAP that may be harmful to human health. In 2005, the EPA announced
its “Suggested Values for Indoor Air Quality” and began research and preparations for a draft of the
IAQMA in the following year. Through the public hearing and legislative procedures, the act aims
to improve IAQ and to protect public health; it was promulgated on 23 November 2011, and came
into effect one year later. Thereafter, the EPA announced five new regulations to accompany the
implementation of the IAQMA. They include the “Indoor Air Quality Act Enforcement Rules”,
the “Indoor Air Quality Standards”, the “Regulations Governing Dedicated Indoor Air Quality
Management Personnel”, the “Regulations Governing Indoor Air Quality Analysis Management”, and
the “Fine Determination Criteria for Violations of the Indoor Air Quality Act”. In Taiwan, the IAQ
standards, as listed in Table 1, provide compulsory guidelines. It shows 1000 ppm for CO2, 9 ppm
for CO, 0.06 ppm for formaldehyde, 0.56 ppm for TVOC (a combination of 12 different VOCs),
and 0.06 ppm for ozone. Figure 1 shows a schematic block chart regarding historical development of
IAQ codes and standards in Taiwan.

Figure 1. Indoor air quality (IAQ) regulations in Taiwan, providing the authority for the Environmental
Protection Administration (EPA).

To facilitate the implementation of the IAQMA, the EPA announced the premises that shall comply
with the Act, including libraries, hospitals and clinics, social welfare premises, government offices,
railway/civil aviation/subway mail halls, exhibition centers, shopping malls, and so on. The owners,
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managers or users of officially announced premises shall commission certified analysis agencies to
regularly perform analyses of IAQ based on the standards in Table 1, and shall regularly make public
the analysis results and make records. On the other hand, the premises that have been officially
announced by the EPA shall install automatic monitoring systems for continuous monitoring of IAQ,
immediately make public the latest automatic monitoring results inside the premises or display them
in a prominent place at the entrance, and shall make records.

Table 1. Indoor air quality standards as compulsory guidelines in Taiwan.

Indoor Air Pollutants
Standard

Concentration Sampling Time

Carbon dioxide (CO2) 1000 ppm 8 h
Carbon monoxide (CO) 9 ppm 8 h
Formaldehyde (HCHO) 0.06 ppm 1 h

TVOC a 0.56 ppm 1 h
Bacterial 1500 CFU/m3 b Ceiling

Fungi 1000 CFU/m3 c Ceiling
Particulate matter (PM10) 75 μg/m3 24 h
Particulate matter (PM2.5) 35 μg/m3 24 h

Ozone (O3) 0.06 ppm 8 h
a 12 volatile organic compounds, including benzene, carbon tetrachloride, chloroform, 1,2-dichlorobenzene,
1,4-dichlorobenzene, dichloromethane, ethyl benzene, styrene, tetrachloroethylene, toluene, trichloroethylene,
and xylenes. b Colony-forming unit (CFU). c Not limited to the ratio of outdoor fungi concentration to indoor fungi
concentration less than or equal to 1.3.

2.2. Ministry of Labor (MOL)

As described above, inhalation and skin (e.g., Beko et al. [16]) are the main routes of exposure to
VOCs and other air contaminants in indoor environments, including workplace environment and living
environment. Therefore, a healthy indoor environment plays a vital role in the prevention of damage
to public health from health risks because these IAP are known or potential human carcinogens,
or may be reasonably anticipated to pose a threat of adverse human health effects, including
respiratory illness and neurological symptoms. Therefore, many national competent authorities
(e.g., the Occupational Safety and Health Administration in the United States) and non-profit scientific
organizations (e.g., the American Conference of Governmental Industrial Hygienists) have stipulated
the standards or guideline levels which aim at limiting exposure to certain hazardous air contaminants
in the workplace environment. Regarding the occupational exposure limit (OEL): this is defined as
an acceptable concentration of a hazardous substance or class of hazardous materials in workplace
air for the purpose of protecting the health of workers during their work. Among them, the most
common OELs are the permissible exposure limits (PELs) and the threshold limit values (TLVs), which
are developed by the U.S. Occupational Safety and Health Administration (OSHA) and the American
Conference of Governmental Industrial Hygienists (ACGIH), respectively.

In Taiwan, the OEL (“Standards of Permissible Exposure Limits of Airborne Hazardous Substances
in Workplace”) was promulgated in August 1974 and was recently revised in June 2013 by the Ministry
of Labor (MOL) under the authorization of the Occupational Safety and Health Act (OSHA) [17].
According to the definition by the OSHA, the workplaces referred to places where work for specific
purposes takes place. However, the OEL standards in Taiwan apply only for industrial workplaces,
plants, or factories. Initially, most of the PEL values in Taiwan were directly adopted from the data
on the ACGIH-TLV and the OSHA-PEL. Thereafter, the Institute of Labor, Occupational Safety and
Health (ILOSH), a national research & development organization under the supervision of the MOL,
organized the Committee to recommend regularly the revised OEL for candidate chemicals based on
the updated toxicological and epidemiological literature, policy need, and economical & technical
feasibility. Currently, 487 chemicals have been listed in the PEL values as compulsory guidelines,
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including the time weighted average for an eight-hour workday, the time weighted average for short
term exposure, and the ceiling. Because the TLV values are mainly based on health factors, nearly
all workers may be repeatedly exposed to conditions below the PEL values without adverse effects.
According to the IAQ standards in Table 1, Table 2 further lists the corresponding PEL and TLV values
for these designated IAP. Table 2 also summarizes their TLV basis, representing the adverse health
effects upon which the TLV is based [18]. In brief, the target organs or systems for human exposure
to these designated IAP in the workplace air include respiratory tract, central nervous system (CNS),
kidney and liver.

Table 2. Occupational exposure limits for designated air pollutants in indoor environment.

Contaminant

PEL (Taiwan) a TLV (USA) b

Concentration (ppm) Concentration (ppm) Basis

Benzene 1 0.5 Leukemia
Carbon dioxide 5000 5000 Asphyxia

Carbon monoxide 35 25 Carboxyhemoglobinemia
Carbon tetrachloride 2 5 Liver damage

Chloroform 10 10 Liver & embryo/fetal damage; central
nervous system (CNS) impairment

1,2-Dichlorobenzene 50 25 Upper respiratory tract (URT) & eye
irritation; liver damage

1,4-Dichlorobenzene 75 10 Eye irritation; kidney damage

Dichloromethane 10 50 Carboxyhemoglobinemia; CNS
impairment

Ethyl benzene 100 20 URT & eye irritation; kidney damage
(nephropathy);cochlear impairment

Formaldehyde 1 0.3 URT & eye irritation
Ozone 0.1 0.05–0.2 c Pulmonary function

Styrene 50 20 CNS impairment; URT irritation;
peripheral nephropathy

Tetrachloroethylene 50 25 CNS impairment

Toluene 100 20 Visual impairment; female
reproductive; pregnancy loss

Trichloroethylene 50 10 CNS impairment; cognitive decrements;
renal toxicity

Xylenes 100 100 URT & eye irritation; CNS impairment
a Compulsory guidelines. b Source [18]. c Depending on work types (i.e., heavy, moderate, or light work).
PEL: permissible exposure limits. TLV: threshold limit value.

3. Green Building Materials (GBM) in Taiwan

3.1. Governing Regulations

In order to achieve sustainable, comfortable and healthy living environments, the central
competent authorities in Taiwan, including the Ministry of the Interior (MOI) and the Environmental
Protection Administration, promulgated the regulations for promoting their recognized green-mark
products [19]. In 2004, the Architecture and Building Research Institute (ABRI) under the
MOI established and launched the Green Building Material Evaluation and Labeling System.
These promulgated measures were originally based on the Basic Environment Act (BEA) passed
by the Legislative Yuan (the Congress) at the end of 2002. For example, the BEA requires the
government departments to adopt necessary measures to promote the use of renewable resources and
other materials, products or services that beneficially lessen environmental impact. In addition, the
Legislative Yuan passed the Government Procurement Law in 1997, in which it requires the official
organizations to adopt environmentally preferable products certified by the EPA.

The GBM system aims at both taking into account a sustainable built environment and a healthy
living quality. In order to attain the achievable goals, the MOI promulgated the Green Building
Guidelines by several enforcement stages:
- Effective 1 July 2006
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The percentage of GBM usage must be raised up to 30% for all decorating materials used in the
interior furnishing and flooring of new and/or retrofitted buildings for public use.
- Effective 1 July 2012

The minimum requirement for the application ratio of GBM has to exceed 45% of the total indoor
surface area for interior decoration materials, floor materials and windows, and 10% of outdoor surface
area (deducting car lane, buffer space of car access, activity space of fire truck disaster relief, and part
of laying ground material not needed) for the ground materials.

According to the definition by the Building Technique Regulation under the authorization of the
Building Act, the constituents of the GBM shall meet one of the following requirements:

• Recycled plastic or rubber products (not containing toxic chemical materials designated by
the EPA).

• Insulation materials for building use (not contain the substances controlled under the Montreal
Protocol, and toxic chemical materials designated by the EPA).

• Water-based coatings/paints (not contain formaldehyde, chlorinated solvents, heavy metals such
as mercury, lead, hexavalent chromium and arsenic; not use triphenyl tin and tributyl tin).

• Recycled wood products.
• Recycled bricks (kiln-burned) for building use.
• Recycled building materials (not kiln-burned).
• Other building materials certified by the central competent authorities (MOI or EPA).

Based on the above-mentioned regulations, the GBM must be non-hazardous to the environment,
non-toxic to human health, and be in accordance with the national specifications/standards. Therefore,
the evaluation items of the GBM include the following restricted substances:

• The concentrations of heavy metals involved in any part of non-metal materials must meet the
“Toxicity Characteristic Leaching Procedure (TCLP) of Industrial Waste” set by the EPA (Table 3).

• Not contain asbestos.
• Not contain radioactive materials or constituents.
• Not contain the toxic chemical substances designated by the Toxic Chemical Substances Control

Act (TCSCA). Under the designation of the act, there are currently 323 toxic chemical substances.
• Not contain the ozone-depleting substances controlled under the Montreal Protocol.
• Total chlorine ion content in the cement-based products must be less than or equal to 0.1%.
• Chlorine-containing polymers shall not apply for healthy GBM and ecological GBM labels.
• Interior decoration materials should be carried out the emission tests of total volatile organic

compounds (TVOC) and formaldehyde by GBM performance testing agencies, which should
be certified by the MOI. Their emission rates should at least meet the E3 rating of healthy GBM
(Table 4), in which the rating standards are less than 0.05 and 0.19 mg/m2·h for formaldehyde
and TVOC, respectively.

Table 3. The limits of heavy metals involved in green building material (GBM).

Heavy Metal Detection Standard (mg/L) a

Total mercury (T-Hg) 0.005
Total cadmium (T-Cd) 0.3

Total lead (T-Pb) 0.3
Total arsenic (T-As) 0.3

Hexavalent chromium (Cr +6) 1.5
Total copper (T-Cu) 0.15
Total silver (T-Ag) 0.05

a According to “Toxicity Characteristic Leaching Procedure (TCLP) of Industrial Waste” set by the Environmental
Protection Administration (EPA) in Taiwan.
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Table 4. Rating system of healthy GBM in Taiwan.

Rating System
Emission Rate (mg/m2·h)

TVOC a Formaldehyde (HCHO)

E1 ≤ 0.005 ≤ 0.005
E2 0.005 < TVOC ≤ 0.06 0.005 < HCHO ≤ 0.02
E3 0.06 < TVOC ≤ 0.19 0.02 < HCHO ≤ 0.05

a Total volatile organic compounds (TVOC) include benzene, carbon tetrachloride, chloroform, 1,2-dichlorobenzene,
1,4-dichlorobenzene, dichloromethane, ethyl benzene, styrene, tetrachloroethylene, trichloroethylene, toluene,
and xylenes.

Currently, there are four GBM types, including:
- Ecological GBM

They refer to those which are made of renewably natural resources (e.g., woody materials) with
easy biodegradation, low manual processing (low power input), and in conformity with the local
industry (carbon footprint thus reduced) or the international certificates like the Forest Stewardship
Council (FSC).
- Healthy GBM

They refer to those featuring low emissions of formaldehyde and total volatile organic compounds
(TVOC). Based on their emission rates (Table 4), the rating system of healthy GBM further categorizes
the E1, E2 and E3.
- High-performance GBM

They refer to those that display high performance of sound-insulation (noise prevention),
energy-saving (heat insulation) or permeability (water drainage) without traditional defects of building
materials/accessories.
- Recycled GBM

They refer to those which are remanufactured from local recycled materials to meet waste
reduction, reuse and recycling (3R) requirements without causing secondary pollution or having
a bad effect on human health.

Due to its acute/chronic toxicity and widespread uses in a variety of indoor products such
as particleboard, fiberboard and hardwood plywood, many countries adopted IAQ guidelines or
standards for formaldehyde (HCHO) exposures [12]. In addition, a large variety of synthetic organic
compounds are found in indoor air because they are also emitted from a variety of commercial
commodities, including underlayment, paneling, furniture, cabinetry, cleaning products and consumer
products [1]. Because of their variety, relatively low concentrations and potential to cause sick building
syndrome or building-related illness symptoms, the effect of the TVOC on human health have
received much attention in connection with its IAQ guidelines or standards. As listed in Table 4,
the rating system of healthy GBM in Taiwan is thus based on the emission rates of HCHO and TVOC,
grouping building materials (including floor, wall, ceiling, gap-filler & putty, painting & coating,
adhesive & bonding agent, and wooden door/window) into the E1, E2 and E3. Although TVOC as
a health risk index or indicator was debatable [20], it is often used as a guide to determine whether
VOC levels are elevated in indoor air, implying the potential for occupant irritation and discomfort [7].

3.2. Developing Status of GBM

The history of green building (GB) must be briefly described prior to the information about the
developing status of GBM in Taiwan. The GB began in the late 1980s when the United Nations’ World
Commission on Environment and Development addressed the concept of “sustainability” in 1987 [21].
In the early 1990s, many developed countries developed the GB certification systems, including the
Leadership in Energy and Environmental Design (LEED) certification in the United States and the BRE
Environmental Assessment Method (BREEAM) certification in the United Kingdom [9].
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In response to the international GB trend and the promotion of indoor environment quality,
the central competent authority in Taiwan, (MOI) established the Green Building Evaluation System
in 1998. Subsequently, the MOI launched the Green Building Labeling System in 1999, which was
also called the EEWH labeling system. The GB labeling system involves the principles of ecology,
energy-saving, waste-reducing and health. Currently, the system comprises of nine evaluation
indicators, including greenery (vegetation planting), water infiltration and retention, daily energy
conservation, water conservation, CO2 emission reduction, construction waste reduction, sewage and
waste disposal facility improvement, biodiversity, and indoor environment quality. On the other hand,
the Executive Yuan ratified the Green Building Promotion Plan in 2001 to extend its implementation to
the government entities at all levels and private sectors under the funding support of the MOI.

In order to accelerate the development of GBM, the ABRI, combining with the architecture
department of national universities and non-profit organizations (e.g., Taiwan Architecture & Building
Center), has been assisting the industry upgrading to create a green environmental-friendly subtropical
Taiwan. According to the statistics surveyed by the MOI (Table 5), some significant points were further
addressed as follows:

- Over the 6 years, the certified GBM number indicates an increase of 38.0%, increasing from 474
by the end of July 2011 to 645 by the end of September 2017. This change could be attributed
to the official promotion and validation for the reduction of indoor HCHO concentration [22],
and the cost-down of GBM in Taiwan. Currently, a total of 645 GBM Labels have been conferred,
which cover over 5000 green products.

- Among these certified GBM, the percentage distributions indicate no significant change in recent
years due to the market demands and/or consumer preferences. The healthy GBM occupied most
of the market, accounting for about 75%. With the IAQMA promulgated in 2011, it is expected to
significantly increase the use of the healthy GBM in the near future.

- Under the encouragement of government policy for procuring the domestic green-mark
(environmentally preferable) products (including energy-saving products, and water-saving
products), the certified high-performance and recycled GBM products indicates significant
increases of 55% and 47%, respectively.

Table 5. Statistics on certified GBM in Taiwan.

Category
May 2011 a September 2017 c

Certified Number Percentage b Certified Number Percentage

Healthy GBM 364 76.8% 487 74.4%
High-performance

GBM 71 15.0% 110 16.8%

Recycling GBM 38 8.0% 56 8.6%
Ecological GBM 1 0.2% 1 0.2%

Total 474 100.0% 654 100.0%
a Source [11]. b The percentage is based on the ratio of the number of certified products per category to total certified
GBM products. c Surveyed by the author using the official database of the ABRI (http://www.abri.gov.tw/).

4. Conclusions

In this paper, the recent legislations on IAQ management and GBM in Taiwan were reviewed and
coupled. The following conclusions can be drawn below:

- The Indoor Air Quality Management Act (IAQMA), promulgated on 23 November 2011,
took effect one year after promulgation. Under the authorization of the IAQMA, the IAQ
standards provide compulsory guidelines in the non-industrial sectors.

- The permissible exposure limits of airborne hazardous substances in the indoor workplace were
recently revised in June 2013 under the authorization of the Occupational Safety and Health Act
(OSHA), providing compulsory guidelines in the industrial sector.
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- According to the voluntary guidelines by the Building Technique Regulation under the
authorization of the Building Act, the Green Building Material (GBM) was established and
launched since 2004. Currently, a total of 645 GBM Labels have been conferred, accounting for
about 75% by the healthy GBM occupied in the market. With the IAQMA promulgated in 2011,
it is expected to significantly increase the use of the healthy GBM in the near future.

People spent most of their lifetime in indoor environments. Thus, the indoor air quality has
a significant impact on human health, because many VOCs and other air toxins exist indoors,
at concentrations even exceeding those in outdoor air. Therefore, the regulatory and ventilation
measures to reduce indoor emissions and exposure concentrations in the densely populated indoors
(e.g., hospitals, hairdressing salons, or metro system), and also investigate the relationship between
human health risk and long-term exposure to VOCs, should be imperative. On the other hand,
we should develop criteria to classify all detectable VOCs emitted from all types of GBM.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Along with house heating and industry, emissions from road traffic (exhaust and tire,
brake, car body or road surface abrasions) are one of the primary sources of particulate matter (PM)
in the atmosphere in urban areas. Though numerous regulations and vehicle-control mechanisms
have led to a significant decline of PM emissions from vehicle exhaust gases, other sources of PM
remain related to road and car abrasion are responsible for non-exhaust emissions. Quantifying these
emissions is a hard problem in both laboratory and field conditions. First, we must recognize the
physicochemical properties of the PM that is emitted by various non-exhaust sources. In this paper,
we underline the problem of information accessibility with regards to the properties and qualities of
PM from non-exhaust sources. We also indicate why scarce information is available in order to find
the possible solution to this ongoing issue.

Keywords: ambient particulate matter; street dust; exhaust vs. non-exhaust emission; heavy metals;
health hazard

1. Introduction

Road traffic emissions caused by both exhaust and non-exhaust sources contribute significantly
to the particulate matter (PM) concentration in an urban atmosphere [1–22]. Additionally, very fine
particles that are emitted through various road traffic-related processes (e.g., brake wear), can penetrate
the human organs [23–25]. A knowledge of physicochemical properties and PM sources is crucial for
determining the environmental effects of PM [26–30].

Most of the PM mass, where PM is created by the abrasion of a car body, tires, or a road surface,
is composed of particles with diameter ranging between 1 and 10 μm [9,31–35]. For this reason,
coarse PM (fraction of atmospheric particles with an aerodynamic diameter in the 2.5–10 μm range;
coarse PM) usually makes up most of the PM mass close to crossroads. In Switzerland, the PM10 in
an urban street canyon may result from brake-disc abrasion (21%), resuspension (38%), or exhaust
emissions (41%), while the PM10 found along a freeway consists mainly of resuspension dust (56%)
and particles emitted by exhaust emissions (41%) [36]. Both the PM2.5 (fraction of atmospheric particles
with an aerodynamic diameter not exceeding 2.5 μm; fine PM) mass share of PM and the ambient
concentration of PM2.5 in the vicinities of roads are strongly affected by exhaust emissions than by
non-exhaust emissions [11,12,20,37]. When compared to PM2.5 from other areas, the effect of car
fume emissions can mainly be seen in an increase in soot and some organic compounds in the PM2.5

mass [3,4,6,11–13,20,21].
Most of the PM mass from non-exhaust emissions, regardless of the type of traffic site (road,

crossroad, or highway), is made of resuspension dust. This is a mixture of particles derived from
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car body abrasions, brake pads, brake discs, tires, and road surface; and, on the other hand, from
soil and particle elements that have settled on the surface of the road (originating from sources
other than road traffic) [9,11,12,33,34]. These particles are usually enriched with various organic
compounds [15,20–22,38]. In order to reduce the impact of resuspension dust on air quality in urban
areas, appropriate methods are employed. For instance, for the prevention of PM resuspension,
hardening, unpaved roads may be exposed to chemical-binder agents, as well as water-spraying in dry
periods [39–41]. Frequently cleaning the surface via washing and sweeping is a practice used for paved
roads. The reduction of PM emissions can also be achieved by limiting both vehicle speed and mass or
by using a noise barrier on the roads (e.g., a green-wall sound barrier). The effectiveness of applied
methods varies depending the frequency at which particles are removed and local meteorological
conditions. The reduction of resuspension dust can reach an efficiency of up to 90% [39–41].

In this work, we demonstrate that the isolation of particles that only results from road surface
abrasion from resuspension dust particles is particularly difficult. However, this step is necessary for
the proper quantification of non-exhaust emissions in a particular area.

2. Non-Exhaust PM Emissions and Their Relation to Air Pollution in the Vicinity of Roads
and Crossroads

Non-exhaust sources of PM include:

• Tires: PM from tire abrasions comprises among others, metals: Cd, Cu, Pb, Zn [33,42–44] and
organic compounds such as natural rubber copolymer, organotin compounds, and soot [9].

• Brakes: PM from brake-pad and brake-disc abrasion consists of metals: Zn, Cu, Ti, Fe, Cu,
Pb [33,45–51] and other specific compounds such as sulfate silicate, barium sulfate, carbon fibers,
and graphite [9,52,53].

• The car body: some particles from the vehicle’s consumable parts are released into the air; they
may contain small amounts of metal like Zn and Fe [35].

• The road surface: PM from road-surface erosion containing characteristic compounds such as
bitumen, cement, and resins [33].

• Paints: the composition of the paint intended for road-surface painting suggests that PM from
this source may contain Pb and Ti [54].

It is clear that the level of PM air pollution resulting from non-exhaust sources at roads is
dependent on traffic, speed as well as the shape and system of the road interchanges.

Released particles are permanently mixed coming from combustion, industry, exhaust emissions
and soil [9,55–59]. PM from anthropogenic sources include particles from so-called municipal emissions
(mainly soot, organic matter, and inorganic salts resulting from the combustion of coal and biomass
in domestic furnaces, local coal-fired boiler plants, or heat plants [20,60–62]) and from industrial
emissions (mainly fine particles enriched in heavy metals or persistent organic pollutants [63–68]).
In addition, particles of salt, sand (coarse PM), or a mixture of both are released into the urban
atmosphere, especially during the winter season [9,25,35,40,69]. In built-up areas, e.g., city centers,
compact residential and service buildings close to traffic arteries significantly reduce air-mass
exchange; this results in the accumulation of PM in the ground atmosphere layer [11,12,19,55,56].
The non-exhaust-based particles and particles from other sources creates complex chemical PM
mixtures near traffic sites [11–13,21,33,35].

PM-bound elements, including some toxic metals, are subjected to similar phenomena. The ambient
concentration of PM-bound elements in the areas affected by road-traffic emissions also depends on
the traffic intensity, the vehicle-fleet characteristics car type and speed, the type of road surface,
the road-cleaning intensity, and the concentration of PM components in the so-called urban
background [70–73]. Given that, it is easy to imagine the difficulty in quantitatively dividing PM-bound
elements, located in urban sites that are influenced by traffic emissions, into specific source groups.
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Meanwhile, it is extremely important to clearly distribute these element mixtures as such
a distribution constitutes the first and most important step in programs and scenarios that aim to
reduce PM concentrations in areas characterized by high ambient concentrations of PM. The physical
removal of elements from road and street surfaces via washing and sweeping does not sufficiently
limit human exposure to PM resulting from traffic emission [55]. The complex process of overlapping
the so-called urban background onto road traffic pollutants, along with the associated physical changes
and chemical reactions, lead to the conclusion that PM close to roads may be much more toxic or may
have a higher carcinogenic potential than PM outside such areas [11,12,20,70,74–77].

Using data derived from several European cities, Querol et al. [78] estimated that PM emissions
from road traffic was roughly distributed between exhaust and non-exhaust emission sources. Similarly,
in Berlin, Lenschow et al. [79] showed that in areas where air quality is determined by road traffic
emissions (on urban roads) half of the PM10 mass comes from non-exhaust sources. Studies conducted
in Poland in the last decade clearly showed that PM emissions from non-exhaust sources are
significantly more present than PM from exhaust emissions at roads and crossroads [11–13,37].
This contribution was apparent even during smog episodes, when emissions from the combustion of
fossil fuels in domestic furnaces determined the air quality in the city of Zabrze [19].

In this respect, the contribution of PM emissions from non-exhaust sources is large, certainly
much larger than was previously thought. Nevertheless, we still lack detailed information [75,80–83].
Data and rationales are missing for the reliable subdivision of PM emissions into those from
exhaust vs. those from non-exhaust sources, for the separation of road-traffic related PM from PM
related to other sources [20,62], and, above all, for the segmentation of PM generally derived from
non-exhaust sources into specific source groups (tire abrasion, brakes, road surface, etc.).

The simplest way of subdividing road-traffic related PM (though this does not apply to PM-bound
elements) into specific sources is to assign a particular PM size, or rather particles belonging
to a corresponding size range (i.e., size fractions), to specific sources; these compartments are
characterized by so-called lower and upper limit cut-off diameters [84–86]. Many research papers
are devoted to investigating the fractional composition of particles related to specific road-traffic
sources. In general we can say that non-exhaust emissions mainly include coarse PM, while PM
from exhaust emissions consists of fine particles belonging to PM2.5 [34,87–89]. If we consider size
when examining the distribution of PM particles in non-exhaust emission sources, particles of worn
road surfaces usually belong to the coarse PM, while particles from the tires and brake discs are
both coarse and fine [90]. In northern European countries, where various methods are used during
winter to prevent icing on roads, and winter tires and snow chains are commonly used, PM2.5–10

accounts for up to 90% of PM in atmospheric air [73,91]. However, brake discs were selected to be
examined, as their usage is the most detailed, in terms of the amounts of emitted particles (emission
factors) and their properties [9,33,55,80,87,92,93]. The identification and quantification of PM from
other non-exhaust sources are much more difficult. The list of published papers describing the PM
emission factors and properties of PM emitted by these sources is therefore much shorter. For example,
it was shown that particles with a diameter ranging from several hundred nanometers to several
tens of micrometers are produced during the brake-lining and disc-abrasion processes [33]. On the
other hand, there are scientific reports showing that non-exhaust emissions (including brake wear)
also produce nanoparticles [23–25]. The size of emitted particles depends primarily on the physical
properties, shape and structure, and the chemical composition of the abrasive/erosion material, on the
nature, value, and complexity of the forces acting on the material, and on the temporal and spatial
variability of these parameters [94]. It should be clearly stated that the above-mentioned assignment
of specific PM emission sources to appropriate size ranges is contractual and far from sufficient for
separating PM into specific emission sources.

Rather than using particle-size distribution, a far more reliable way of achieving this separation
involves examining the chemical composition (relatively elemental composition) of PM particles and
comparing it with the chemical compositions of particles directly emitted by each of the individual
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emission sources [52,95–97]. These were widely described as so-called elemental PM profiles from
both exhaust and non-exhaust emissions. Prior to the introduction of a law prohibiting the use of
leaded petrol, Pb was a PM marker related to the combustion of gasoline in engines [98]. PM markers
from working catalytic converters are metals from the platinum group such as Rh and Pt [99–101]. Zn,
Cu, and Ti in urban air are often related to brake-pad erosion [33,47]; particles from brake-disc wear
are typically characterized by Fe, Cu, Pb, and Zn [33,45,46,48–51]. To identify PM from tire abrasion,
Cd, Cu, Pb, and Zn may be monitored, among others [33,42]. Occasionally, metals such as Fe and Zn
are also linked to the corrosion of car-body parts [35].

The most difficult data to find involves the elemental composition of PM arising from the abrasion
of road surfaces. The root of the problem lies in the nomenclature given to the material emitted directly
by the worn road surface and to the material laid on road and then resuspended. Often, the same
particles are attributed to several sources [20,33,62,102].

Fauser (1999) identified asphaltenes and maltenes as potential tracers for road-surface wear [103].
Kupiainen et al. (2003) used the presence of hornblende as a tracer for PM derived from road-surface
wear [44]. However, this was in a controlled laboratory test, where the road-surface material constituted
the only possible source of this mineral. Polycyclic aromatic hydrocarbons (PAHs) have been identified
in bitumen samples, although the concentrations of individual PAHs are very low due to their removal
during the distillation process [104]. The lack of a PAH compound unique to bitumen makes such
compounds unusable as marker species for road-surface wear [105]. A number of metals have been
detected in road bitumen samples including V, Ni, Fe, Mg, and Ca [48,106]. However, a comparison of
concentrations in road bitumen with raw bitumen samples revealed much higher concentrations of
these metals in the former, indicating that the road-surface material had incorporated these elements
from other sources [48]. In conclusion, it may prove very difficult to identify suitable tracer species for
road-surface wear [33].

It seems that we lack reliable information on the PM or dust emitted by different road surfaces’
erosion processes, and this constitutes a significant gap in the current state of knowledge of non-exhaust
sources of road traffic emissions. Such information should include: (i) the fractional composition data
(ii) the chemical or elemental composition of the PM /dust particles emitted during the erosion of
different road surfaces.

3. Types of Road Surfaces and Their Importance in the Non-Exhaust Emissions of PM

Road pavements can be classified by their construction, deformability, load-bearing capacity, and
material types used for the driving layer. Due to the surfaces’ deformability, they can be divided
as follows:

• susceptible: surfaces with a structure that deforms plastically under the influence of loads (sett,
gravel, and bitumen surfaces located on susceptible substrates).

• semi-rigid: asphalt surfaces with a foundation made of concrete, lean concrete, aggregates, or
stabilized soils.

• rigid: surfaces with a structure that deforms elastically under a load (cement concrete surfaces) [107–109].

The surface’s wearing course can be made of the following mineral-asphalt mixtures:

• asphalt concrete (AC), stone mastic asphalt (SMA), mastic asphalt (MA), very thin-layered asphalt
concrete (BBTM), and porous asphalt (PA) [110].

A topcoat made of cement concrete can be made in the form of roofed, doweled and anchored,
or reinforced plates [111].

Even without any measurements and tests, it is generally recognized that vehicles moving on
unpaved roads will generate a significantly greater amount of PM than paved or hardened roads.
In particular, the generation of high levels of dust is linked to ground and gravel made of crushed
debris and slag roads. In comparison to paved roads (stone-paved, concrete, or asphalt roads), the top
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layers of unpaved roads (especially particles with a small diameter) move, as a result of the friction
of the wheels on the surface. Loose surface grains move under the mechanical stress of the wheels.
The free material is lifted under the effect of the vacuum that is generated by the tire surface breaking
off from the road surface. Equally, dust is raised from the road surface onto the wheel tread [35,112,113].
However, concerning the impact on air quality unpaved roads are less interesting than paved roads.
First of all, the chemical composition of the PM or dust particles emitted by unpaved roads is well
known, and it is equal to the composition of soil in the case of forests for example, or to gravel and sand
in the case of gravel roads for example [114]. Consequently, in terms of chemical properties, the PM or
dust emitted during the erosion of such roads is almost identical, in a given area, with soil particles or
the top soil layer [33]. The content in such particles may depend only on the degree of contamination
of the soil or sand. Therefore, it basically depends on the road localization [115]. Road dust and
roadside soil often contain metals, including Pb, Cu, Cd, and Zn, indicative of contamination by
road traffic emissions. Through the calculation of crustal enrichment factors (CEFs), the presence
of contaminants in road dust and roadside soil provides a means by which particles arising from
anthropogenic sources can be separated from natural or crustal sources [11,12]. However, comparing
the contribution of road-surface wear to that of resuspended road dust will require the development
of an alternative approach [33]. Additionally, unpaved roads are usually located outside urban centers,
in less-populated areas such as villages, small municipalities, and around small housing estates
(access roads). They are therefore of little importance when compared to the state of air quality in city
centers, where PM concentrations matter to authorities and sanitary services. Furthermore, it seems
that the impact of unpaved-road emissions on the quality of atmospheric air is difficult and, almost
impossible to estimate due to the high variability in time [116].

This is not the case for paved roads. First of all, they are built from mixes that are produced
through strictly-defined processes. Their composition must therefore differ from the composition of
natural components such as soil or sand. In addition, they are made of road surfaces where vehicles
are able to move at high speeds, and varied with types ranging from compact passenger cars to
several-ton trucks on highways. It seems, therefore, that the size of PM or dust particles generated
during erosion may fit within a wide range Their composition determined by the structure of building
material’s original mixture may also vary depending on the place (road age, renovations, degree of
wear, etc.) [116,117].

Most paved road surfaces have the same base: a mixture of aggregates such as bitumen or cement
with different grain sizes, and modifiers such as fillers and binders [35]. The choice and proportions
of the ingredients dictate the exact differences in chemical composition of mixtures made for the
production of road surfaces [118]. Road surfaces can be widely classified as being made of either
concrete or asphalt. Asphalt consists mainly (~95% of the mass) of mineral aggregates and various
geological materials [93]. Its remaining content is mostly bituminous binder, modified by the addition
of fillers and adhesives [106]. The bitumen contains many thousands of high-molecular-weight organic
compounds (about 500–50,000 u), most of which are aliphatic and aromatic hydrocarbons [33].

As a result of increasing requirements of road surfaces’ strength parameters, the continuous
growth in their heavy traffic load, and the fact that extreme weather conditions occur at various
latitudes, diverse types of modifiers are introduced into the bitumen-bonding compound or asphalt
mix. This aims to improve both the properties of the road surface and the bond between the binder and
mineral components. Adhesives are joined to aggregates using fillers and reinforcing fibers such as
glass, fly ash, and shredded used tires [33,119]. This solution is increasingly prevalent due to problems
related to the utilization of tires. Polymers, epoxy resins, and low-carbon steel are used as modifiers,
while sulfur is used to increase the rigidity of the binder [33].

Concrete pavements are made of mineral aggregates, sand, and cement [35]. The literature
provides little information on the chemical composition of concretes that are used to produce roads and
on the dust emitted by such surfaces. This is related to the fact that there are many ways of choosing
the composition and proportion of materials used to make a concrete mix. As a consequence there is
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no universal molecular formula for the concrete mix and therefore for particles emitted during the
erosion of such road surfaces [33].

When concrete pavements are made, many different additives affect the strength of the material
when they are introduced into the mix. Due to the fact that the structures are designed for a maximum
period of 30 years, old concrete surfaces are significantly damaged and therefore not always adapted
to heavy traffic and vehicle loads. This may result in emissions of PM and dust into the atmosphere,
not only from the base-surface components released during the vehicle’s movement but also from the
processes and materials used for the surfaces’ temporary repairs [120].

In order to promote the use of cement and concrete in the transport infrastructure, the non-profit
European Concrete Paving Association (EUPAVE) was established in 2007. Their mission is to advocate
and enable the wider use of cement and concrete applications in European transport infrastructures.
They are involved in engagement with EU, national, and local decision makers, disseminating technical
know-how, and presenting the benefits of using this material. According to EUPAVE, the use of cement
and concrete in road-building implements a circular economy. Considering the hierarchy of waste
management, in accordance with the European Commission’s recommendations (prevention, reuse,
recycling, recovery, and utilization), it seems obvious that construction using concrete, adheres to these
principles. Concrete pavements have always been valued for their durability and low-maintenance
costs, which are simple ways of obtaining ecological benefits [120].

Surface type also determines the wear of vehicles that move on it [35] The volume of dust
emissions from used car tires in Britain in 1996 was 5.3 × 107 kg, while in Japan it was 2.1 × 108 kg in
2001. Within a year, Germany’s emissions range between 55 and 657 kg·km−1, depending on the type
of road [121]. The asphalt surface causes less tire abrasion than concrete surfaces. In Arizona (in the
United States), PM emissions are 1.4 to 2 times lower for asphalt roads than for concrete roads [9,122].
However, it is important to note what type of tires are used. Numerous studies have shown that winter
tires generate much more dust, and this is mainly due to greater friction on the ground compared to
their summer equivalents [9,35,123–126]. Furthermore, the use of metal constructions on tires, in the
form of pins or chains, influences an increase in the level of road-surface abrasion [9,44,127]. In Sweden,
studded tires are approved for use from October to April. The emission factor for PM10 from tire
abrasion close to roads and junctions is clearly higher during this period than in other months [127].

Finally, the emission of particulate matter by road-surface abrasion is difficult to isolate in PM and
dust tests in the field, and such test, which aim to define its characteristics, are therefore performed
under controlled laboratory conditions [36,44,125,128,129]. In many countries, practically no road with
a wearing course of cement-based concrete existed until the second half of the 20th century. When this
technology was reintroduced in the mid-1990s, there were many new modifications in the production
of concrete. For example, some special additives, when introduced into the mix (e.g., silica), affect the
surface strength. Because the surfaces are designed to last for about 30 years, there is now a noticeable
increase in damaged old concrete surfaces, which are not always adapted to today’s increase in traffic
and vehicle loads. This can cause significant emissions of PM or dust into the atmosphere from both
base-surface elements released during vehicle movement and materials used for the emergency repair
of these surfaces [119].

4. Conclusions

Current research shows that direct road-surface abrasion is of minor importance when the road is
undamaged and that emissions of PM from direct road-surface abrasion are then significantly lower than
emissions from other sources of road dust like abrasion of car body, brakes or tires [36,44,125,128–130].
Nevertheless, data on this subject is clearly lacking. This scarcity concerns both the availability of data
on PM/dust emissions from road-surface abrasion in various places, and studies on PM/dust emission
factors and related elements from different types of road surfaces as current research were restricted to
asphalt surface only. The return to the technology of road construction and renovation with concrete
in recent years is more challenging in terms of PM mass, composition and size ranges emitted from
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abrasion roads in non-exhaust emission sources than results from current studies. The amounts of PM
(emission factors) created during abrasion of concrete surfaces for different types of vehicles are not
known, what is more, a chemical composition of particles released during this process is also unknown.
The constant concrete upgrades aimed at their mechanical improvement can lead to the presence of
dangerous elements in the environment. The increasing production of silica, used in concrete mixtures,
could be a good example. Thus, more extensive research to establish emission factors and chemical
composition of PM emitted from currently used road pavements are necessary. Such studies should
be conducted under laboratory, controlled conditions for defining emission factors and chemical
composition of PM (depending on vehicle type, speed, environmental conditions). On the other
hand, analyzing the impact of abrasion emission reflecting realistic conditions is also very important.
Defining how such emissions quantitatively and qualitatively change the character of PM near roads is
crucial as it allows researchers also to assess PM parameters determining the power and scale of its
influence in the environment. Gathering such information will allow for the revision of forecasts and
scripts of PM impact on the environment and human health.
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121. Yongming, H.; Peixuan, D.; Junji, C.; Posmentier, E.S. Multivariate analysis of heavy metal contamination in

urban dusts of Xi’an, Central China. Sci. Total Environ. 2006, 355, 176–186. [CrossRef] [PubMed]
122. Allen, J.O.; Alexandrova, O.; Kaloush, K.E. Tire Wear Emissions for Asphalt Rubber and Portland Cement Concrete

Pavement Surfaces; Report Submitted to Arizona Department of Transportation; Arizona State University:
Tempe, AZ, USA, 2006.

123. Gustafsson, M.; Blomqvist, G.; Gudmundsson, A.; Dahl, A.; Swietlicki, E.; Bohgard, M.; Lindbom, J.;
Ljungman, A. Properties and toxicological effects of particles from the interaction between tyres, road
pavement and winter traction material. Sci. Total Environ. 2008, 393, 226–240. [CrossRef] [PubMed]

138



Environments 2018, 5, 9

124. Hussein, T.; Johansson, C.; Karlsson, H.; Hansson, H.C. Factors affecting non-tailpipe aerosol particle
emissions from paved roads: On-road measurements in Stockholm, Sweden. Atmos. Environ. 2008, 42,
688–702. [CrossRef]

125. Kupiainen, K.J.; Tervahattu, H.; Räisänen, M.; Mäkelä, T.; Aurela, M.; Hillamo, R. Size and Composition of
Airborne Particles from Pavement Wear, Tires, and Traction Sanding. Environ. Sci. Technol. 2005, 39, 699–706.
[CrossRef] [PubMed]

126. Schaap, M.; Manders, A.M.M.; Hendriks, E.C.J.; Cnossen, J.M.; Segers, A.J.S.; Denier van der Gon, H.A.C.;
Jozwicka, M.; Sauter, F.; Velders, G.; Matthijsen, J.; et al. Regional Modelling of PM10 over the Netherlands; Technical
Report 500099008; Netherlands Environmental Assessment Agency, (PBL): Bilthoven, The Netherlands, 2009.

127. Sjodin, A.; Ferm, M.; Bjork, A.; Rahmberg, M.; Gudmundsson, A.; Swietlickli, E.; Johansson, C.; Gustafsson, M.;
Blomqvist, G. Wear Particles from Road Traffic: A Field, Laboratory and Modelling Study; IVL Report B1830;
IVL: Göteborg, Sweden, 2010.

128. Ferm, M.; Sjöberg, K. Concentrations and emission factors for PM2.5 and PM10 from road traffic in Sweden.
Atmos. Environ. 2015, 119, 211–219. [CrossRef]

129. Gustafsson, M.; Blomqvist, G.; Gudmundsson, A.; Dahl, A.; Jonsson, P.; Swietlicki, E. Factors influencing
PM10 emissions from road pavement wear. Atmos. Environ. 2009, 43, 4699–4702. [CrossRef]

130. Gehrig, R.; Zeyer, K.; Bukowiecki, N.; Lienemann, P.; Poulikakos, L.D.; Furger, M.; Buchmann, B. Mobile load
simulators—A tool to distinguish between the emissions due to abrasion and resuspension of PM10 from
road surfaces. Atmos. Environ. 2010, 44, 4937–4943. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

139



environments 

Article

Pervious Concrete as an Environmental Solution for
Pavements: Focus on Key Properties
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Abstract: Pervious concrete is considered to be an advanced pavement material in terms of the
environmental benefits arising from its basic feature—high water-permeability. This paper presents
the results of experimental work that is aimed at testing technically important properties of pervious
concrete prepared with three different water-to-cement ratios. The following properties of pervious
concrete were tested—compressive and splitting tensile strength, unit weight at dry conditions, void
content, and permeability. The mix proportions were expected to have the same volume of cement
paste, and, to obtain the same 20% void content for all of the samples. The results show that changes
of water-to-cement ratio from 0.35 to 0.25 caused only slight differences in strength characteristics.
Arising tendency was found in the case of compressive strength and a decreasing tendency in the
case of splitting tensile strength. The hydraulic conductivity ranged from 10.2 mm/s to 7.5 mm/s.
The values of both the unit weight and void content were also analysed to compare the theoretical
(calculated) values and real experiment results. A fairly good agreement was reached in the case of
mixtures with 0.35 and 0.30 water-to-cement ratios, while minor differences were found in the case of
0.25 ratio. Finally, a very tight correlation was found between void content, hydraulic conductivity,
and compressive strength.

Keywords: pervious concrete; water to cement ratio; strength; hydraulic conductivity; void content

1. Introduction

People change the natural environment when they build buildings and roads. One of the most
notable changes is connected with the construction of impervious areas in places that were originally
permeable. Impervious areas prevent water from infiltrating the soil underneath. Examples of
impervious areas include rooftops, parking lots, and roadways.

The environment is adversely affected by the integration of impermeable areas into the
surface—this fact causes disruption of the natural water cycle. It consequently causes the blocking
of the natural process of water infiltration through the soil—thus, in the case of storm events and
snowmelts, the water runoff from the impervious surfaces are very fast. There are three main aspects
of this runoff, as given in [1]: “(1) a decrease in groundwater recharge due to lack of infiltration,
(2) alteration in the natural flow patterns of a drainage basin, and (3) transportation of contaminants,
deposited on impervious surfaces, to receiving water bodies”. This is the way how the interruption of
both surface and subsurface water quantity and quality is affected [1].

With development of new urban areas, there is a great challenge in finding new ways to manage
storm-water runoff. Among others, porous pavements are presented as an alternative method for
storm-water control. Types of porous pavements include porous asphalt, pervious cement concrete,
concrete paving-blocks, gravel paving systems, and grass paving systems, among others. According
to [2], the way how the pervious pavements work lies in reduction of runoff volume by allowing for
water to pass through them, be stored, and subsequently be released into the ground.
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Focusing on the pervious concrete, it can be described as a material consisting of open-graded
coarse aggregate, Portland cement, water, and admixtures. The basic arrangement of composition
contains mainly characterization of the aggregate: size of approximately 8 mm; sand is neglected to
leave the space between grains empty. A representative pervious concrete has 15% to 25% of void
space [2,3].

The consistency of pervious concrete mixtures is characterized by little to no slump [4]. This
inherent property is due to the low cement-paste content, allowing the creation of only a thin film
coating the aggregate [5]. High-viscosity paste is needed to coat the aggregates, while resisting the
drain-down of the paste. The mitigation of drain-down is pertinent for the matrix porosity to be
maintained across the width of the concrete section. The structure relies on the stone-to-stone contact
achieved through compaction, which allows for the cement-paste-coated aggregates to bond with
one another. To achieve the proper void structure, it is recommended to use the appropriate cement
paste, which should possess a low water-to-cement (w/c) ratio of about 0.20 to 0.25, in addition to
superplasticizer and adequate mixing [6]. The experiment given in [7] shows a decrease in compressive
strength with a decrease in w/c ratio, which is unlike the conventional dense-concrete behaviour.
Another experiment shows a w/c ratio that ranges from 0.2 to 0.4. They report that pervious concrete
mixtures with w/c ratios under 0.3 require water-reducing admixtures while those with w/c above 0.3
can be mixed without plasticizer [5,7]. In general, w/c in the range of 0.27–0.34 can be assumed as the
most common and wide range applicable for pervious concrete mixtures [3].

Another options of pervious concrete involve the improvement of water quality in ground-water
recharge [8]. Due to the storm-water runoff infiltration into the ground, the sediment is filtered
and contaminants do not pass into the groundwater. Similarly, due to water infiltration through the
concrete layer, pervious concrete parking lots can serve as recharge basins. Other benefits of pervious
concrete are following: better road safety because of increased skid resistance, road sound dampening,
and a reduction of the “heat island” effect [2,9,10].

This article presents a study that has been conducted to confirm the applicability of the w/c ratio in
the range of 0.35–0.25 for locally available concrete components. The influence of w/c ratio on the key
properties of pervious concrete was evaluated in terms of the following properties: compressive
and splitting tensile strength, unit weight, void content, and hydraulic conductivity. The void
content was assumed as constant, and, together with unit weight, was controlled for comparing
the theoretical (calculated) values and real experiment results. The results were also analysed in terms
of the dependence of the key properties. The specifications of correlation are given as well.

2. Materials and Methods

The experiment focused on the utilization of locally available materials (Eastern Slovakia), as follows:

• cement CEM II/A-S 42.5 R complying [11], and
• natural aggregate (river gravel type, pebbles of limestone, quartz and various metamorphits)

complying [12].

To create an open structure of concrete, single-size coarse aggregate of fraction 4/8 was used.
To maintain the desirable performance of pervious concrete, 7% of sand was added to the aggregate
mixture. The properties of aggregate are given in Table 1. The sieve analysis of aggregate is given in Figure 1.

Table 1. Properties of aggregate used in experimental work.

Properties
Aggregate Fraction

0/4 4/8

Density (kg/m3) 2600 2580
Dry rodded unit weight (kg/m3) 1830 1580

Water absorption (%) 1.2 1.4
Void content (%) 30 39
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Figure 1. Sieve analysis of aggregate used in experiment.

The proportions of materials were calculated by the method given in [13]. Here, the void content
is one of the input parameters. In the experiment, three recipes of pervious concrete mixtures were
designed, where the void content was assumed as constant. The value was selected using the following
considerations: according to [14], void content for pervious concrete should be 18–23%; according
to [3], it should range between 15% and 25%. Assuming these boundaries, 20% void content was
chosen for the calculation of mix proportions; hence, the volume of the aggregate (0.575 m3) and the
volume of cement paste (0.225 m3) were constant for all of the mixtures. Mixtures differed from each
other only in terms of w/c ratio (0.35, 0.30, and 0.25) and of plasticizer dosage to control the workability.
Final proportions of mixtures for 1 m3 of fresh pervious concrete and the theoretical (calculated) unit
weight are given in Table 2.

Table 2. Proportions of pervious concrete mixtures per 1 m3.

Material Units
Mixture

W35 W30 W25

Cement

(kg/m3)

327 354 384
Water 115 106 96

Aggregate 0/4 96 96 96
Aggregate 4/8 1375 1375 1375

Plasticizer 0.3 1.4 4.2
w/c (–) 0.35 0.30 0.25

Calculated unit weight (kg/m3) 1913 1931 1951
Calculated void content (%) 20 20 20

Samples of pervious concrete were mixed in the forced-action concrete mixer. The first step was to
mix the aggregate for about 15 s. Then, cement was added and mixed for another 15 s. Finally, the water
with superplasticizer was added and mixed thoroughly for 2 min, by a 3-min rest, and followed by a
1-min final mixing. Cylindrical specimens of 100 mm in diameter and 200 mm in height were prepared
in three layers, through constant compacting (15 hits for each layer). This compaction process was
chosen to determine if it is appropriate to achieve a 20% void content. Samples were demoulded
after 24 h and were then cured under standard moisture and temperature conditions (water curing
and 20 ± 3 ◦C) until the corresponding testing time. The strength properties were tested after 2 and
28 days of curing. Pace rate during compressive strength test was set to 0.6 MPa/s and 0.06 MPa/s
for splitting tensile strength respectively. In addition, the compressive strength, as well as dry unit
weight, void content and hydraulic conductivity were tested after 120 days of curing. The void content,
together with unit weight were controlled by comparison of the theoretical (calculated) values and real
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experimental results. The results were also analysed by the dependence of individual properties and
the specification of correlation.

The unit weight of pervious concrete specimens was tested under oven-dry conditions. Samples
of pervious concrete were dried in the oven until they achieved a constant mass. That means the
difference between mass of specific sample after 24 h of drying is less than 0.1%. The void content of
pervious concrete specimens was tested and final values were calculated using following equation:

Vr =

[
1 − w2 − w1

ρwV

]
100

where:

Vr—void content (%)
w2—oven dried mass of sample (kg)
w1—mass of sample submerged in water (kg)
ρw—density of water (kg/m3)
V—volume of sample (m3)

The hydraulic conductivity of pervious concrete specimens was tested using the falling-head
permeability test. For this purpose, our own apparatus was constructed, as illustrated in Figure 2.
The initial water level in the stand-pipe was 350 mm and the final water level was 50 mm. The time
needed for water level to fall from 350 mm to 50 mm was recorded. Values of hydraulic conductivity
were calculated and were expressed using the following equation:

k =
aL
At

ln
h0

h1

where:

k—hydraulic conductivity (mm/s)
a—cross section area of stand pipe (mm2)
L—length of specimen (mm)
A—cross section area of specimen (mm2)
t—elapsed time (s)
h0—water head height at the beginning of the test (mm)
ht—water head height at the end of the test (mm)

Initial water level in stand pipe was 350 mm and final water level was 50 mm. Time needed to fall
water level from 350 mm to 50 mm was recorded.

Figure 2. The apparatus and arrangement for testing the hydraulic conductivity of pervious concrete sample.
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3. Results and Discussion

In this chapter, the results in terms of compressive strength, splitting tensile strength, unit weight,
void content, and hydraulic conductivity are given. The appropriate discussion is attached to the
results where unexpected behaviour was observed. All of the results are given as an average of four
samples, while the standard deviation is given in the parentheses. The relationships between the key
features of pervious concrete are given in the end of this chapter.

During the mixing, the workability of fresh mixture was visually controlled. Mixture W35
(w/c = 0.35) showed a slightly runny character immediately after mixing; however, after a few minutes,
the excessive water was soaked by the aggregate. On the other hand, mixture W25 (w/c = 0.25) showed
a very stiff nature and despite the higher dosage of plasticizer (lignosulphonate base), it was difficult
to process it.

3.1. Compressive and Splitting Tensile Strength

The compressive and splitting tensile strength of concrete samples were tested. Compressive
strength was tested after 2, 28, and 120 days of curing, while the splitting tensile strength was tested
after 2 and 28 days of curing (Table 3).

Table 3. Results of compressive (fc) and splitting tensile strength (ft) including standard deviation.

Sample
fc after 2 Days

(MPa)
ft after 2 Days

fc after 28 Days
(MPa)

ft after 28 Days
fc after 120 Days

(MPa)

W35 9.5 (0.9) 1.3 (0.10) 14.5 (0.3) 2.0 (0.21) 20.0 (4.3)
W30 9.0 (0.6) 1.5 (0.21) 16.0 (1.2) 1.7 (0.53) 19.0 (1.9)
W25 10.5 (1.7) 1.4 (0.23) 17.5 (2.8) 1.6 (0.26) 19.5 (3.7)

The highest compressive strength after two days of curing was achieved by the W25 mixture
(10.5 MPa). The highest compressive strength after 28 days of curing was also achieved by the W25
mixture (17.5 MPa). After 120 days of curing, the highest compressive strength was achieved by the
W35 mixture (20.0 MPa). The differences between the compressive strength values of mixtures are
very slight and can probably be interpreted as negligible from the point of view of w/c ratio range.

The highest splitting tensile strength after two days of curing was achieved by the W30 mixture
(1.5 MPa). The highest splitting tensile strength after 28 days of curing was achieved by the W35
mixture (2.0 MPa). Since this mixture has the highest w/c (0.35), it probably can be explained by better
workability, and thus better bond between the aggregate and the cement paste. In the case of the W30
and W25 mixtures, stiffer cement paste showed a weaker adhesion to aggregate grains, which resulted
in lower splitting tensile strength. Similar behaviour is observed and discussed in [15,16]. However,
due to the very slight difference in splitting tensile strength between mixtures (difference was smaller
than measurement accuracy), it can be assumed that the present variation in the w/c ratio does not
have a significant influence on the splitting tensile strength. Testing the splitting tensile strength
enables the study of the nature of failure, since it is clearly visible. The failure crack came through most
of the aggregate grains; this indicates the good performance of cement stone. Therefore, the strength
of the aggregate seems to be a limiting factor here, and further increasing of the cement-paste strength
by lowering the w/c ratio would not necessarily lead to a better strength of concrete, as also shown
in [16].

3.2. Density and Void Content

The results of unit weight at dry conditions and void content are given in Table 4. Since these
properties directly affect the permeability, it is first evaluated whether they meet the theoretical values.
Mixtures W35 and W30 are close to the calculated unit weight (given in Table 2), while mixture W25
achieved slightly lower unit weight than expected. According to the calculations and theoretical

144



Environments 2018, 5, 11

assumptions, the unit weight should increase as the w/c ratio decreases. This behaviour is not
observed in our experiment. It can be explained by application of the same way of compaction for all
of the samples, while the stiffer W30 and W25 mixtures require more compaction effort to reach the
target unit weight. The void content of mixtures did not exactly achieve the calculated values (20%);
the values were higher—23% for mixtures W35 and W30 and 26% for the W25 mixture. The void
content theoretically should not change with w/c ratio variations because it comes from the mixture
design method, and because all the mixtures had the same volume of cement paste and aggregate.
The same explanation of different behaviour than expected can be stated here as above. However,
it only describes consistency between theoretical calculation and real experiment results. What is more
important is that the values of void content are practically the same, as expected.

Table 4. Results of unit weight, void content, and hydraulic conductivity, including standard deviation.

Sample ρv (Dry) (kg/m3) Vr (%) k (mm/s)

W35 1930 (56) 23 (3.9) 8.6 (6.3)
W30 1930 (36) 23 (1.8) 7.5 (1.2)
W25 1890 (42) 26 (2.6) 10.2 (2.1)

3.3. Hydraulic Conductivity

The hydraulic conductivity is the basic parameter to define the permeability of pervious concrete.
The results of hydraulic conductivity are given in Table 4. Values are comparable with those
presented in studies like [17,18]. The highest hydraulic conductivity was achieved by the W25 mixture
(10.2 mm/s). As in the case of void content, the hydraulic conductivity should be the same for all
of the mixtures and should not vary with changes in w/c ratio, since it is mainly the function of
interconnected void content, which has been assumed in the calculation at 20% for all of the mixtures.
In practice, the results of hydraulic conductivity in the experiment on average corresponds with those
of void content given in Table 4—higher is the void content, higher is the hydraulic conductivity.
Similarly, it is presented in [17] that the mixture with the highest hydraulic conductivity supports
the conclusion that the low w/c ratio would have led to decreased workability and lower density.
This lower density results in a greater amount of pore space available for water to pass through, thus
increase the hydraulic conductivity.

A wide range of hydraulic conductivity results was achieved with the W35 mixture (2.4–15 mm/s),
which is represented by high standard deviation. This is probably a consequence of higher w/c ratio
(0.35)—it makes the cement paste too runny and affects the void structure, and thus also the hydraulic
conductivity in an inappropriate way (the cement paste settles down and closes the open void structure).
It could be hard to repeat the same results with the same mixture.

3.4. Interactions between Pervious Concrete Properties

The dependence between void content, hydraulic conductivity, and compressive strength is
illustrated in the Figure 3, while the exponential regression model was applied. The experiment shows
very tight dependence between void content and hydraulic conductivity (R2 = 0.73), as well as between
void content and compressive strength (R2 = 0.72).

The dependence between unit weight, compressive strength, and void content is illustrated in the
Figure 4, while the linear regression model was applied. The experiment shows very tight dependence
between unit weight and compressive strength (R2 = 0.74), as well as between unit weight and void
content (R2 = 0.94).
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Figure 3. Interaction between hydraulic conductivity, void content, and the compressive strength of
pervious concrete samples.

Figure 4. Interaction between compressive strength, unit weight and void content of pervious
concrete samples.

4. Conclusions

The experiment shows results pertaining to the key properties of pervious concrete made of
locally available materials. As such, the test results could be useful for others working in the
same area. The influence of w/c ratio in the range 0.35 to 0.25 on pervious concrete properties
was tested. The findings should be weighted from the point of view of specific approach to design
of mix proportions that were used in this experiment—the constant volume of the aggregate and the
cement paste for all tested mixtures. Changes in the w/c ratio were made not only by changing the
amount of water to the same amount of cement, but the amount of cement was corrected accordingly
to keep the same volume of cement paste. The following conclusions can be formulated:

• Decrease in w/c ratio caused the fresh pervious concrete to be stiffer, and thus more difficult to
process—despite the use of higher volume of plasticizer. This probably resulted in unexpectedly
lower unit weight, higher void content, and higher hydraulic conductivity of the W25 mixture.
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• The tested range of w/c ratio caused only very slight differences in strength characteristics
of pervious concrete, though practically sufficient values were achieved: 14.5–17.5 MPa of
compressive strength and 1.6–2.0 MPa of splitting tensile strength.

• The strength of the aggregate seems to be a limiting factor in the further strengthening of pervious
concrete. This opinion is based on the crack formation that occurs at yield strength of samples.

• When applying 0.35–0.25 w/c ratio, hydraulic conductivity values ranging from 8.6 to 10.2 mm/s
were achieved.

• A good correlation was found for the key properties of pervious concrete, namely unit weight,
compressive strength, void content, and hydraulic conductivity. The regression analysis shows
high R2 values (0.72–0.94).

• Optimization of the kind and dose of chemical admixtures is necessary for the production of
pervious concrete with very low w/c ratio.

The results of strength characteristics found in the presented experiment are promising and
open up opportunities for future experimental work focusing on various locally available materials.
The achieved values of hydraulic conductivity can be usable in storm-water management of urban
areas when applying the pervious concrete for pavements, thus bringing environmental benefit to the
lives of people who reside in cities.
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wrote the paper; Alena Sičáková wrote the paper. Both authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brattebo, B.; Booth, D. Long-Term Stormwater Quantity and Quality Performance of Permeable Pavement
Systems. Water Res. 2003, 37, 4369–4376. [CrossRef]

2. Brown, D. Pervious Concrete Pavement: A Win-Win System. Concr. Technol. Today 2003, 24, 1–3.
3. Tennis, P.D.; Leming, M.L.; Akers, D.J. Pervious Concrete Pavements; Portland Cement Association: Skokie, IL,

USA, 2004.
4. Haselbach, L.; Freeman, R. Vertical Porosity Distribution in Pervious Concrete Pavement. ACI Mater. J. 2006,

103, 452–458.
5. Wang, K.; Schaefer, V.R.; Kevern, J.T.; Suleiman, M.T. Development of Mix Proportion for Functional and Durable

Pervious Concrete; NRMCA Concrete Technology Forum: Nashville, TN, USA, 2006.
6. Chindaprasirt, P.; Hatanaka, S.; Chareerat, T.; Mishima, N.; Yuasa, Y. Cement Paste Characteristics and

Porous Concrete Properties. Constr. Build. Mater. 2008, 22, 894–901. [CrossRef]
7. Joshi, T.; Dave, U. Evaluation of Strength, Permeability and Void Ratio of Pervious Concrete with Changing

w/c Ratio and Aggregate Size. Int. J. Civ. Eng. Technol. 2016, 7, 276–284.
8. Legret, M.; Colandini, V.; Le Marc, C. Effects of a Porous Pavement with Reservoir Structure on the Quality

of Runoff Water and Soil. Sci. Total Environ. 1996, 190, 335–340. [CrossRef]
9. Yang, J.; Jiang, G. Experimental Study on Properties of Pervious Concrete Pavement Materials.

Cem. Concr. Res. 2003, 33, 381–386. [CrossRef]
10. The United States Environmental Protection Agency (US EPA). Preliminary Data Summary of Urban Storm Water

Best Management Practices; The United States Environmental Protection Agency: Washington, DC, USA, 1999.
11. Slovak Office of Standards, Metrology and Testing. STN EN 197-1 Cement. Part 1: Composition, Specifications

and Conformity Criteria for Common Cements; Slovak Office of Standards, Metrology and Testing: Bratislava,
Slovakia, 2011.

12. Slovak Office of Standards, Metrology and Testing. STN EN 12620: Aggregates for Concrete; Slovak Office of
Standards, Metrology and Testing: Bratislava, Slovakia, 2008.

147



Environments 2018, 5, 11

13. Nguyen, D.H.; Sebaibi, N.; Boutouil, M.; Leleyter, L.; Baurd, F. A Modified Method for the Design of Pervious
Concrete Mix. Constr. Build. Mater. 2014, 73, 271–282. [CrossRef]

14. Slovak Office of Standards, Metrology and Testing. STN 73 6124-2: Road Construction. Part 2: Concrete
Drainage Layers; Slovak Office of Standards, Metrology and Testing: Bratislava, Slovakia, 2013.

15. Neamitha, M.; Supraja, T.M. Influence of Water Cement Ratio and the Size of Aggregate on The Properties
Of Pervious Concrete. Int. Ref. J. Eng. Sci. 2017, 6, 9–16.

16. Chopra, M.; Wanielista, J.; Mulligan, A.M. Compressive Strength of Pervious Concrete Pavements; Storm Water
Managenent Academy, University of Central Florida: Orlando, FL, USA, 2007.

17. McCain, G.N.; Dewoolkar, M.M. Porous Concrete Pavements: Mechanical and Hydraulic Properties.
Available online: http://www.uvm.edu/~transctr/publications/TRB_2010/10-2228.pdf (accessed on
29 November 2017).

18. Batezini, R.; Balbo, J.T. Study on the hydraulic conductivity by constant and falling head methods for
pervious concrete. Revista IBRACON de Estruturas e Materiais 2015, 8. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

148



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Environments Editorial Office
E-mail: environments@mdpi.com

www.mdpi.com/journal/environments





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03897-002-6


	Blank Page
	Environments Advances in Environmental Engineering.pdf
	Blank Page

	[Environments] Advances in Environmental Engineering.pdf
	Blank Page
	Environments Advances in Environmental Engineering.pdf
	Blank Page





