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Editor-In-Chief opening remarks 
 

Dear readers, 

It is a great honor to introduce you the new Special Issue: WATER FOR ALL number of the 
journal Environmental Engineering-Inženjerstvo okoliša published by Faculty of Geotechnical 
Engineering, University of Zagreb, Croatia. 

In this number the topic was water, with a Guest Editor prof. Mirna Habuda-Stanić, from the 
Department of Applied Chemistry and Ecology, Faculty of Food Technology Osijek, Josip Juraj 
Strossmayer University of Osijek, Croatia. 

Prof. Habuda-Stanić was the organizer of a very successful 8th International Conference 
WATER FOR ALL 2019 held in Osijek. The selection of the best papers from the conference 
seemed to be a logical step in supporting the Special Issue: WATER FOR ALL number. 

Prof. Habuda-Stanić has done a remarkable work and the new issue is in front of you - six 
accepted papers, including 4 original scientific, 1 preliminary report and 1 professional paper; 
and authors from 3 different countries. The papers covered different fields of water and water 
related issues; from vacuum sewer systems, case study of water status on the waste landfill, 
electrocoagulation of water, advanced oxidation treatments of wastewater, photocatalytic 
degradation of dyes and solid-phase extraction of residues from water. 

I am also proud to note that in cooperation with the National and University Library in 
Zagreb and the Crossref, a Digital Object Identifier (DOI) number has been assigned to the 
journal Environmental Engineering-Inženjerstvo okoliša. The DOI numbers will be assigned to 
all papers published in 2019 and ongoing. 

I hope this issue is a small step in promotion of importance of water and water related issues 
for a better future. 

At the end, I would like to give my gratitude to prof. Habuda-Stanić, all team members and 
to our sponsors. 

I hope you will enjoy it. 

With best regards, 

Assoc. Prof. Dr. Nikola Sakač 
Editor-in-Chief  
 

Unit for Chemical Sensors 
Department of Environmental Engineering 
Faculty of Geotechnical Engineering 
University of Zagreb 
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Guest Editor introduction 
 

Dear readers, 

Water covers 70 % of our beautiful and unique planet Earth. However, although present in 
such enormous amounts in our environment, and in our bodies, the clean water that we need in 
our everyday life during the past decades became incredibly rare. This increased the awareness 
how fragile and precious natural resource it is. 

In this sense, with greatest honour and happiness I accepted the invitation of Editor-in-Chief, 
prof. Sakač to be the Guest Editor of the Special Issue: WATER FOR ALL. 

As the main organizer of the very successful conference "8th International Conference 
WATER FOR ALL 2019" held in Osijek from 21st to 22nd March 2019, I decided to select the 
papers presented at this conference for the Special Issue, since the conference was supported 
by 359 authors from 10 countries and 112 paper. 

The International Conference WATER FOR ALL 2019 was held on the World Water Day 
with the aim of gathering and exchanging experiences of scientists and experts in the field of 
water management, environmental protection and preservation of water resources. The 
conference was organized by Josip Juraj Strossmayer University of Osijek, Faculty of Food 
Technology Osijek (my home institution) and a network of institutions, while our international 
partners in organization were International Federation of Environmental Health (IFEH), 
European Hygienic Engineering & Design Group (EHEDG) and Danube Parks. 

The 8th International Conference WATER FOR ALL 2019 was held under auspice of the 
President of the Republic of Croatia, Mrs. Kolinda Grabar Kitarović, while the scientific part 
of the Conference was under the auspices of the Croatian Academy of Arts and Sciences. 

At the conference we made an open student contest for “The best WATER PHOTO”. The 
selected student photo was used as a cover photo of this Special Issue. The author of the cover 
photo is Lucija Prebeg, a student of the Faculty of Agrobiotechnical Sciences Osijek.  

I hope that this Special Issue of the journal Environmental Engineering - Inženjerstvo okoliša 
will contribute to awareness of increasing global problem of water scarcity, as well to give 
small contributions in finding solutions for water preservation and water safety for generations 
yet to come. 

Kind regards, 

 

 
 

Assoc. Prof. Dr. Mirna Habuda-Stanić 
Guest Editor 
 
Department of Applied Chemistry and Ecology 
Faculty of Food Technology Osijek 
University of Osijek 
Croatia 
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MAINTENANCE ISSUES OF THE VACUUM SEWER SYSTEM  
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Abstract: A sewer system is an indispensable part of every settlement which contributes to the protection of the environment 
and people. There are many types of sewer systems. In addition to the standard sewer systems (mixed, separated, etc.), there 
are the alternative, non-standard systems, and one of them is a vacuum sewer system. In order for a sewer system to function 
correctly and to perform its tasks successfully, it needs to be maintained properly and regularly. Generally speaking, 
maintenance is considered to be a series of activities performed in order to achieve that constructed buildings allow an 
adequate use and functionality for the purpose they were designed for. Considering these systems are relatively new and still 
rarely used, there is no general practice or rules for use and maintenance of the same, and, most importantly, there is no user 
experience or people responsible for managing the work and maintenance. The paper will present the general characteristics 
and parts of vacuum sewer systems. Maintenance recommendations will be given, and maintenance costs specified making 
reference to the literature available to the authors. 
Keywords: sewer system, maintenance, costs, vacuum sewer system 
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Professional paper 
 
 
 

1. INTRODUCTION  
 
Proper functioning of the sewer system is very important. The sewer system carries wastewater away 

from family houses, buildings, factories, as well as streets, into the wastewater treatment plants, which is a 
prerequisite of indispensable public hygiene. Because of that reason, the maintenance of wastewater system 
and wastewater pipes is of great importance (Obradović 2017; Obradović 2018b; Obradović et al. 2019) and 
a serious attention should be given to the maintenance (Šperac et al. 2012). The sewer system consists of 
pipelines, conduits, pumping stations, force mains, and all other facilities used to collect wastewater from 
individual residential, industrial, and commercial sources and convey it to the treatment facilities (KCNRK 
2018) Generally, maintenance can be defined as the process of implementing the necessary activities to keep 
a building, all its parts, system or equipment to the specified operable condition and to preserve the value 
and purpose of buildings, systems and equipment (Obradović & Marenjak 2017). Urbanization is becoming 
more and more evident, and there is a growing need for sewer maintenance and its renovation, using as little 
work on the terrain surface as possible (Obradović 2018a). 

In the light of all the aforementioned considerations, the importance of a proper maintenance of the sewer 
system, as well as a more cost-effective utilization of money for design, maintenance, reconstruction and 
eventually the replacement of the sewer system and its components is clear. Moreover, not every type of 
terrain is suitable for any type of a sewer system. In order to try to solve some of the problems mentioned 
(and ultimately, each issue comes down to money), among other things, the invention of a vacuum sewer has 
been made as an alternative sewer system with a forced flow. The main reasons for the realization of such 
sewer systems were the requirements for a fully sealed sewer system, the rationalization of the quantity of 
the embedded material, the reduction of the work required during the sewer system construction and the 
efforts made to reduce the negative impacts on the environment during construction and exploitation (Šanta 
& Fabry 2016; Hrskanović 2016). In many countries, this system has been widely used (Elawwad 2015), 
even in our neighbouring countries, such as: Hungary, Slovenia, Romania, Serbia, Germany, etc. In the 
Republic of Croatia, the vacuum sewer system was built in Županja and in one part of the town of Sisak. 
Relatively very few towns in the Republic of Croatia have such a system and there is little existing 
knowledge about the system and the way it is operated and maintained. 

The sections of this article are structured as follows. Section 2 is intended to show brief history, 
technology of vacuum sewer system, advantages and disadvantages. Maintenance of vacuum sewer system 
and maintenance costs are given in Section 3. Section 4 gives brief discussion about dealt topic and provides 
some conclusions at the end of the paper.   
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2. VACUUM SEWER SYSTEM  
 
2.1. History of vacuum sewer system  
 
Concepts of vacuum sewer system appeared already by the end of the 19th century (Tang et al. 2013), when 

technological developments allowed engineers to construct devices to pump sewage (Miszta-Kruk 2016). It is 
not entirely clear who can be named the inventor of vacuum sewer system and exact year of invention. A Dutch 
engineer and former Captain in the US army Charles Thieme Liernur, invented pneumatic system in 1868 
(somewhere dated 1886) (Liernur 1892; Scott 1975; Petrešin & Nekrep 2008; Redivac Limited 2014; Gikas 
2017) where sewers were laid at uniform depth regardless of gradient and sewage was drawn through cast-iron 
pipes under half an atmosphere of vacuum (Read 2004). The Pneumatic System was first put in operation in 
1871 in two districts in Amsterdam (Scott 1975). As can be seen from Figure 1 Liernur’s system was used to 
collect sewage from domestic houses and consisted of an underground storage tank into which the effluent was 
received via iron pipes under gravity flow (Redivac Limited 2014). 

 

 
 

Figure 1. Vacuum sewer system in Amsterdam (Redivac Limited 2014; Schluff 2013) 
 
By other authors (Lemarquand 1887; Miszta-Kruk 2016; Shafiqul Islam 2017; Gikas 2017) the first vacuum 

wastewater collection system was patented in 1888 in the United States by Adrian LeMarquand.  And, at the end, 
by the third group of authors (Averill & Heinke 1974; Read 2004; WEF 2007; Schluff 2013; Miszta-Kruk 2016) 
the first vacuum sewer system was patented in Sweden by Joel Liljendahl and was originally called the 
Liljendahl Vacuum Sewage System. In fact, Liljendahl continued to develop the vacuum sewerage system and 
tested it in the residential district in the north of Stockholm. It was employed first in 1959. 

 
2.2. Technology of vacuum sewer system  
 
The term vacuum sewer system has been widely used for simplification reasons and marketing purposes. 

Technically “vacuum” is not the correct term (for using in name “vacuum sewer system”) since a vacuum is a 
void space free of any matter. Vacuum sewer system operates under negative pressure compared to the 
atmospheric pressure (Mohr 2016). However, because the term “vacuum sewer” is already established and 
common it will be used in this paper. The fundamental principle of the vacuum sewer system is the transport of 
wastewater by air pressure rather than by the gravity - induced flow of water. Vacuum sewer systems have two 
distinct advantages over conventional gravity systems: the vacuum system can function using much less water 
than gravity systems, and wastewater transport is not restricted to following hydraulic grade lines (Averill & 
Heinke 1974).  

Although there are several types and methods of its construction, each of these vacuum sewer systems 
operates on the same principle. Figure 2 shows the typical layout of a vacuum sewer system. 
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Figure 2. Overview of a typical vacuum sewer system with the vacuum valve unit, vacuum mains and the 
central vacuum station (Bilfinger Berger - Roediger 2007; Bilfinger Berger 2011; Becket 2017; Mohr et al, 

2016; Stauffer & Spuhler 2018; Mohr et al. 2018)  
 
The vacuum in the vacuum sewer system is drawn by one or more vacuum pumps located in a central 

pumping station. There are no electrical components at the individual connections to the system (at the home) 
(Pipeline 1996; Aquate 2019). The wastewater that accumulates at the building level flows into the closely 
located collection chamber via a gravity line (Beckett, 2017). When the wastewater in the collection chamber 
reaches a certain level, a sensor prompts a pneumatic valve to open, and the entire plug of wastewater is 
violently sucked into the lines by the vacuum in the sewer main. The valve stays open a few seconds to also 
allow some air to be sucked in after the wastewater (Pipeline 1996). The amount of air that enters with the 
sewage is controlled by the length of time that the valve remains open. When the vacuum valves close, 
atmospheric pressure is restored inside the valve pit (Buchanan et al. 2010). As a standard practice, the necessary 
sub pressure (lower pressure than atmospheric) for operation of the vacuum system normally in range of 60 to 70 
kPa (0.6 to 0.7 bars) or 40 to 30 kPa absolute pressures. This pressure should be maintained by vacuum pumps 
(Shafiqul Islam 2017; Beckett 2017; Ciobotici et al. 2014; Panfil et al. 2013). 

 

 
 

Figure 3. Saw-tooth profile (UW Tech 2019)  
 
For vacuum sewer networks a saw-tooth pipe profile design is required (Bilfinger Berger 2012) (Figure 3). It 

means that the sewer line is composed of “lifts” and positive slopes towards the vacuum station. On the positive 
slopes the sewage is moved by gravity and on the negative slopes the sewage is moved by the differential 
pressure behind and in front of the sewage slug. The purpose of the saw-tooth-profile is to keep the trench depth 
shallow (1.0 to 1.2 m), to transport the sewage uphill and to prevent the pipes from becoming sealed by keeping 
an open passage way on top of the sewer (WEF 2007; Mäkinen 2016). 
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2.3. Advantages and disadvantages of vacuum sewer system   
 
Many characteristics of vacuum sewer system can lead to benefits over other sewer systems. However, 

despite its flexibility a vacuum sewer system does not give a solution to every problem. In Table 1 are given 
advantages and disadvantages (please note this is partly subjective) of vacuum sewer system compared to other 
sewer system and technologies (Mohr et al. 2016). 

 
 

Table  1. Summary of advantages and disadvantages of vacuum sewer system (Elawwad et al. 2014; Mohr et al. 
2016; Ljubisavljević & Obrenović 2010; Bilfinger Berger - Roediger 2007; Bilfinger Berger 2011; WEF 2007; 
UW Tech 2019; Gibbs 2016; Ma et al. 2015) 
 

Advantages Disadvantages 
Small pipes diameter (90 to 250 mm) High energy consumption 

Shallow and narrow trenches (1.0 to 1.20 m) Additional cost for vacuum valves and vacuum stations
No exfiltration in vacuum systems Expert design is needed 

Better in flat areas (saw tooth profile) Needs energy to maintain vacuum 
Minimum potential for blockage (v = 6 m/s) Network length is limited 

Shorter construction period Skilled operators are required – training necessary
Less water is needed for transport to centralized 

treatment facility 
Design guidelines and operation and maintenance are 

not well known in developing countries
No manholes are required Number of system providers limited 
Fault detection is quick Faults at individual valves can affect the entire systems

Installation in the same trench as water supply lines 
possible 

System components not quickly available everywhere 

Applicable in water protection zones
No infiltration of stormwater or groundwater due to 

tight system 
 

Minimum maintenance at vacuum valves and 
collection chambers 

 

Only one source of power, at the vacuum station, is 
required 

 

Can be used in very narrow streets
Flexible pipeline construction independent from 

topography 
 

Field changes can easily be made as unforeseen 
underground obstacles can be avoided by going over, 

under, or around them 

 

Minimum impact to the environment from 
construction 

 

Vacuum sewer systems are the only systems allowed 
to be installed in ecologically sensitive areas and 

drinking water protection zones 

 

Little impact on local traffic 
No dependence on external circumstances

Earthquake proof, no rat trouble, no animals are 
caught in the sewer net 
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2.4. Maintenance of vacuum sewer system 
 
A long-term and trouble-free operation of the sewer system requires a suitable design and its execution, but 

also properly performed preventive maintenance and repairs of the property. These periodically repeated 
activities (Table 2) are crucial for the sustainability and adequate service life of the sewer system (Mazák et al. 
2017). 

 
Table  2. Maintenance tasks and their frequencies (Mohr et al. 2016; Mäkinen 2016; Buchanan et al. 2010) 
 

Frequency Maintenance Tasks 

Daily 

General inspection at the station 
Visually check gauges/ charts  
Record all pump run times   
Check oil level in vacuum pump sight glass  
Check alarms at the control cabinet 
Fill out daily equipment check-up log book 
Check alarm dialer function

Weekly 

Exercise generator (if applicable)  
Check vacuum system for leaks with manometer and record findings 
Check oil level 
Check for unusual noises 
Check vacuum pump exhaust filter gauge 
Visually/audibly check vacuum station operation

Monthly 

Change oil and oil filters (depends on  
manufacturer’s recommendations)  
Remove and clean inlet filters on vacuum pumps   
Test all alarm systems 
Check all motor couplings and adjust (if needed)   
Clean all sight glasses   
Exercise all shut off valves (vacuum station) 
Check appearance of station (cleanliness and accessibility) 
Check biofilter (humidity, odours, appearance) 
Check sump for proper valve cycling 
Check vacuum sensor (absolute pressure)

Semi-annually 
to annually 

Conduct external leak test on all vacuum valves 
Check electrical connections at the station 
Check tank for deposits and remove them 
Check alarm signals of the vacuum pumps 
Check pump motors and couplings (wear, misalignment, deterioration, 
overheating)

Every year 

Exercise division valves  
Inspect vacuum and sewage pumps for wear  
Visual inspection of all pits and valves   
Check valve timing and adjust if needed 
Check functionality of alarms 
Change oil of vacuum pump 
Change oil filter of vacuum pump 
Check state of construction of the station (e.g. corrosion, structures, etc.) 
Floating switch cleaning and testing

Every 3 years Rebuild controller (buffer tank valves only)
Every 5 years Rebuild controller (most valves)

Every 15 to 25 years Replace a vacuum station equipment
 
If the vacuum sewer system is properly designed and constructed, there are very few things that can 

deteriorate in the vacuum sewer channel. Proper coordination of components and their individual properties is 
crucial. It is imperative to determine the amount of wastewater and select the components according to the 
required capacities. This applies not only to vacuum and sewerage pump capacities but also to the diameter of 
the vacuum mains. Due to lower transport velocities vacuum mains which have a large pipe diameter are more 
prone to scaling and precipitation from compounds contained in the wastewater. This can affect the durability of 
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the selected material and thus the life span (Mohr et al. 2016). As with any sewer system, pipe cracking may 
occur due to land subsidence or landslide resulting in the loss of vacuum in the system. This is revealed by 
means of an alarm generated by the control system signalling the - vacuum loss, with the exact location of the 
crack that can be located by opening and closing the segment valves in a logical sequence along the pipeline. 
Another potential problem is the excessive amount of water in the system. If the system maintenance records are 
kept (and they should be kept in order for the maintenance to be performed properly), periodic inspections will 
be required with regards to the identified problems and the parts of the sewer system that are prone to 
malfunctions. 

Preventive inspections and repairs are shown in Table 2. The time periods for the replacement of deteriorated 
parts and the preventive inspections are determined by the equipment manufacturers. Preventive action 
approaches minimize the risk of failures before they emerge. The availability of components needs to be checked 
and ensured when choosing a vacuum sewer system. In the event of system failure or material wear individual 
parts need to be available to ensure quick recovery of the sewer function. Therefore, sufficient stock and long-
term material supply need to be assured (Mohr et al. 2016).  

Emergency maintenance is mainly related to improper vacuum valve operation. The cause of this is usually a 
low vacuum level in the system or some other water in the system with the valves in the open position during the 
failure. This results in a vacuum loss because the system is open to the atmospheric pressure. If the inlet valve 
breaks in the open position, the monitoring system will detect the malfunction and alert the personnel 
responsible for the system operation and maintenance (Hrskanović 2016).  

Operation and maintenance costs can vary significantly on how well the system is designed and how repair of 
the system failures is managed. Electricity and personnel costs are the major cost components (Mohr et al. 2016; 
Beckett 2017). However, material costs are also important but usually much lower than the electricity and 
personnel costs. In a comparative study on vacuum sewers in Germany electricity consumption of vacuum 
sewers was found to be in 15 to 30 kWh/person/year or 0.2 to 0.4 kWh/connection/day (Mohr et al. 2016). Table 
3 provides cost estimation (and/or by experience) for the materials, installation, and maintenance of a vacuum 
sewer system.  

 
Table  3. Approximate costs of materials, installation and maintenance of a vacuum sewer system (Schluff 2013; 
Buchanan et al. 2010) 
 

Component Approximate cost [in EUR]  
Pipe costs depending of the 

diameter 
10 to 50 EUR/m 

Domestic connection, incl. control 
and supervision plant 

3,000  

Pump station, ready to be operated 350,000 
Annual operation and maintenance 

(for 100 vacuum pits) 
72,920 to 109,400  

Annual electricity 8,500 to 12,500
 
The vacuum sewer system is not very widespread in the Republic of Croatia. One part of the town of Županja 

has it (Komunalac Županja 2016), as well as the suburban village of Galdovo - near the town of Sisak (Grad 
Sisak 2008; Sisački vodovod 2019). 

It exists in some other towns or its construction is being considered, but to a lesser extent. The following 
section of the paper presents the vacuum sewer maintenance costs according to available data and research 
(Hrskanović 2016). A vacuum system maintenance comes down to maintaining a vacuum station, constituting 
the largest part of the costs. The sewage pipeline of the vacuum system does not require cleaning, except in cases 
of clogging, which is extremely rare, since the wastewater flow rates in the vacuum sewer system are very high 
and the vacuum pipeline is considered to be self-cleansing. Table 4 shows the electricity cost of the energy 
requirement for one vacuum station. Vacuum stations use one vacuum pump and one sewage pump, and both 
have a spare one in case of failure or service. 

It is important to emphasize that a sewage system may consist of multiple vacuum stations (and usually it 
does), but the tables below show the maintenance costs of a single pumping station or costs per one unit. From 
all of the aforementioned, it is not a problem to calculate costs for, for example, a vacuum sewer system 
consisting of five vacuum stations. All the costs are expressed in monetary units - Croatian Kunas (HRK) and 
Euros (EUR) according to the Croatian National Bank's exchange rate on October 23, 2019 (Croatian national 
bank 2019). 
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Table  4. Electricity costs for a vacuum station (Hrskanović 2016, edited) 
 

Component Engine 
power 

Hours a 
day 

Days a 
year 

Electricity 
price 

[HRK/kWh] 

Cost  
[in HRK] 

Cost  
[in EUR] 

Vacuum pump 2.5 8 220 0.529 2,327.60 313.10
Sewage pump 0.4 8 220 0.529 372.42 50.10

 
Vacuum stations should undergo routine daily and monthly inspections and annual cleaning. Labour costs for 

daily, weekly, monthly and annual inspections and checks are shown in Table 5. Moreover, the vacuum pump is 
dismantled and cleaned once a year, which is usually performed by the manufacturer or an authorized person and 
represents a significant portion of the annual maintenance costs, since this service is "external" and is paid 
separately by an external contractor. Table 6 shows the total cost of maintaining and operating a single vacuum 
station. 

 
Table  5. Vacuum station inspection costs (Hrskanović 2016, edited) 
 

Task Workers Hours a 
day 

Days a 
year 

Labor cost 
[HRK/h] 

Total cost  
[in HRK] 

Total cost  
[in EUR] 

Inspection 1 0.5 365 60.00 10,950 1,472.96
Pump replacement 1 0.5 12 60.00 360.00 48.43

Maintenance 1 2 1 60.00 120.00 16.14
Cleaning - - 1 - 35,000 4,708.10

 
 

Table  6. Total cost of maintaining and operating a single vacuum station (Hrskanović 2016, edited) 
 

Item Costs [in HRK] Costs [in EUR] 
Electricity cost of the vacuum pump 2,327.60 313.10 
Electricity cost of the sewage pump 372.42 50.10 

Inspection 10,950 1,472.96 
Pump replacement 360.00 48.43 

Maintenance 120.00 16.14 
Cleaning 35,000 4,708.10 

Repair of vacuum pump 6,762.50 909.69 
TOTAL 55,892.52 7,518.51 

 
 
3. CONCLUSION 
 
Vacuum sewer system is considered an alternative wastewater collection system. Vacuum sewer systems 

have many advantages, such as water savings, shallow and narrow trenches, smaller pipe diameter, good 
sanitation conditions, flexible pipeline construction independent from topography, shorter construction period, 
etc. However, the investment and operational costs, as well as the applicability can vary significantly between 
regions and the need for them to be assessed under local conditions. Vacuum sewer systems show less negative 
environmental and social impacts than the conventional system. Under appropriate conditions and with a proper 
maintenance, the vacuum sewer system does not present any additional requirements with respect to the 
inevitable operating costs and the necessary resources of the operator. As with any building, a timely and proper 
maintenance is very important. Proper coordination of components and their individual properties is crucial. 
Preventive action approaches minimize the risk of a failure before it occurs, and because of this, a preventive 
maintenance should be performed on time and must be carefully planned. 

Although there are a lot of aforementioned advantages and benefits of the vacuum sewer system, there is 
some unease and scepticism because of the unfamiliarity with the technology from all the groups including users, 
operators, planners and construction companies. As the infrastructure is becoming obsolete, the importance of 
circular concepts and circular economy is becoming vital, including water reuse, nutrient recovery etc. The 
vacuum sewer systems can be a viable alternative for the improvement or further development of the sewer 
system. Moreover, considering the increasing efforts being made to tackle water-related issues, the economic and 
social sustainability of the vacuum sewer system should be considered as a potential alternative to the sewer 
system in near future. 
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Abstract: The remediation of the municipal waste landfill reduces the harmful effects of inadequately disposed waste in the 
environment and reduce the risks on human health. The aim of this paper is to evaluate the efficiency of the remediation (2005 
to 2012) of waste landfill of Piškornica. Groundwater from piezometers (P2, P3, P4 and P5) at Piškornica and surface water 
from the Gliboki stream (upstream and downstream) were analyzed, before and after the remediation. The results of the 
analyzed parameters (KPK, BPK5, electroconductivity, iron) showed significant decrease in values (p <0.05) and up to 82% 
(BPK5 in P5) after remediation. The most significant decrease in the value of the indicators was determined in the P5, which 
is nearest and downstream from the landfill body. Significant difference (p <0.05) was not found at the upstream and 
downstream locations of the Gliboki stream basin before and after remediation. The numerical model of the groundwater flow 
shows that groundwater pollution will not occur even in the worst scenario (the largest possible pumping of 420 l/s) of the 
current capacity of the Ivanščak source. The results contributed to decisions on water management and further monitoring of 
water plans on landfill area. 
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1. INTRODUCTION  
 
Municipal solid waste (MSW) disposal is a global problem in developing countries and the rise in the urban 

population in the past few decades point out the necessity to develop environmentally sustainable management 
system (Hossain et al 2014; Hui Liu et al. 2010; Sumathi et al. 2008). The high production volume of dangerous 
materials and industrial waste and their impact on the human health and environment, have become one of  the 
most important decisions in urban management. Solid waste management is a difficult task and includes the 
control of generation, collection, transfer and disposal of solid waste in an environmentally acceptable manner 
(Barjinder et al. 2014). Landfill is the simplest and cheapest effective method of disposing of solid waste 
(Hossain et al. 2014; Barjinder et al. 2014). The most landfills are open dumps landfills. Therefore, due to 
ecological and socioeconomic criteria, it is essential to find an optimal location which has the lowest 
environmental risk and economically favorable (Danesh et al. 2019). The waste placed in landfills can influence 
on groundwater quality by infiltration of leachate. Municipal landfill leachate is highly concentrated complex 
effluents which contain disolved inorganic or organic compounds, heavy metals or other toxic substances (Hui 
Liu et al. 2010; Barjinder et al. 2014). Environmental pollution from landfills depends on various interconnected 
factors such as landfill location characteristics, waste amount and type, the amount of precipitation and 
leachate. Considering these factors, landfills urgently requiring remediation based on multicriteria decision 
making, in which hazards must be evaluated (Ubavin et al. 2017). Remediation of old landfills with no leachate 
collection system is demanding and costly operation. It requires control of environment and the landfill body, 
since the pollutants are still present in the landfilled waste for decades after the site has been closed (Thomas 
et al. 2007). Most remediation methods involve a wide range of activities that result in social, economic and 
environmental impacts. It is suggested that natural attenuation is a feasible approach but is demanding and 
complicated (Thomas et al. 2007), therefore the largest and most obvious impacts (cost and duration) will 
ussualy be taken into account when selecting an appropriate technology and remediation methods to be used 
(Harbottle et al. 2008). Landfills may pose serious threat to the both groundwater and surface water quality if 
incorrectly secured and improperly operated. Groundwater is known as major source of water supply and its 
contamination is a major heath concern (Longe & Balogun 2010). Therefore, assesment of groundwater quality 
and monitoring surface water near municipal landfill site during work and remediation of the landfill reduces 
the risk to the environment and people health (Longe & Balogun 2010; Talalaj 2014;  Ogundiran & Afolabi 
2008). The risk also depends on local hydrogeology and soil stratigraphy beneath the landfill base and these 
are important factors in the natural attenuation of leachate constituents in the groundwater body (Longe & 
Enekwechi 2007). Groundwater in piezometers close to the landfill is under a strong landfill impact (Talalaj 
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2014; Chapuis & Sabourin 1989; Cherry et al. 1983). Some researces (Cherry et al. 1983) have established 
networks of different types of devices for multilevel groundwater monitoring and in these way they determined 
migration of contaminants in groundwater at a landfill (Chapuis & Sabourin 1989; Cherry et al. 1983). Some 
devices are particularly well suited for use in aquifers composed of sand or gravel that have little clay and 
groundwater flow is primarily horizontal (Cherry et al. 1983). Lopes et al. (2012) defined leachate plume and 
located groundwater monitoring wells using different geophysical technique in order to evaluate groundwater 
contamination in the surrounding area of a landfill. In general, industrial or municipal waste and agricultural 
runoff are the most often antropogenic pollution sources. Rivers and streams are also exposed to pollution 
sources. Therefore it is important to investigate the origin of each surface water quality variable due to land 
use activities based on spatial water quality assessment using environmetric techniques. The aplication of 
environmetric methods can reveal meaningful information on the spatial variability of river water quality data 
(Juahir et al. 2011). The river surface water is greatly exposed to the risk of contamination from leachate unless 
proper leachate management is carried out. The influence of leachate on river water quality depend on many 
factors as leachate characteristics, precipitation, surface runoff or applied treatment (Cherry et al. 1983). 
Improper treatment practise leads to high levels of contaminants in the streams or rivers near the rehabilitated 
or closed landfills. Some studies (Yusof et al. 2009; Zafar & Alappat 2011) have shown that chemical analysis 
of surface waters at corresponding river section which is affected by the presence of landfill surface runoff, is 
very important part of waste management. In the studies, a series of indicators (pH, conductivity, COD, total 
solids, anions, cations, heavy metals, nitrogen anorganic compounds, organic compounds etc.) were 
investigated with the aim identifying one of the largest sources of environmental pollution, such as a landfill 
(Yusof et al. 2009; Zafar and Alappat 2011).  

The main aim of this paper has been to evaluate the impacts of landfill on groundwater and surface water 
quality and the efficiency of the remediation of waste landfill of Piškornica (Koprivnica-Križevci county, 
northwest Croatia) as well. Groundwater from piezometers (P2, P3, P4 and P5) at the location of the landfill 
and surface water from the Gliboki stream (upstream and downstream from the landfill location) were 
analyzed, before and after the remediation. Grundwater is the major source of drinking water supply in the 
study area and its contamination is a major and environmental concern. Therefore, the numerical model 
(Ackerer et al. 1999) of the groundwater flow and transfer of pollutant was done with aim to show possible 
influence on the groundwater of the source Ivanščak (public water supply) located 5-6 km from the landfill. 
The study was carried out in the period from 2002 to 2018 (piezometers) and from 2008 to 2018 (the Gliboki 
stream) to assess the physical and chemical parameters of groundwater and surface water during all seasons. 
The remediation was carried out from 2005 to 2012. 

  
2. MATERIALS AND METHODS 
 
2.1. Study area 
 
The Piškornica landfill is situated in Koprivnički Ivanec (x=5640168.50 and y=5122332.05), close to 

Koprivnica, the largest city of Koprivnica-križevci county. It started operations in the year 1982 and covered an 
area of about 10 hectares (Figure 1). Between 1982 and 2000 (before remediation), 223000 tonnes of MSW was 
land filled. Wastes are of different types, ranging from organic to inorganic, hazardous and non-hazardous. 
Remediation started in 2005 year. The remediation was carried out by constructing the bottom sealing layer and 
collecting system for leaches and on such arranged plateau, old waste was moving and new-arrived waste was land 
filled.  

The wider area of the location of Piškornica belongs to the low Panonian and Peripanonian area. The layout of 
surface and groundwater as well as their interconnections are determined by the morphological and 
hydrogeological features of the wider area of the Piskornica. The waste landfill is located on clustery, mostly 
aluvial deposits with a lower top layer of clay-dusty material with humus (Duić & Urumović 2007). Study area 
belongs to Drava river catchment. The most important tributary of the Drava river on study area is the Gliboki 
stream, 250 m away from the landfill. 

The mean monthly temperature ranges from -4 °C in January to 20 °C in July. The minimum and maximum 
annual temperatures are -26 °C and 35 °C, respectively. Average rainfall range from 800 to 900 mm. The highest 
amount of precipitation is during the period from April to July (60 to 80 mm/m3). On study area the moderately 
warm climate predominates (State Hydrometeorological Institute). 

At a distance of 5 to 6 km from the landfill there is the source Ivanščak (public water supply) which supplies 
about 30000 inhabitants of Koprivnica city and  surrounding settlements. 

 
2.2. Sampling and analysis 
 
To assess the extent of groundwater contamination, 4 piezometers (P2, P3, P4 and P5) were selected. Positions 

of piezometers inside landfill are shown on Figure 1. Samples were collected in average 4 time in year during 
2002 to 2018. in clean 5000 ml plastic container after the extraction of water (with pump) from a piezometer. The 
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water has flowed (before sampling) to ensure the discharge of 5 to 6 volumes of water from the piezometer and up 
to stabilization of EC of water. Each bottle was labelled according to sampling location while all the samples were 
preserved at 4°C and transported to the laboratory. All the samples were analysed for the physico-chemical 
parameteres and iron (Table 1).  
 

 
 

Figure 1. a)  Study area – waste landfill Piškornica and source Ivanščak locations 
           b)  waste landfill Piškornica – piezometer locations (P2, P3, P4, P5) 

 
Surface water samples from Gliboki stream (Figure 1) were collected from distances of 400 m upstream and 

600 m downstream from the landfill. Samples were collected with a container at a depth of about 30 cm below the 
surface of stream and transferred to a 5000 ml plastic clean container. Each container was labelled according to 
sampling location and all the samples were preserved at 4 °C and transported to the laboratory and were analysed 
for the parameters in Table 1.  



Nemčić-Jurec                                              Monitoring of waters status on the area of the waste landfill Piškornica 

52  EnvEng-IO (2019) / Vol.6 / No.2 
 

The analysis was done within the next 48 hours which is recommended for better result and in minimizing the 
quality change. All the samples were analysed according to internationally accepted procedures (Table 1), standard 
methods (Rice et al. 2012) and Norms. 

 
Table 1. Methods (Norms) used in analysis of physico-chemical parameters of water samples 

 

PARAMETER METHOD 

Chemical oxygen demand (COD) HRN ISO 15705:2003 

Biochemical oxygen demand (BOD5) HRN EN 1899-1:2004 

Electroconductivity (EC) HRN EN 10523:2012 

Iron (Fe) HRN ISO 8288:1995 

 
 
3. RESULTS AND DISSCUSION  
  
3.1. Groundwater quality  
 
Analytical results of physico-chemical characteristics of groundwater samples from piezometers include 

general indicators of pollution as electrical conductivity (EC), chemical oxygen demand (COD), biochemical 
oxygen demand (BOD5) and iron (Fe). The results of monitoring of groundwater samples are presented at Figure 
2a, 2b, 2c and 2d.  

Electrical conductivity (Figure 2a) in P2, P3 and P4 was high but below standard limits. High EC is a symbol 
of high ionic load and indicates that organic and inorganic matter has washed into groundwater on that location. 
Groundwater on P5 location is highly contaminated by organic and inorganic matters (Hossain et al. 2014) and it 
has been observed that value is higher than standard limits of 2500 µS/cm (National Newspaper 125 2017). After 
remediation, the trend of decrease of the conductivity value in Piezometer P5 (Figure 2a) has been observed. This 
suggests a reduced impact of leachate and drainage of the contents of the landfill into the environment or 
groundwater. It is assumed that the decrease of the conductivity is a result of the remediation of the landfill (Ubavin 
et al. 2017; Talalaj 2014). 

Chemical oxygen demand and biochemical oxygen demand indicate the presence of inorganic or organic 
pollutants. According to the results (Figure 2b) the COD value is the highest on piezometer P5, then piezometer 
P2 while lower values are determined in piezometers P3 and P4. Some scientists (Lopes et al. 2012) found low 
BOD5 values at groundwater in the surrounding area of a landfill, however, COD values were determined at 40 
times higher than the concentration of BOD5. It is also visible (Figure 2c) that the BOD5 values are also the highest 
in piezometer P5. The figures also show that the values for both parameters decreased, indicating the effect of 
landfill remediation (Barjinder et al. 2014). 

Heavy metals are often present on landfill sites in leachate. Their concentrations depend on the composition of 
the waste and on the stage of waste construction (Talalaj 2014; Ogundiran & Afolabi, 2008). Also, the 
concentration of metal in groundwater depends on the geological composition of the soil (the natural origin of 
metals). Considering the significant concentrations of iron of natural origin (Duić & Urumović, 2007) found in the 
study area, the concentrations were monitored at the piezometers of the landfill. Iron is most commonly found in 
groundwater in the form of Fe2 + and and is bound in organic molecules. It indicating also the possibility of binding 
of Fe2+ to organic matter derived from the landfill (Yusof et al. 2009). Under anaerobic conditions, iron is 
dissolved, which may result in an increased concentration of iron in the groundwater. On the study area the alluvial 
deposits is rich in iron salts which can contribute to increased concentration in groundwater. The results of the 
movement of iron concentrations are shown in Figure 2d. The highest concentrations were recorded in the period 
from 2004 to 2008 and thereafter a significant decrease in concentration in all piezometers is visible (Hossain et 
al. 2014; Talalaj 2014). 

According to the results of the statistical analysis (t-test) of measured groundwater indicators before (V1) and 
after (V2) landfill remediation, average values has shown (Table 2) a statistically significant difference (p=0.05; 
95%). It has been shown that values before remediation are significantly higher than the values after remediation, 
which indicates the impact of the observed factor (remediation) on groundwater quality. The differences are 
particularly visible in piezometer P5 where for EC, COD and BOD5 values V1 are greater than V2. COD and 
BOD5 values have shown a statistically significant difference in piezometer P2 indicating groundwater 
contamination before remediation at that location (Ubavin et al. 2017). The mean iron concentration have not 
changed significantly after the landfill remediation pointing out to the natural sources of iron on study area (Duić 
& Urumović 2007), however, higher concentration variability is visible before landfill remediation.  

The relationship measured variables (indicators) between the individual piezometers was estimated by the 
analysis of variance (ANOVA). The results of the mean values of the measurement of all indicators before (V1) 
and after (V2) remediation used for ANOVA test are shown in Table 2. If the variability between the groups was 
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greater than the variability within the group, it was concluded that the differences are statistically significant (F> 
Fcrit.; p=0.05). 

According to the results of the EC, by comparing before (F=71, Fcrit=2.69) and after (F=8.57, Fcrit=2.81) the 
remediation of the landfill, significant changes were found only at location P5. However, the ANOVA test found 
that the values for P5, despite the decrease after remediation, are still higher than other locations (P2 to P4).  

 

 
 

Figure 2. Monitoring of groundwater (piezometers) quality; R-the beginning of remediation  
a) electrical conductivity (EC); b) chemical oxygen demand (COD; c) biochemical oxygen demand (BOD); 

d) iron (Fe) 
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According to the ANOVA result test, COD values at P5 location are significantly higher than those at other 
locations (P2 to P4). However, the differences between the piezometers after remediation (F=5.2, Fcrit=2.76) are 
less than the difference between locations prior to remediation (F=54.5, Fcrit=2.70). 

Analysis of variance has shown that there are significant differences in BOD5 values for individual locations 
before landfill remediation (F = 33.9, Fcrit = 2.70) due to high BOD5 values at P5 location. After the landfill 
remediation, this value at P5 location significantly decreased, so the variance of analysis results has shown that 
there are no significant differences (F=0.68, Fcrit=2.77) among the mean BOD5 values. 

ANOVA results also showed that there were no significant differences before (F=1.73, Fcrit=2.69) and after 
(F=1.68, Fcrit=2.81) remediation of landfill among the mean values of the iron obtained at piezometers P2 to P5. 

The results of the mean values of the measurement of all indicators before (V1) and after (V2) remediation 
used for ANOVA test are shown in Table 2. 

 
Table 2. Indicator values before and after remediation at locations of piezometers P2, P3, P4, P5 (t-test, 95 % 
significance level; N-number of samples) 

 

INDICATOR PIEZOMETER 
V1 

N = 23-27 
V2 

N=12-15 
T-EKSP. 

RELATION 
V1 AND V2 

EC (µS/cm) 

P2 949 923 0.15 V1=V2
P3 515 472 1.13 V1=V2
P4 649 682 0.24 V1=V2
P5 2330 1454 2.45 V1>V2

COD (mg/l) 

P2 50 17 3.56 V1>V2
P3 15 15 0.04 V1=V2
P4 31 11 3.65 V1>V2
P5 142 43 5.93 V1>V2

BOD5 (mg/l) 

P2 13 6 2.44 V1>V2
P3 4 7 1.15 V1=V2
P4 5 3 1.47 V1=V2
P5 29 5 7.55 V1>V2

Fe (µg/l) 

P2 25191 3548 1.96 V1=V2
P3 2993 1579 1.99 V1=V2
P4 11676 2682 2.02 V1=V2
P5 15292 4354 1.77 V1=V2

V1-before remediation; V2-after remediation 
 
3.2. Surface water quality  
 
For monitoring of the surface water quality of the Gliboki stream, general pollution indicators have been 

selected as EC, COD and BOD5 (Juahir et al. 2011). Concentration trends during the monitoring are shown in 
Figure 3a, 3b and 3c. Valuable indicators in the Gliboki stream indicate on the variability, but there is no 
significant difference of values between upstream and downstream from the landfill site. However, Figure 3c 
shows a high concentration of BOD5 of 9 mg/l in the Gliboki downstream of the landfill (September 2012.). It is 
assumed to be related to the uncontrolled discharge of untreated waste water (organic pollution) from agriculture, 
in the environment. The results of the t-tests for the mean values of EC, COD and BOD5 obtained by examination 
of the surface water quality from the Gliboki stream are shown in Table 3. According to the results, the difference 
in the values of the measured parameters, before and after remediation of the landfill, is not obtained, except for 
G2 (downstream) where BOD5 has shown decrease after remediation. Given that the values decreased upstream 
and downstream from the landfill, it is assumed that BOD5 decrease is not affected by the landfill but depends on 
a number of other environmental factors on the study area (Danesh et al. 2019; Zafar & Alappat 2011).  

The results showed that the values of measured indicators were similar upstream and downstream and no 
statistically significant difference (p = 0.05) was demonstrated. It follows that the landfill does not affect the quality 
of surface water from the Gliboki stream. The results of other scientists (Hui Liu et al. 2010) have also shown that 
the proximity of the landfill is not necessarily a risk for surface water pollution. It is important to take into account 
all environmental risk factors such as agriculture, industry or natural (Danesh et al. 2019; Longe & Balogun 2010). 

 
3.3. Evaluation of the landfill impact on the source Ivanščak 
 
The location of the Ivanščak source is shown in Figure 1. The source is located about 5.5 km from the landfill 

and has a significant influence on the hydrodynamics of the groundwater flow. Excessive pumping of groundwater 
could cause a direct connection between the source and the landfill. The existing exploitation of drinking water 
has not shown the impact of landfill on the quality of drinking water from the source. However, due to the 
importance of the source on study area, the need for a greater amount of water and increased pumping capacity in 
the future can be expected. Therefore, several scenarios (S1-S5) of pumping were analyzed in numerical models: 
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S1 Q=0 (m3/s) - no pumping; 
S2 Q=100 (m3/s) - corresponds to the current average pumping; 
S3 Q=200 (m3/s) - corresponds to the current maximum pumping; 
S4 Q=420 (m3/s) - corresponds to the current maximum with regard to the pumping capacity;  
S5 Q=600 (m3/s) - corresponds to the pumping that would cause a direct hydrodynamic connection  

between the source and the landfill Piškornica. 
 

 
 

Figure 3. Monitoring of surface water quality: a) electrical conductivity (EC); b) chemical oxygen demand 
(COD); c) biochemical oxygen demand (BOD); P-Pustakovec, Đ-Đelekovec 
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3.4. Numerical models of surface water and transmission of contaminants 
 
Numerical models were used to show the transmission of the contaminants at a certain pumping capacity 

(Welty & Gelhar 1992). The most important and interesting scenarios are S3 and S5. The hydrodynamics of the 
flow of water at 200 L/s (S3) is shown at Figure 4. According to the results, the groundwater flow is not directed 
to the source and potential contaminants do not affect the water quality at the source. The models show that in all 
other scenarios (S1, S2, S4) a hydrodynamic connection between the landfill and the source is also not possible. It 
is estimated that under such conditions of pumping (discharge) it is not possible to transfer contaminants from the 
landfill to the source (Longe & Balogun 2010) Under the worst conditions shown for scenario S5 at pumping 600 
l/s (Figure 5), groundwater flow indicates a hydrodynamic connection between the landfill and source. However, 
this capacity of pumping is not possible currently, indicating that the landfill is not a risk for groundwater quality 
at the Ivanščak source in the near future. It is assumed that a relatively large distance between landfills and sources 
and environmental factors contributes to good water quality (Longe & Balogun 2010). 

 
Table 3. The difference between the value of the indicators measured before (V1) and after (V2) landfill  
remediation on the Gliboki stream   
 

INDICATOR 
GLIBOKI 
STREAM 

V1 
N = 9

V2 
N=13

T-EKSP. 
RELATION 
V1 AND V2

EC (µS/cm) 
G1 420 445 1.05 V1=V2 
G2 466 481 0.54 V1=V2 

COD (mg/l) 
G1 10 6 1.97 V1=V2 
G2 9 5 1.67 V1=V2 

BOD5 (mg/l) 
G1 3 3 0.68 V1=V2 
G2 3 2 2.07 V1=V2 

G1-upstream; G2-downstream  
 

Table 4. The difference between the value of the indicators measured upstream (G1) and   downstream (G2)  of 
the Gliboki  
 

INDICATOR 
GLIBOKI 
STREAM 

G1 G2 T-EKSP. 
RELATION 
G1 AND G2 

EC (µS/cm) 
V1 420 466 1.37 G1=G2 
V2 445 481 1.77 G1=G2 

COD (mg/l) 
V1 10 9 0.48 G1=G2 
V2 6 5 0.65 G1=G2 

BOD5 (mg/l) 
V1 3 3 0.68 G1=G2 
V2 3 2 2.12 G1=G2 

V1-before remediation; V2-after remediation 
 
 

 
(    - Piškornica location;      - Ivanščak location) 

 
Figure 4. Scenario (S3) of hydrodynamics of the water flow (pumping capacity Q=200 l/s) 
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(    - Piškornica location;      - Ivanščak location) 

 
Figure 5. Scenario (S5) of hydrodynamics of the water flow (pumping capacity Q=600 l/s) 

 
4. CONCLUSIONS 
 
Municipal landfills are considered a big risk to their surrounding urban environment. They are the source of 

pollution especially for groundwater and surface waters. From the study it has been observed that improper 
practices of solid waste management impact on the groundwater. However, landfill remediation contributed to 
improving the quality of groundwater from individual piezometers at the landfill site. After the remediation, the 
value of the indicators decreased in piezometer P5 which is located downstream of the landfill. It is due to the 
transfer of contaminants to P5 and the impact of improper disposal of waste to groundwater. Examination of 
surface water of the Gliboki stream near the landfill has not confirmed contamination from the landfill. Pollution 
has been observed in the upstream and downstream of the landfill, pointing to other sources of environmental 
pollution. Given the location of the source Ivanščak (public water supply) near the landfill, the mathematical model 
estimates that the landfill has no effect on groundwater quality from the source. It is concluded that the landfill 
distance from the source and the groundwater flow direction additionally ensures a reduction of the groundwater 
quality risk in the near future. The results contributed to decisions on water management and it is suggested that 
the local government and the management of the landfill corporation should take necessary initiatives for the 
monitoring of groundwater and surface water quality and that ensure quality water from the public water supply.  
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Abstract: Water conditioning is a method of removing altering minerals, chemicals and contaminants from a water source and 
it is carried out on facilities equipped with the corresponding electro-mechanical equipment. Although efficient, conventional 
processes typically use several complex devices connected to a single functional unit, which are often expensive to maintain 
and occupy large areas. Therefore, the aim of this paper is to present the electrocoagulation (EC) method as an alternative to 
conventional water conditioning processes. The examples of previous studies of the EC process application is presented in this 
paper. The focus of the paper is to investigate the influence of the certain operational parameters such as pH, temperature, 
electrode material, etc., on the efficiency of pollutant removal such as Escherichia coli and elevated concentrations of iron, 
arsenic, manganese, ammonia and others. Further, an economic analysis is made, which, from an economic point of view, 
shows when it is feasible to use the EC in the conditioning process. Furthermore, a case study of electrocoagulation process 
for Total Nitrogen (TN) removal is presented. According to results, 69.7 % of TN was removed with aluminum electrodes after 
240 minutes. For this case, total operating costs were 7.60 €/m3. 
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1. INTRODUCTION 
 
Access to clean drinking water is a basic human right. According to the Council Directive 98/83/EC (Official 

Journal L 330) on the quality of water intended for human consumption, drinking water shall be wholesome and 
clean if it is free from any micro-organisms, parasites and substances which in numbers or concentrations constitute 
a potential danger to human health, whereby must meet minimum requirements regarding microbiological and 
chemical properties, radioactivity and physical properties. 

In case of unsatisfactory values of certain parameters established by the Council Directive 98/83/EC (Official 
Journal L 330), appropriate activities shall be undertaken to ensure the quality of the water and, where necessary, 
to prohibit or limit the use of the water. Water conditioning is a method of removing altering minerals, chemicals 
and contaminants from a water source and it is carried out on facilities equipped with the corresponding electro-
mechanical equipment (Vuković 2017). 

According to (Croatian Institute of Public Health 2018) in 69 % of water supply areas water is not processed 
before the distribution to the consumers. In the remaining 31 % of water supply areas, the water is treated, 
dominating the filtration process, and a combination of aeration and filtration, a combination of filtration, 
coagulation, flocculation and precipitation, and manganese and/or iron removal are also used (Figure 1). Although 
efficient, conventional processes typically use several complex devices connected to a single functional unit, which 
are often expensive to maintain and occupy large areas. Therefore, the aim of this paper is to present the 
electrocoagulation (EC) method as an alternative to conventional water conditioning processes.  

Furthermore, (Croatian Institute of Public Health 2018) analyzed the quality of water for human consumption 
and stated that the most common cause of its malfunction is the presence of Escherichia coli (E. coli) and total 
coliforms, as well as the elevated concentrations of iron, arsenic, manganese, ammonia, color, smell and turbidity. 
Therefore, the focus of the paper is to investigate the influence of the certain operational parameters such as pH, 
temperature, electrode material, etc., on the efficiency of removing the mentioned contaminants.  

An economic analysis is also made, which, from an economic point of view, shows when it is feasible to use 
EC in the conditioning process. 

Additionally, the influence on total nitrogen removal efficiency was evaluated for some of the process 
parameters on a full-scale EC unit. For this specific case, operating costs are also determined.  
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Figure 1. Water conditioning technologies (Croatian Institute of Public Health, 2018) 
 
 

2. THEORY OF ELECTROCOAGULATION 
 
The EC process, Figure 2, combines the benefits of coagulation, flotation or precipitation and electrochemistry 

(Moussa 2017). It includes coagulation and precipitation of pollutants (suspended solids and solutes) from the 
wastewater by the use of electricity and sacrificing electrodes for the “in situ” coagulant production (Gardić 2007). 
In the EC reactor, the wastewater flows between electrodes while the direct current is applied to them. Electrodes 
are usually made of metal, mostly iron (Fe) or aluminum (Al), because these materials are cheap, available, non-
toxic and proven effective. The choice of electrode material and the arrangement of electrodes depend on the 
wastewater contamination and the required effluent quality. Usually, aluminum is used for the drinking water 
treatment and iron for the wastewater treatment (Chen and Hung 2007; Shammas et al. 2010; Kuokkanen et al. 
2013; Hakizimana 2017).  

 

 
 

Figure 2. Electrocoagulation process                                                                                     
(https://www.crs-reprocessing.com/en/crs-solutions/electrocoagulation/, Accessed March 11 2019) 
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According to the Equation 1, when the current is passed through metal electrode, the metal (M) from the anode 
is oxidized to its cations (Mn+). Simultaneously, water is reduced to hydrogen gas and the hydroxide ion (OH−) on 
the cathode (Equation 2) (Kabdaşli et al. 2012): 

 

𝑀 → 𝑀௡ା ൅ 𝑛𝑒ି   (1) 

2𝐻ଶ𝑂ሺ𝑙ሻ ൅ 2𝑒ି → 𝐻ଶሺ𝑔ሻ ൅ 2𝑂𝐻ି ሺ𝑎𝑞ሻ     (2) 

  
By forming monomeric and polymeric hydroxides, metal cations (Mn+) destabilize colloidal particles, i.e. trap 

colloidal particles and create flocs which can be easily removed from water by sedimentation or flotation (Kabdaşli 
et al. 2012; Pirkarami & Olya 2017).  

Some of the advantages of the EC process are: effluent contains less total dissolved solids compared to the 
other chemical processes, easy maintenance of the device, more efficient and faster degradation of organic matter 
compared to chemical coagulation, larger and more stable flocs are formed than those produced by chemical 
coagulation, it is not necessary to control the pH of the water, except in extreme cases, no chemicals are required, 
reduces residue, it can process multiple pollutants which can easily be removed, operating costs are much lower 
compared to most conventional technologies, the device is smaller and simpler than the coagulation device so it 
can be used as decentralized process and if the solar panels are used, the device can be used as a batch process in 
rural areas that don’t have access to the electricity for processing the smaller quantities of wastewater (Vepsäläinen, 
2012; Kuokkanen et al. 2013; Marriaga-Cabarales & Machuca-Martínez 2014; Hakizimana et al. 2017). 

However, some of the EC disadvantages are: in some countries, the use of electricity may be expensive, 
possible passivation of anode due to the oxygen presence and the deposition on the cathodes (can be overcomed 
by switching the electrode poles), the electrodes need to be regularly replaced which increases the maintenance 
costs, the high conductivity of the wastewater is required, the high concentrations of iron and aluminum need to 
be removed from the effluent, in some cases, the gelatinous hydroxides may be dissolved in water, it is not effective 
for the removal of the soluble substances such as sugars, organic acids, solvents, phenols, alcohol and similar 
(Vepsäläinen 2012; Kuokkanen et al. 2013; Marriaga-Cabarales & Machuca-Martínez 2014; Hakizimana et al. 
2017). 

 
3. APPLICATION OF ELECTROCOAGULATION FOR WATER CONDITIONING 
 
Water health parameters for human consumption are determined by the Ordinance on conformity parameters, 

analytical methods, monitoring and drinking water safety plans, and keeping register of legal entities which 
provide public water supply (Official Gazette 125/17). The aim of monitoring these parameters is to protect human 
health from the adverse impact of any contamination of water intended for human consumption and to ensure its 
health. According to the (Official Gazette 125/17), drinking water should be free of color, taste and smell. 
Maximum permissible concentrations of E. coli, iron, arsenic, manganese, ammonia, color, smell and turbidity, 
according to the (Official Gazette 125/17), are shown in Table 1.  

 
Table 1. Chemical and indicator parameters  

 

PARAMETER UNIT 
MAXIMUM PERMISSIBLE 

CONCENTRATIONS 

Ammonia mg/l 0.50 

Arsenic μg/l 10 

Escherichia coli E. coli/100 ml 0 

Iron μg/l 200 

Manganese μg/l 50 

Color mg/PtCo 20 

Smell / - 

Turbidity NTU 4 

3.1. Removal of E. coli 
 
Microbiological contamination of water can be effectively counteracted by disinfection measures. Disinfection 

is the last stage of water preparation for the purpose of eliminating or decreasing the number of microorganisms 
in it. Mostly, chemical disinfection uses chlorine, chlorine dioxide or ozone. However, water disinfection is, most 
often, just one step in the water treatment and is often combined with other chemical processes (Andrija Stampar 
Teaching Institute of Public Health 2017). The examples in Table 2 show that EC has very high efficiency of E. 
coli removal. It can be noticed that 30 min is enough for complete E. coli removal with Al electrodes. 
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Table 2. Recent applications of EC for E. coli removal 
 

VOLUME TREATED 
OPTIMAL 

OPERATIVE 
PARAMETERS

% REMOVAL 
OPERATING 
COSTS [€/m3] 

REFERENCE 

0.5 l 

Al electrodes; 
Electrode distance: 5 
cm; 12 V; treatment 

time 30 min 

100 - Ghernaout et al. (2008) 

1 l 

Al electrodes; 
Electrode distance: 2 

cm; 30 V; 22 A; 
treatment time: 30 

min 

99.8 - Ricordel et al. (2014) 

3.2. Iron removal 
 
The presence of iron in drinking water is not directly harmful to human health, but problems with discoloration, 

turbidity and unpleasant taste occur (Doggaz et al. 2018). There are several methods for removal of iron from 
drinking water, but aeration and separation are the most common methods (Gosh 2007). Some of the recent 
applications of EC for iron removal are shown in Table 3. Most commonly Al electrodes or their combinations 
with other materials are used. Also, the increase of current density influences the treatment efficiency and shortens 
the electrolysis time. 

 
Table 3. Recent applications of EC for iron removal 

 

VOLUME 
TREATED 

OPTIMAL 
OPERATIVE 

PARAMETERS 
% REMOVAL 

OPERATING 
COSTS [€/m3] 

REFERENCE 

3 l 

Al electrodes; 
Electrode distance: 
0.5 cm; treatment 

time 35 min 

99.2 5.35 Gosh et al. (2007) 

1 l 

Mn anode, Fe 
cathode; 6 A/m2; 

treatment time: 60 
min 

98.4 - Vasudevan et al. (2009a) 

1 l 

Al anode, SS 
cathode; 6 A/m2; 

treatment time: 60 
min; pH 6.5 

98.8 - Vasudevan et al. (2009b) 

2.2 l 

Al electrodes; 
Electrode distance: 
0.5 cm; 15 A/m2; 
treatment time: 20 

min; pH 6 

98.5 0.20 Hashim et al. (2017) 

 
3.3. Arsenic removal 
 
Among several investigated technologies for removal of arsenic from drinking water, most common are ion-

exchange, precipitation, coagulation/adsorption and membrane treatment systems. Although these processes 
produce high quality water, they require expensive resins, replaceable adsorption media and chemicals (Alferness 
2016). It can be noticed that EC is a very efficient method for arsenic removal (Table 4). Total arsenic removal 
can be achieved under less than 30 min with Fe electrodes at an inter-distance of about 1 cm. Applied voltage 
should be around 12-15 V. 
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Table 4. Recent applications of EC for arsenic removal 
 

VOLUME 
TREATED 

OPTIMAL 
OPERATIVE 

PARAMETERS
% REMOVAL 

OPERATING 
COSTS [€/m3] 

REFERENCE 

1 l 

Fe electrodes; Electrode 
distance: 2 cm; 12 V; 

treatment time 30 min; 
pH 7 

100 - Wan et al. (2011) 

1.4 l 

Fe electrodes; Electrode 
distance: 0.5 cm; 0.54 

mA/cm2; treatment time: 
30 min; pH 4 

99.5 - Can et al. (2014) 

20 l 

Al electrodes; Electrode 
distance: 0.55 cm; 5.5 

mA/cm2; treatment time: 
15 min 

92.2 - Flores et al. (2014) 

10 l 

Fe and Al electrodes; 
Electrode distance: 1 cm; 

6 A; 15 V; treatment 
time: 20 min 

100 - Oreščanin et al. (2014) 

13.2 l 
SS electrodes; Electrode 
distance: 2.2 cm; 6 V; 
treatment time: 60 min

96.7 0.47 Alferness et al. (2016) 

 
3.4. Manganese removal 
 
The presence of manganese and other metals in drinking water may be responsible for its coloration. 

Conventional methods for removing manganese include chemical precipitation, coagulation, flotation, ion-
exchange, oxidation/filtration, adsorption and membrane filtration (Alvarez-Bastida et al. 2018). Some of the 
recent applications of EC for manganese removal are shown in Table 5. Manganese removal efficiency varies 
from 50-100 %, depending on the treatment time and applied voltage. It can be assumed that the optimal operative 
parameters are Fe electrodes, electrode distance of 2 cm, 90 min of treatment time, pH 7 and current density of 15 
mA/cm2. Also, the addition of supporting electrolyte, such as SO4

2-, helps to increase the removal efficiency. More 
research on manganese removal needs to be done, and until then, it is suggested to combine it with other water 
treatments. 

 
Table 5. Recent applications of EC for manganese removal 

 
VOLUME 
TREATED 

OPTIMAL OPERATIVE 
PARAMETERS

% REMOVAL 
OPERATING 
COSTS [€/m3] 

REFERENCE 

0.5 l 
Fe electrodes; Electrode distance: 2 

cm; 2 A; treatment time 90 min; pH 6
99 - Gatsios et al. (2015) 

0.5 l 
Fe electrodes; Electrode distance: 2 
cm; 10 mA/cm2; treatment time: 60 

min; pH 7 
50 - Xu et al. (2017) 

0.5 l 

Fe electrodes; Electrode distance: 2 
cm; 15 mA/cm2; treatment time: 120 
min; pH 7; addition of electrolyte: 25 

mmol/l SO4
2- 

85.5 - Xu et al. (2018) 

 
3.5. Ammonia removal 
 
Ammonia in wastewater can originate from many sources such as fertilizer manufacturing, food processing, 

landfill leachate, agriculture, slaughterhouses and tanneries. Ammonia is considered as one of the most toxigenic 
contaminants, and high ammonia concentrations can cause eutrophication of rivers and lakes, thus disrupting the 
ecological balance. Till now, the main ammonia removal processes involved: air stripping, biological nitrification, 
denitrification, chemical treatment and selective ion exchange method (Desai et al. 2016). However, these methods 
are limited because of their cost, low efficiency and the use of toxic chemicals (Aoudj et al. 2017). Therefore, EC 
seems as an interesting solution for ammonia removal, and some results are shown in Table 6. According to results, 
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EC is not effective for ammonia removal. The removal efficiency is less than 50 % in all the mentioned research. 
Since it has been shown that EC is not effective enough to meet the standards determined by the Ordinance on 
conformity parameters, analytical methods, monitoring and drinking water safety plans, and keeping register of 
legal entities which provide public water supply (Official Gazette 125/17), it is suggested that EC needs to be 
combined with other water treatment processes. 

 
Table 6. Recent applications of EC for ammonia removal 

 

VOLUME TREATED 
OPTIMAL 

OPERATIVE 
PARAMETERS

% REMOVAL 
OPERATING 
COSTS [€/m3] 

REFERENCE 

1.8 l 
Al electrodes; 3 A; 

treatment time 60 min; 
pH 8 

24 - Son et al. (2017) 

2 l 

Al electrodes; 
Electrode distance: 2 

cm; 1.5 A; 15 V; 
treatment time: 90 min

47 - Desai et al. (2016) 

90 l 
Al electrodes; 150 

A/m2; treatment time: 
120 min; pH 7 

36 1.95 Lončar et al. (2019) 

 
3.6. Color removal 
 
Colored water is not suitable nor for drinking nor for many industrial purposes such as food industry or cloth 

washing. There are two types of color in water, true and apparent color. True color is the result of soluble 
substances that cannot be isolated by filtration, and apparent color is the result of suspended solids and colloid 
particles that can be separated by filtration (Malakootian and Fatehizadeh 2010). It can be noticed that EC has high 
color removal efficiency (97 %), but the choice of optimal operative parameters differs (Table 7). Therefore, more 
research on color removal by EC needs to be done. 

 
Table 7. Recent applications of EC for color removal 

 

VOLUME 
TREATED 

OPTIMAL 
OPERATIVE 

PARAMETERS 
% REMOVAL 

OPERATING 
COSTS [€/m3] 

REFERENCE 

1.5 l 
Al electrodes; 300 

A/m2; treatment time 
120 min; pH 5.2 

97.2 - Kara et al. (2013) 

3 l 

Fe electrodes; Electrode 
distance: 5 cm; 2.07 
mA/cm2; treatment 

time: 45 min; pH 7.6 

97 0.26 
Khansorthong and 

Hunsom (2016) 

 
3.7. Turbidity removal 
 
Water turbidity is caused by suspended solids and colloidal particles of clay, sludge, fine organic matter, 

microorganisms and other. The precipitation of particles depends on their density and size. Particles with higher 
density precipitate due to gravity and smaller particles, especially ones whose density is similar as water density, 
such as bacteria and colloidal particles, don’t precipitate, but remain suspended in water and need to generate 
larger flocs. Conventional treatments for turbidity removal have several disadvantages, such as the use of large 
amounts of chemicals and generating large amounts of sludge which causes disposal problems and the loss of 
water (Gulić 2003). It has been shown that EC is good for removing water turbidity (more than 95 %) and some 
results of previous research are shown in Table 8. According to previous research, optimal operative parameters 
very much differ. Since all mentioned types of the electrode material have high removal efficiency, their price can 
be a deciding factor. Suggested optimal operative parameters are Al electrodes, 2 cm of electrode distance, 20 V 
voltage and 40 min of treatment time. 

 
 
 



Posavčić et al.                                                                      Application of electrocoagulation for water conditioning 

EnvEng-IO (2019) / Vol.6 / No.2  65 

Table 8. Recent applications of EC for turbidity removal 
 

VOLUME 
TREATED 

OPTIMAL OPERATIVE 
PARAMETERS

% REMOVAL 
OPERATING 
COSTS [€/m3]

REFERENCE 

2 l 

Fe electrodes; Electrode 
distance: 5 cm; 5.62 mA/cm2; 

treatment time 40 min; pH 
5.2 

95 - Ni'am et al. (2007) 

3 l 
Al electrodes; Electrode 

distance: 2 cm; 20 V; 
treatment time: 10 min

97 - Rahmani (2008) 

1 l 
SS electrodes; Electrode 

distance: 2 cm; 20 V; 
treatment time 180 min; pH 7

98 - 
Adapureddy and Goel 

(2012) 

3 l 
Al electrodes; Electrode 

distance: 2 cm; 30 V; 
treatment time 25 min; pH 7

95 0.12 Moosavirad (2017) 

 
 
4. ECONOMY ANALYSIS AND THE COMPARISON OF REMOVAL EFFICIENCY  
 
Economy analysis, along with the removal efficiency analysis, plays an important role in the selection of 

optimal water treatment. The economic factors that can influence this choice are chemicals, coagulation resins, 
membranes, electricity, work, maintenance, etc. Only few papers analyzed the cost of EC, and most of the 
experiments were conducted on small batch units (Vepsäläinen 2012). Therefore, only rough estimation and 
approximate cost comparison of EC and similar water treatments can be given. Operative costs of some previous 
research are shown in Tables 3-8, and cost and efficiency comparisons between EC and several water treatments 
are given in Figures 3-6.  

The first comparison is for turbidity and Figure 3 shows that EC has higher removal efficiency than the 
combination of ultrafiltration/coagulation by 10 %. Also, operative costs of EC are lower than for the combination 
of ultrafiltration/coagulation by 0.20 €/m3 (Figure 4). Therefore, it is justified to use EC for removal of turbidity.  

 

Figure 3. Comparison of turbidity removal efficiency 
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Figure 4. Comparison of operative costs for turbidity removal  
 
The second comparison is for arsenic removal efficiency. Reverse osmosis and EC process both have very high 

removal efficiencies and similar operative costs (Figure 5 and Figure 6). But since more research was carried out 
on it, the advantage is given to reverse osmosis. It is noted that all studies were conducted on units with similar 
capacity. 

 

Figure 5. Comparison of arsenic removal efficiency  

 

Figure 6. Comparison of operative costs for arsenic removal  
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4.1. Removal of Total Nitrogen on a full-scale electrocoagulation reactor 
 
A case study with Al electrodes was performed on a full-scale batch EC unit made from stainless steel, Figure 

7. The unit has two rectangular chambers (tanks), whose dimensions are 0.80 m × 0.55 m × 1.10 m. In the study, 
90 L of water was used as the operating volume. The first tank is used for EC process, from which water can 
circulate (by pump) between two rectangular Fe, Al or SS electrode plates, while the second one is used as a 
settling tank. The total surface of Al electrodes was 0.063 m2 and the electrode distance was 0.5 cm.  

 
 

Figure 7. (a) The front and (b) the back of the EC unit 
 
In the tank 1 (Figure 7), 100 mL of 25 % NH3 solution was mixed with 90 L of drinking water from public 

water supply system in order to obtain Total Nitrogen (TN) concentration just over 200 mg/L. Also, 180 g of NaCl 
was added in order to increase the solution conductivity and obtain its concentration around 2 g/L. Everything was 
mixed for several minutes. The initial pH was 9.8 and total treatment time was 240 min. Water samples were taken 
before the beginning of the treatment, at every 60 min, and at the end of the process. TN concentrations were 
measured with NANOCOLOR 500D (by Eutech) Test 0-88 (TNb 220). Flow (Q = 0.03 L/s) was measured with 
ultrasonic water meter FLUXUS F601 (by Flexim), and the current was maintained approximately constant at 12 
A by the MC Power LBN-1990 lab power supply. After 240 min, TN was decreased to 63 mg/L, corresponding 
to removal efficiency of 69.7 % (Figure 8, Table 9).  

 
 

Figure 8. TN removal efficiency 
 
According to Figure 8, a linear trend of TN removal can be noticed, approximately 33 mg/L per hour. In 

comparison with some previous results (Posavčić et al., 2018), it is assumed that flow significantly affects the 
removal efficiency and is better that the water runs slower through the electrodes because there is more time for 
the formation of Al hydroxides.  
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Further, the operating costs are determined for this case (Table 9). An assessment of the operational costs of 
the EC process is given regarding energy cost, consisting of electricity and pump (power) costs, and material 
(electrodes) cost according to Equation 3: 

 
Operating costs = a ሺCelectricity + Cpumpሻ +  b Cmaterial  (3) 

 
where: Celectricty is electrical energy cost of 1 m3 of treated water (kWh/m3), Cpump is the energy cost of the pump 

for 1 m3 of treated water (kWh/m3) and Cmaterial (kg Al/m3) is the cost of the electrode material used in 1 m3 of the 
treated water. a is the average electricity price of 0.13 €/kWh (according to the national tariff models), and b is the 
average market price of aluminum given as 1.54 €/kg. After 240 min, total operational costs were 7.60 €/m3. 

Table 9. TN removal efficiency (%) and operating costs for energy (electricity and pump) and material      
(electrode) 

 

TIME 
[min] 

TN 
[mg/L] 

% REMOVAL 
Celectricity 

[kWh/m3] 
Cpump 

[kWh/m3] 
Celectrode 
[kg/m3] 

OPERATING 
COSTS 
[€/m3]

0 208 - - - - - 

60 166 20.19 8.00 5.56 0.09 1.90

120 130 37.50 16.00 11.11 0.18 3.80

180 91 56.25 24.00 16.67 0.27 5.70

240 63 69.70 32.00 22.22 0.36 7.60

 
 
5. CONCLUSION  
 
According to previous research, EC is suitable for removal of E. coli, iron, arsenic, color and turbidity. 

However, in cases with manganese and ammonia, it has been shown that EC is not effective enough to meet the 
standards determined by the Ordinance on conformity parameters, analytical methods, monitoring and drinking 
water safety plans, and keeping register of legal entities which provide public water supply (Official Gazette 
125/17) and needs to be combined with other water treatment processes.  

Generally, most of the previous research were conducted on “small-scale” units, i.e. small capacity devices (up 
to 10 L), where received results (operative costs and operative parameters), are not applicable in real conditions. 
Therefore, in order to obtain more credible results, more research on pilot devices need to be done. 

In this paper, a case study is also presented. Observed linear change indicates that the EC process for TN 
removal, with specified reactor setup, can be modelled with a simple linear rule with the average removal rate of 
33 mg/Lꞏh for 0.03 L/s flow rate.  

Linear change can be attributed to the approximately constant current that was maintained at 12 A. Also, what 
was not previously reported is that during the study the current was constantly slowly decreasing. Approximately 
every 15 minutes current dropped for 1 A. In order to keep the current constant, the voltage was increased 
accordingly. 
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Abstract: New and innovative advanced oxidative processes for wastewater treatments are currently in the focus of scientific 
research and development for possible industrial implantation. The main aim of this study was to investigate the effect of cold 
plasma treatment, high intensity ultrasound and UV radiation with the addition of additives: H2O2, TiO2, FeCl3 x 6H2O on 
degradation and removal of complex organic compounds from olive mill wastewater (OMWW). Olive mill wastewater 
represents a potential ecological problem when it is raw disposed into the environment, because of its high organic load. 
OMWW samples (with and without additives) were treated by high-voltage plasma discharge at frequencies 60 Hz and 120 
Hz in combination with pumped gases (nitrogen, air and oxygen) for 30 minutes, by UV radiation for 30 minutes and 10 
minutes by high intensity ultrasound. Physico-chemical parameters of quality, chemical oxygen demand (COD), and total 
dissolved carbon (TOC) were determined. The results have shown the efficacy of plasma treatment in degradation of organic 
compounds as well as degradation and reduction of polyphenolic compounds. Reduction of colour and total dissolved carbon 
occurred in all treated samples, mostly with the addition of FeCl3 x 6H2O. Treatment with UV radiation and ultrasound 
proved to be the most efficient resulting in the 50% reduction of organic compounds after a 10-minute treatment. 
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1. INTRODUCTION  
 
The food industry is a large consumer of water but also acts as one of the biggest generators of 

wastewater. Olive mill wastewater (OMWW) is one of the most loaded and complex agro-industrial 
wastewater with hardly biodegradable constituents and it is necessary to process it prior to discharge into the 
aquatic environment or the public drainage system. 

OMWW is a mixture of vegetation water, soft tissue from olive fruit and water used in various stages of 
oil pressing process; water added during centrifugation, water from filters and water from the washing 
equipment. It contains olive fruit pulp, pectin, oil, and other substances suspended in a relatively stable 
emulsion. According to its physico-chemical characteristics olive mill wastewater is a dark coloured liquid 
characterized by expressed odour, high organic loads (Chemical oxygen demand (COD) from 47-178 gO2 
L3), high concentration of phenols (0,5-0,7 gL-3), low pH (pH= 4-5), high conductivity (5,50-10 dSm-1) and 
high ratio of suspended particles (to 20 gL-1) (Paredes et al. 1997; Akar et al. 2009; Morillo et al. 2009).  

OMWW contains organic compounds such as soluble phenols (hydroxytyrosol, tyrosol, catechol, 
methylcatechol, caffeic acid, vanillic acid, p-coumaric acid, etc.), polyphenols, polyalcohols, sugars, tannins, 
lipids, and pectins originally from olives (Tsagaraki et al. 2007). In addition, several studies have shown that 
phenolic compounds are responsible for the phytotoxicity of OMWW (Niaounakis & Halvadakis 2006; 
Quaratino et al. 2007; Kallel et al. 2009). It has been established that organic loads, especially phenolic 
compounds, inhibit the efficacy of anaerobic digestion and therefore, in some cases, advanced oxidation 
methods are considered to be an extraordinary alternative (Kallel et al. 2009). 

Due to the diversity of potential contaminants in OMWW and the problem of their removal, research is 
directed towards the development of new technologies, and the current emphasis of the research is on 
reducing the harm and toxicity of advanced oxidation processes (AOPs) that have proven to be exceptionally 
high performance for removing highly degradable compounds. 

AOPs are defined as processes based on the formation of various oxidation agents in sufficient quantity 
for complete mineralization of organic substances. The main mechanism of AOP is to generate highly 
reactive free radicals that effectively react with carbon-carbon double bonds and attack the aromatic nucleus 
(Zaviska et al. 2009). AOP includes: chemical processes (O3, O3/H2O2, Fe3+/H2O2) (Nesheiwat & Swanson, 
2000), mechanical processes (cavitation generated by ultrasonic radiation or using compression such as 
valves or openings in hydraulic devices) (Adewuyi 2001), photochemical or photocatalytic processes (by 
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ultraviolet radiation in the presence of oxidants or catalysts) (Bhatkhande et al. 2002) and electrical 
processes ("corona" discharge or "glow" discharge). The resulting hydroxyl radicals are strong oxidation 
reagents with a 2.33 V oxidation potential and show very rapid oxidation reactions compared to conventional 
oxidants such as hydrogen peroxide or KMnO4 (Gogate et al. 2004). 

 
1.1. Cold plasma 
 
Plasma coming from the Greek word “plasma” in free translation means self-forming material (Mott-

Smith & Langmuir 1926). It consists of positive and negative ions, free radicals, gas atoms, molecules, 
electrons and neutral particles (Roya & Hosseini 2014). The term "plasma" was first used in 1928 by Irving 
Langmuir to define the fourth state of the substance with partial or completely ionized gas status. Changing 
the phase of a solid, liquid and gaseous state is generated by increasing the energy intake and also the further 
increase of energy above a certain level in the gaseous phase causes the ionization of molecules resulting in 
plasma formation (Thirumdas et al. 2014). Plasma can be created by subjecting the gas to the electric field 
(between the two electrodes) of a constant or changed high frequency amplitude. Applied energy can be 
from a variety of sources (thermal, electrical, magnetic), causing an increase in kinetic energy of the 
electron, resulting in increased collisions with neutral molecules and plasma formation, divided into two 
major categories - thermal and non-thermal plasma (Cheng et al. 2007). 

Plasma generates oxidizing agents OH, O, H2O2 which have a high oxidative potential for oxidation of 
organic compounds and purification of water (Li et al. 2007). Plasma can be created directly in the liquid, in 
the air above the liquid, or in the case of a hybrid reactor, both in liquid and in the air. Research has focused 
on the use of non-thermal plasma for the oxidation of phenols, dyes, degradation of pharmaceutical 
compounds and pesticides. Non-thermal plasma has a tendency of energy transfer through the aqueous 
medium being treated. When treating wastewater, plasma is generated as a result of high-voltage discharge 
that is generated by the current electrical and magnetic field. The electromagnetic field is capable of 
sterilizing wastewater and therefore plasma technology is considered to be more effective in treating 
wastewater (Cheng et al. 2007). 

 
1.2. Ultrasound  
 
Great attention to research on the use of ultrasound in environmental protection is directed to the 

exploitation of the cavitation effect on the destruction of chemical and biological substances in wastewater 
as an example of an advanced oxidation process (Mason & Tiehm 2001). 

Ultrasonic waves are mechanical vibrations that spread through a medium that contains elastic properties 
such as solid, liquid or gas. The effect of ultrasound treatment is basically the result of ultrasonic induced 
cavitation by using sound wave in the lower frequency range. It is mainly applied in the range of 20-40 kHz, 
but there is an increasing interest for the effects of higher frequencies, but not above the MHz frequency 
where cavitation is difficult to achieve without the use of high power (Mason & Lorimer 2002). Ultrasound 
has more and more potential for wastewater treatment. The use of sonochemical oxidation, which results in 
cavitation or formation of growth, and subsequent breakdown of bubbles or cavities created in an extremely 
small time interval (microseconds) and the release of large amounts of energy. Under these conditions, the 
organic compounds are dissociated directly by pyrolytic cleavage. On the other hand, the hydroxyl radicals 
formed by pyrolysis also participate in the degradation of organic substances (Babuponnusami & 
Muthukumar 2013). 

 
1.3. UV radiation 
 
UV radiation is a part of electromagnetic radiation wavelengths of 100-400 nm, which due to the release 

of large amounts of energy, effectively cleaves the chemical bonds within the molecules. 
The photochemical processes of degradation are increasingly attributed to the importance of wastewater 

because chemical reactions are characterized by the formation of free radicals that can be easily produced by 
UV radiation (Mazzarino et al. 1999). Molecules absorb the energy of UV radiation and move to an excited 
state, but in such a state they remain very short and return to their ground state or break down to the radical. 
The resulting radicals are reactive and react with organic substances in reactions where the final products are 
of low molecular weight. 

Research has shown that UV radiation at 253.7 nm wavelength (UV-C) efficiently breaks down industrial 
chemicals, hydrocarbons, fuel, dye and odour molecules. Also, ultraviolet radiation processing has proven to 
be effective when used as a pre-treatment or in combination with other processing technologies such as 
adsorption on activated carbon, biodegradation, ion exchange and membrane bioreactor treatment. 
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2. MATERIAL AND METHODS 
 
Wastewater from the production of olive oil (OMWW) was supplied from an oil mill in Northern Dalmatia 

and stored in plastic containers in a freezer at -18 °C. Before the treatment, to remove agglomerated particles, 
OMWW was tempered to room temperature and filtered through a 0.45 μm pore paper filter. The treated 
OMWW had the following physico-chemical characteristics: pH 5.04, electrical conductivity 872 μScm-1 and 
29.8 % saturation.  

 
2.1. Methods 
 
Physical characteristics of OMWW were measured in samples before and after treatment using a digital 

meter (HANNA instruments, Woonsocket, USA), pH value with pH electrode (HI11310), electrical conductivity 
with the electrode (HI763100) and oxygen saturation with the electrode (HI764080).  

Pulse high-voltage generator (Spellman, UK) of 1200 W output power was used to generate plasma. A 
generator is connected to the circuit with resistors 9.5MΩ and capacitor with capacity 0.75 nF. Plasma 
frequencies used for treatment were 60 Hz and 120 Hz and the voltage was measured by the Tektronix P6015A 
voltage-probe connected to the oscilloscope (Hantek DS05202BM, China). 

A hybrid plasma reactor is a glass reactor with a total volume of 500 mL (working volume of 200 mL), with 
rubber caps and adapted opening for the electrodes and gas injection (Figure 2). During treatment through high-
voltage electrode (stainless steel needle Microlance TM 3.81 cm) located at the bottom of the reactor and placed 
in the liquid phase, gases were blown N2 (flow = 4 Lmin-1), O2 (flow = 6 Lmin-1) or air (flow = 6 Lmin-1), which 
also enabled mixing of the sample. A ground electrode was placed on the upper side of the reactor, in the gas 
phase. This type of reactor enables discharge on the top of the electrode in the liquid and on the surface, where it 
discharges through the bubbles on the surface. 
 
Table 1. Cold plasma treated samples 

 
Sample Treatment t (min) 

A untreated 0 
B 

60 Hz 
N2 30 

C air 30 
D O2 30 
E 

120 Hz 
N2 30 

F air 30 
G O2 30 
H untreated + FeCl3 x 6H2O 30 
I 

60 Hz 
N2+ FeCl3 x 6H2O 30 

J air + FeCl3 x 6H2O 30 
K O2+ FeCl3 x 6H2O 30 
L 

120 Hz 
N2+ FeCl3 x 6H2O 30 

M air + FeCl3 x 6H2O 30 
N O2 + FeCl3 x 6H2O 30 

 
In UV radiation treatment was used UV-C lamp of 16 W power placed in stainless steel tube (Spa Dealers - 

Lux Style, Finland). The peristaltic pump (SP 311 VELP Scientifica, Italy) provided a constant circulation of 
wastewater from the reactor through UV lamp. 

In order to have most effective further wastewater treatment, chemical requirements were decreased by up to 
70 %. OMWW samples of 200 mL volume were treated for 30 minutes with the previous addition of: 51.5 μL 
H2O2 (c = 1 gL-1), 0.2 g TiO2 (c = 1 gL-1) and 33 μL of FeCl3 x 6H2O (c = 1 molL-1). 

 
Table 2. UV radiation treated samples 
 

Sample Treatment t (min) 
1. H2O2 / UV 30
2. TiO2 / UV 30
3. FeCl3 x 6H2O / UV 30
4. H2O2 + FeCl3 x 6H2O / UV 30

 
The ultrasonic processor - Misonix Sonicators S-4000 (Connecticut, USA) was used to generate high 

intensity ultrasound for ultrasonic treatment. The device has a maximum power of 600 W, a voltage of 120 - 240 
V and a frequency of 20 kHz. The thermocouple was immersed in the sample during the entire treatment and 
connected to an ultrasonic processor. In the study was used an ultrasound probe of 12.7 mm diameter. Ultrasonic 
power loss occurs by passing through the medium due to heat development and because of it treatment time was 
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limited to 10 minutes without cooling the reactor chamber. OMWW volumes of 200 ml were treated for 10 
minutes with the previous addition of: 51.5 μL H2O2 (c = 1 gL-1), 0.2 g TiO2 (c = 1 gL-1) and 33 μL FeCl3 x 
6H2O (c= 1 molL-1). 

 
Table 3. Ultrasound treated samples 
 

Sample Treatment t (min) 
5. H2O2 / US 10 
6. TiO2 / US 10 
7. FeCl3 x 6H2O / US 10 
8. H2O2 + FeCl3 x 6H2O / US 10 

 
Determination of sample colour was tested on Specord 50 Plus Spectrophotometer (AnalytikJena, Jena, 

Germany) with measurements of L*, a* and b* values on the 10 mm mesh mask. Coordinates of the CIE Lab 
colour system are based on Hering's theory of opposite colour pairs representing the system's axis. The 
chromatographic characteristics of the wastewater according to the CIE system are described by the following 
parameters: achromatic axis L* (lightness) indicates luminance in the range of 0 % to 100 %, with 0 % black and 
100 % white; axis a* represents the range of colours red-green and axis b* range of colours yellow-blue 
(Mohammadi et al. 2008; Sharma & Rodríguez-Pardo 2012; de Mendonça et al. 2016). All measurements were 
performed in SCI (Specular Component Included) mode. 

Samples are defrosted and stored at room temperature prior to colour determination. The transmittance 
measurement was carried out in plastic cuvette at wavelengths of 380 to 780 nm, each 5 nm, with the D65 
illuminator and the viewing angle of 10 ° versus distilled water as a blank probe. The tested sample L*, a*, b*, C 
and h values are calculated with automatic data processing using CIE Lab software support. It expresses colour 
as three values: L* for the lightness from black (0) to white (100), a* from green (−) to red (+), and b* from blue 
(−) to yellow (+). Based on the measured parameters L*, a* and b* values, the total colour change ΔE is 
calculated according to Equation 1: 

 
Δ𝐸∗= √(𝐿∗− 𝐿𝑟𝑒𝑓∗)2+(𝑎∗− 𝑎𝑟𝑒𝑓∗)2+(𝑏∗− 𝑏𝑟𝑒𝑓∗)2 (1) 

 
𝐿*- the colour brightness of the examined sample in the L* a* b* system 
𝑎*- colour parameter of the examined sample 
𝑏*- colour parameter of the examined sample 
𝐿𝑟𝑒𝑓*- the colour brightness of the reference sample 
𝑎𝑟𝑒𝑓*- colour parameter of the reference sample 
𝑏𝑟𝑒𝑓 *- colour parameter of the reference sample 
 
Dissolved Organic Carbon (DOC) was measured on the TOC Analyser (TOC-VCPH, Shimadzu, Japan) by 

the (NPOC) non-purgeable organic carbon method. The combustion catalytic oxidation method achieves total 
combustion of samples by heating them to 680°C in an oxygen-rich environment inside TC combustion tubes 
filled with a platinum catalyst. Since simple oxidation principles are used through heating and combustion, pre-
treatment and post-treatment are not required. Carbon dioxide generated by oxidation is detected by an infrared 
gas analyser (NDIR). By adopting the newly designed highly sensitive NDIR, the TOC-L series achieves high 
detection susceptibility with a detection limit of 4 μgL-1, the highest level for the catalytic combustion oxidation 
method. 

The DOC and TOC determination method requires the removal of all inorganic carbons from the sample 
before the sample is analysed for the organic carbon content. If inorganic carbon is not completely removed, 
there will be a significant error. Inorganic carbon disturbance is removed by converting inorganic carbon into 
CO2 by acidification of the sample at pH 2-3 and sifting inert gas to remove the generated CO2. The sample is 
then injected into the instrumental TOC system and the organic carbon is oxidized to CO2 released from the 
sample and detected as DOC or TOC (Shimadzu 2018). 

The OMWW content of DOC depends significantly on the raw material, climatic conditions and operating 
conditions of the plant. Because of the presence of suspended material, TOC and DOC significantly differ and 
therefore can be expected results variability. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Physico-chemical characteristics 
 
In the treated samples, the physical characteristics of pH value, electrical conductivity and oxygen saturation 

were measured and the following results were obtained. In the treated samples a decrease in the pH value was 
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observed after cold plasma treatment, especially in treatment with FeCl3 x 6H2O supplementation. The pH 
elevation was observed in UV radiation treatment while ultrasonic treatment did not change pH value.  

The difference in pH value of the treated samples is due to the different effect of the individual treatments. 
Acidification of the solution in plasma treatment can be explained by the partial oxidation of the phenolic 
compounds into low molecular weight carboxylic acids, which predominantly occurs within the first stage of the 
Fenton process (Esteves et al. 2018). In contrast, UV radiation treatment raises the pH due to the influence of 
different ions on the absorption of UV light and the reaction of undesirable substances with hydroxyl radicals.  

Different values of pH and conductivity after the ultrasound treatment can be explained on the basis of the 
main factors limiting acoustic cavitation like degassing of liquid, high atmospheric pressure, temperature 
elevation, and irradiation with increasing US frequencies (Herrmann 1999). 

Due to the development of high temperatures during ultrasound processing (> 60 °C), the treatment time was 
3x shorter, compared to UV treatment. Ultrasound leads to the formation, growth and breakdown of the bubble, 
which is followed by the generation of very high local temperature. In the range of 20 to 80 °C, the temperature-
dependent degradation is weak, but cooling is recommended for temperatures above 80 °C due to a drastic 
decrease in activity and reaction rate (Herrmann 1999). 

After treatment in a hybrid plasma reactor, values of electrical conductivity have increased as well as in 
ultrasonic treatment with H2O2 supplementation, whereas in the UV and US treatments there is usually a 
decrease in electrical conductivity. The agglomerates present in the OMWW are degraded by the cold plasma 
treatment and contribute to the increase of electrical conductivity. Also, nitrate and nitric products dissolving in 
water during plasma treatment can induce a steep pH lowering of the solution and an increasing of conductivity 
as well as participate in various reactions (Jiang et.al. 2014). Oxygen saturation increases after treatments where 
air or oxygen was blown into samples, while in samples where nitrogen was blown oxygen saturation decreased. 

 
3.2. Colour intensity 
 
OMWW treatments in a hybrid plasma reactor with selected process sizes and using UV radiation and/or US 

treatments gave the following results. Using the colourimetric method prior to treatment (Figure 1) and after 
treatment (Figure 2), the colouring intensity decreased. The most significant colour change occurred in samples 
treated with cold plasma with nitrogen and air blow at a frequency of 120 Hz with addition of FeCl3 x 6H2O, 
whereas colour change in treated US and/or UV radiation is most pronounced in samples in which H2O2 was 
added. 

 

 
 

Figure 1. Colour change in samples treated with cold plasma 
 
 

In the samples to which Fenton's method was applied, the colour change is more significant in cold plasma 
treated samples, while in US and/or UV treated samples, the colour change is lower. The reason for this is that 
the efficiency of the Fenton process is affected by the amount of added iron ion, the concentration of H2O2, the 
concentration of contaminated substances and pH. At pH values above 4, Fe2+ ions are highly unstable and easily 
transfer to a more stable Fe3+ ion that creates complexes with a hydroxyl ion (Niaounakis & Halvadakis 2006). 
pH values of cold plasma treated samples ranged between 3.34 and 5.05 while pH in samples treated with US 
and/or UV radiation ranged between 5.01 and 5.76, which influenced the efficacy of Fenton's method.  
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Figure 2. Colour change in samples treated with US and/or UV radiation 
 

Since the photooxidation process is very limited, ultraviolet light is used in combination with a strong 
oxidant such as H2O2 or TiO2 catalyst. (Daneshvar et al. 2008). According to the results of the research, Rezaee 
et al. (2008), under the optimal dose of H2O2 (2.5 mmolL-1) and UV radiation (55 W) for less than 30 minutes, 
the solution was fully decolourized. The percentage of decolourization is linearly increased by UV radiation and 
the nonlinear increase of the initial concentration of H2O2. According to this research, the best result of 
ultrasonic removal and/or ultraviolet radiation is achieved by UV treatment with the addition of H2O2.  

 
3.3. Colour intensity 
 
Figure 3 presents the concentrations of total dissolved carbon in samples after treatment in a hybrid plasma 

reactor at selected process conditions. From the obtained values is apparent that in relation to the DOC value in 
the untreated sample, the highest reduction in DOC was obtained in the sample treated with cold plasma at a 
frequency of 60 Hz with nitrogen and addition of FeCl3 x 6H2O. 

 

 
 

Figure 3. DOC values in samples after cold plasma treatment 
 
 

The values of total dissolved carbon in the samples treated with ultrasound and/or UV radiation with the 
previous addition of H2O2, TiO2 and FeCl3 x 6H2O with the selected process conditions are shown in Figure 4. It 
is apparent that the highest value of total dissolved carbon (2546 mgL-1) is obtained by ultrasonic and UV 
radiation treatment with the prior addition of 30 % H2O2 in a volume of 51 μL. The disadvantage of this 
combination is that H2O2 has a poor absorption of UV radiation and most of the light input in wastewater 
treatment will be wasted (Crittenden et al. 2005). 
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Figure 4. DOC values in samples after UV and/or US treatment 
 

The combination of H2O2 and UV radiation with the Fenton reagent proved to be very effective in reducing 
the DOC value to 1897 mgL-1. Compared to the combination of UV radiation, H2O2 and Fenton reagent with the 
Fenton reagent itself, the combination produces more hydroxyl radicals and thus increases the rate of 
degradation of organic contamination. The required amount of iron salt for treatment is considerably lower in the 
combination of US/UV compared to the Fenton method itself where the iron ions have to be added at regular 
intervals for the reaction to flow. 

Furthermore, the addition of 0.2 g of TiO2 with ultrasound and UV treatment have caused the most 
significant change in the DOC value. Wastewater treatment with TiO2 and UV radiation has been intensively 
used in wastewater treatment since TiO2 is cheap and highly available chemical, biologically inert and stable, 
capable of oxidizing organic compounds into harmless compounds such as H2O and CO2. El-Hajjouji et al. 
(2008), in their research, investigated the effect of 1 gL-1 TiO2 and UV radiation on wastewater from olive oil 
production. After 24 hours, 22 % COD and 94 % phenol were removed. Almost 30 % of DOC was removed in 
the presence of 0.5 and 1 gL-1 TiO2 over a period of 50-60 minutes. 

Figure 3 and Figure 4 present a significant difference in total dissolved carbon values. After cold plasma 
treatment values of DOC ranges from 1148 mgL-1 to 1421 mgL-1, which is a significant reduction compared to 
the untreated sample. The DOC values after ultrasound and UV radiation treatment are in the range of 1761 
mgL-1 to 2409 mgL-1. 

 
4. CONCLUSION  
 
After the research conducted, it can be concluded that the most significant colour changes, as well as the 

greatest reduction of total dissolved carbon, are in samples treated with cold plasma and in samples with the 
addition of Fenton reagent. After 30 minutes of UV treatment, 10 minutes by ultrasound or combination of US 
and UV radiation for 10 minutes, the biggest colour change was observed by applying the combination of UV 
treatment with the addition of strong oxidants H2O2 and the catalyst. The value of total dissolved carbon was 
almost double reduced by ultrasound treatment with the addition of TiO2 catalyst in comparison to the untreated 
sample.  

Observing the influence of all conducted treatments, advanced oxidation treatments has proved to be 
effective treatments for olive mill wastewater and it is useful to conduct further extensive research for possible 
effective industrial applications in the future.  
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Abstract: The aim of this study was to investigate photodegradation of Methylene Blue (MB) in water by using 
ZnO and TiO2 nanoparticles. Adsorption and photocatalytic oxidation studies were carried out by using produced 
TiO2, commercial TiO2 and commercial ZnO nanoparticles. In order to evaluate performance tests, 5 mg/l of MB 
solution was used. The samples were mixed in the dark for 2 hours for establishing adsorption-desorption 
equilibrium. The photocatalytic tests of the samples were performed by assessing the decomposition rate of MB 
solutions under UV light. The results of the photocatalytic showed that the highest color removal efficiencies was 
obtained by TiO2 catalyst where Methylene blue solution was completely degraded. 
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1. INTRODUCTION 
 

Water plays an important role in human, animal life, and ecosystem, but any unwanted addition of chemical 
substances leads to contamination or pollution and makes it unfit for consumption. Lately, environmental pollution 
is becoming the world debating and challenging problem. Among all those problems, water pollution is of prime 
concern. Water pollution has become an important problem at the global scale. Anthropogenic and industrial 
activities are responsible for this pollution. Effluents are discharged directly or indirectly by the industries into the 
nearby water resources without proper treatment (Ameta et al. 2013). 

The degradation of dyes in industrial effluent has attracted great attention in the recent years because of 
increasing environmental awareness and the application of environmental rules. However, some treatments for 
colour removal from these effluents do not guarantee the absence of other secondary toxic substances, often arising 
from the treatment process itself (Immich et al. 2009). 

In recent years, photocatalytic specialized materials and devices are increased not only in academic case but 
also in industrial applications. This dramatic rise is accompanying the population growth and wastes which are 
increased by them. New technological improvements are invented continuously. Owing to the environmental 
pollution, these new approaches should be eco-friendly. In 1969, according to a Japan researcher called Fujishima, 
photocatalysts were used for the treatment process. Honda-Fujishima developed a prototype: fine powders which 
are doped with metal and/or metal oxide particles were used as a photocatalyst in chemical reactions. These fine 
powders were semiconductor. Photocatalytic reactions using TiO2 were discovered. Among these years many 
researches were done to improve the photocatalytic systems (Kodama & Suzuki 2007). 

In photocatalysis, light of energy greater than the band gap of the semiconductor, excites an electron from the 
valence band to the conduction band (Figure 1). In the case of anatase TiO2, the band gap is 3.2 eV, therefore UV 
light (λ ≤ 387 nm) is required. The absorption of a photon excites an electron to the conduction band (e-CB) 
generating a positive hole in the valence band (Pelaez et al. 2012). 
One of the advanced oxidation processes convenient for drinking water is heterogeneous photocatalysis with 
semiconductor titanium dioxide (TiO2). TiO2/UV photocatalytic oxidation process is generally with solar energy 
(hν) and TiO2 surface. The main aim is to generate hydroxyl radical (OH•) which is a strong oxidizer and 
participates in different reactions with adsorbed substances on this surface (Çakıroğlu 2011). 

Zinc oxide (ZnO) nanomaterials provide great usage because of their specifications in electronics, optics and 
photonics. Due to this reason, the properties of ZnO nanostructures, which have application potential in different 
areas, and ZnO is an environmentally friendly (Guo 2017). 
Methylene blue is an aromatic chemical compound. The papers, hair dye, fabric dying and wool dying industry 
widely use MB as a colourant. The most MB is used in textile industry. It is commonly used in dyestuff applications 
and as a redox indicator. The mostly used wavelengths of MB are 291 and 664 nm (Yao and Wang 2010). 
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The aim of this study was to perform the photocatalytic degradation tests of MB in water by using ZnO and 
TiO2 nanoparticles. Adsorption and photocatalytic oxidation studies were carried out by using produced TiO2, 
commercial TiO2 and commercial ZnO nanoparticles. 
 
2. MATERIALS AND METHODS 
 
2.1. Preparation and supplying of materials 
 

TiO2, ZnO and Methylene Blue (MB) were used in the experiment. TiO2 was produced in Electronical 
Materials Production and Application Center of Dokuz Eylul University (99.55 % purity, 18 nm, anastas) (Yıldırım 
et al. 2016); commercial TiO2 (99 %purity) and ZnO (99.5 %purity) 30-50 nm were bought from Nanograph 
Company. MB (Sigma-Aldrich, 97 %) solution was prepared by adding 5 mg of MB to 1 liter of deionized water. 
For providing the homogeny mix, 30 minutes of stirring was done with using magnetic mixer. 

For every experiment, the beakers were filled up to 50 ml and the nanoparticles of TiO2, commercial TiO2 and 
ZnO placed on the testing apparatus as shown in Figure 1. ZnO, TiO2 and commercial TiO2 were added in MB 
solutions as 0,05g/50 ml, 0,1 g/50ml and 0,2 g/50ml, respectively. In the beginning, adsorption study was 
performed in the dark for 2 hours to establish adsorption-desorption equilibrium. After this step, photocatalytic 
studies were performed under UV lamp. Control sample (CS) were a reference samples without any photocatalyst. 
CS1 and CS2 were used to observe the effect of adsorption and photocatalytic studies. Schematic experiment 
apparatus was used in adsorption and photocatalytic studies as shown in Figure 1.  
 

 
 

Figure 1. Schematic experiment apparatus, (a) Control Sample, (b) MB soluton with ZnO nanoparticle, (c) MB 
solution with commercial TiO2, (d) MB solution with produced TiO2 

 
Initial absorbance was determined as Ao, and absorbance value of different times was determined as Ai, 

following the Equation 1:  
 

% Degradation rate= (Ao-Ai)/Ao×100                                                  (1)   
 
The degradation rate was calculated by using the Eq. 1. All samples were shaked in WISD Orbital Shaker 

(Korea) device for 2 hours in dark to establish the equilibrium for adsorption. 10 ml from each sample was taken 
for measurement of absorbance. Absorbance measurements were performed with Shimadzu UV-mini 1240 UV-
Vis spectrophotometer (Japan). Photocatalytic degradation performance tests were carried out under UV lamp for 
5 hours. After UV lamp exposure, all samples were taken for measurement of absorbance values. SEM analysis 
was performed to investigate surface morphology and characteristics of TiO2 by using JEOL JSM-6060 SEM 
(United States). 

3. RESULTS AND DISCUSSION 

3.1. Characterization 
 

The TiO2 samples were characterized by using Scanning Electrone Microscope (SEM) and XRD. The 
morphology of the TiO2 nanoparticle was found to be affected by solution concentration and illustrated in Figure 
2. The size distribution of TiO2 nanoparticles was homogeneous. Spectrophotometric measurement results are 
shown in Figures 4-5. The morphology of the films is an important parameter that affects photocatalytical 
properties (Bakuy 2009). It is noted that TiO2 nanoparticles distribution is non-uniform. 
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Figure 2. SEM micrograph of TiO2 

 
 

Figure 3. XRD graph of TiO2 

 

Phase identification of the TiO2 was performed using X-Ray Diffraction (XRD) and illustrated in Figure 3. It 
was noted that strong and sharp peaks of the patterns confirmed. The obtained diffraction peaks were matched 
very well with the JCPDS Card no.: 21-1272 and 86-0148 demonstrating the phases of TiO2 (Yıldırım et al. 2016). 

 
3.2. Degradation 
 

The degradation of the color during adsorption study was shown in Figure 4. It was noted that there was no 
significant color change after the adsorption study for all three nanoparticle photocatalysts; commercial TiO2 - 1, 
prepared TiO2 - 2 and ZnO (at three different concentrations of photocatalysts 0.05, 0.1 and 0.2). As expected, 
during the photocatalysis the colr removals appeared (Figure 5) for all three nanoparticle photocatalysts; 
commercial TiO2 - 1, prepared TiO2 - 2 and ZnO (at three different concentrations of photocatalysts 0.05, 0.1 and 
0.2). The higherst degradation rates were obtained by the use of both types of TiO2 nanoparticles - commercial 
TiO2 - 1, prepared TiO2 - 2. 
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Figure 4. Color degradation after adsorption on commercial TiO2 - 1, prepared TiO2 - 2 and 
ZnO nanoparticles; at three different concentrations of photocatalysts

Figure 5. Photocatalytic color degradation after adsorption on commercial TiO2 -1, prepared TiO2 - 2 and 
ZnO nanoparticles; at three different concentrations of photocatalysts
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The photocatalytic experiment results are illustrated in Table 1 and shown in Figure 5. A slight change can be 
seen at reference (control) sample during the test. It was found that the samples with TiO2 photocatalyst was 
removed totally MB in water, successfully. The MB degradation was very weak with ZnO catalyst in comparison 
with TiO2 catalyst. Although it was found that 72 % degradation efficiency, it is possible to make nanoparticle 
more effective using on thin film coating with different dopant elements (Yang et al. 2009). 

 
Table 1. Percentage of degradation after photocatalytic oxidation 
 

NAME OF SAMPLE 
RESIDUE MB CONCENTRATION 

(mg/l)
EFFICIENCY (%) 

Control Sample 4,55 11 

0.05 ZnO 2,37 54 

0.1 ZnO 2,02 61 

0.2 ZnO 1,43 72 

0.05 TiO2 (p)* 0 100 

0.1 TiO2-1 (p)* 0 100 

0.2 TiO2-1 (p)* 0 100 

0.05 TiO2 (c)** 0 100 

0.1 TiO2 (c)** 0 100 

0.2 TiO2 (c)** 0 100 

*Produced TiO2 in EMUM(Yıldırım et al., 2016) **Commercial TiO2  

 
4. CONCLUSION 
 

Adsorption and photocatalytic oxidation studies with ZnO, commercial TiO2 and produced TiO2 catalysts were 
performed successfully. As a result of the photocatalytic performance studies, the highest efficiencies were reached 
with the TiO2 (both commercial and produced TiO2 obtained 100 % efficiency) compared to ZnO nanoparticles 
(up to 70 % efficiency). 
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Abstract: The Commission Implementing Decision (EU) 2018/840 established the watch list of substances for Union-wide 
monitoring in the field of water policy pursuant to Directive 2008/105/EC and Commission Implementing Decision (EU) 
2015/495. This Decision establishes additional substances and their maximum acceptable method detection limits including 
neonicotinoids (9-500 ng/L). During the pesticides extraction from water, the solid-phase extraction (SPE) column was used. 
Bakerbond spe™ SDB-1 SPE and Bond Elut Plexa were evaluated for the SPE of neonicotinoids (imidacloprid, thiamethoxam, 
acetamiprid, thiacloprid and clothianidin) from water. The comparation of the results of these two types of columns, was 
performed by spiking water samples at two levels (0.05 and 0.1 μg/L) in three replicates. The Bakerbond™ column 
quantitatively adsorbed these pesticides, with the obtained recoveries: 36.9 % for imidacloprid, 43.2 % for thiacloprid, 119.3 
% for clothianidin, 64.6 % for acetamiprid and 53.6 % for thiamethoxam. Using Bond Elut Plexa the obtained recoveries were 
66.9 % for imidacloprid, 72.9% for thiacloprid, 103.4 % for clothianidin, 67.4 % for acetamiprid and 45.2% for thiamethoxam. 
Both colums have low recovery values for thiametoxam, while the highest values were obtained by Bond Elut Plexa for 
thiacloprid, imidacloprid and acetamiprid. Great recoveries were achieved for clothianidin using both SPE columns. 
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1. INTRODUCTION 
 
Water is one of the essential resources for life and its multiple uses are indispensable for a series of 

activities, such as agriculture, generation of energy, public and industrial supply, among others (Stojanović et 
al. 2017). Water covers about 70 % of the earth, but only 3  % of the world’s water is fresh and twothirds of that 
amount is tucked away in frozen glaciers or otherwise unavailable for our use (Lomsadze et al. 2018). The problem 
of watercourses pollution has become the main topic of discussion among numerous scientists and experts in 
the field of environmental protection. Unfortunately, this problem was observed relatively late (at the end of 
the 1980s), after the chemicals in water caused the disappearance of many aquatic organisms. Particular 
attention is paid to pesticides that can migrate to surface and groundwater after the application to plants or soil 
(Ismail et al. 2012). Very often, agricultural producers, after finishing spraying, throw away empty containers 
into the local channels or leave them near the field, which is another source of pollution (Bursić et al. 2013). 
Although pesticides are considered to be extremely toxic substances in the environment, there is very little 
information about their distribution and use in Serbia (Antić et al. 2013). 

Neonicotinoids are nowadays the most widely used insecticides in the world and include imidacloprid, 
thiamethoxam, acetamiprid, thiacloprid and clothianidin, as well as a metabolite 6-chloro nicotinic acid (Bursić 
et al. 2016). Despite these potential advantages, nowadays, the use of neonicotinoids is a matter of concern 
due to their high mobility in plants and environmental matrices, having been detected in the surface water 
samples, obtained in the vicinity of agricultural areas, from different regions of the planet (Casadol et al. 2016). 
Apart from their direct impact in honey production, their toxicity for bees presents a threat for the biodiversity 
of ecosystems. Commission Implementing Decision (EU) (2018) 2018/840 of 5 June 2018 established a watch 
list of substances for Union-wide monitoring in the field of water policy pursuant to Directive 2008/105/EC 
of the European Parliament and of the Council and repealing Commission Implementing Decision (EU) 
2015/495. This Decision establishes additional substances and their maximum acceptable method detection 
limits like oxadiazon (8.8 ng/L), methiocarb (10 ng/L) and neonicotinoids (9-500 ng/L).   

Among the different pre-treatment approaches, SPE (solid-phase extraction) offers a good compromise 
between robustness, rapidity, convenience, clean-up efficiency, scope for automation and solvent consumption 
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and is, therefore, ideally suited to routine analysis (Xie et al. 2011). SPE columns, mostly OASIS HLB 
cartridges, are widely used for neonicotinoids residue analysis for different samples such as vegetable and 
fruits (Obana et al. 2003; Xie et al. 2011), cottonseed cake (Mohan et al. 2010) and wine (Rodriguez-Cabo et al. 
2016).  

The low maximum residue limits (MRLs) have fostered the development of more powerful sensitive 
analytical methods to meet the requirements in the complex samples, such as food, water and soil. In this 
sense, liquid chromatography–tandem mass spectrometry (LC–MS/MS) with triple quadrupole in multiple 
reaction monitoring (MRM) mode has become so far, the most widely used technique for the quantitation of 
neonicotinoid insecticides in different matrices as reported extensively in the literature.  

During the imidacloprid, thiamethoxam, acetamiprid, thiacloprid and clothianidin (Figure 1) extractions 
from water, the SPE column was used. This study reports the comparison between extraction cartridges: 
Bakerbond spe™ SDB-1 Solid Phase Extraction Columns (J.T. Baker™, USA) and Bond Elut Plexa (Agilent 
Technologies, USA) in the terms of neonicotinoid insecticide recoveries from water using LC-MS/MS.  

 

 
 

Figure 1. Chemical structures of five neonicotinoid pesticides (Ghanim & Ishaaya 2011) 
  
2. MATERIALS AND METHODS 
 
2.1. Standards, solvents and sorbents 
 
HPLC grade acetonitrile and methanol were obtained from Merck (Darmstadt, Germany). Formic acid (purity 

98 %, w/w) was from Sigma–Aldrich (Steinheim, Germany). The water used was purified with a Milli-Q water 
purification system from Millipore (Bedford, MA, USA). Cartridges used for solid-phase extraction were 
Bakerbond spe™ SDB-1 Solid Phase Extraction Columns (200 mg, 6 mL - J.T. Baker™, USA) and Bond Elut 
Plexa (60 mg, 3 mL - Agilent Technologies, USA). PTFE syringe filter (Millex LCR, Millipore, Milford, MA, 
USA). 

Individual standard pesticide stock solutions (≈0.50 mg/mL) were prepared in methanol and stored at −20 °C. 
Working standard (multi component solution – 10 μg/mL) was prepared by diluting stock solution with the 
chromatographic mobile phase (acetonitrile/water (0.1 % formic acid) 30:70, v/v) and was used for spiking tap 
water samples.  

  
2.2. Spiking samples 
 
The recoveries were done at two concentration levels (0.05 and 0.1 μg/L) in three replicates. The method 

precision is expressed as the repeatability (RSD %) based on the recovery experiments (SANTE/11813/2017). 
 
2.3. Solid-phase extraction 
 
Before the use, the activation Bakerbond spe™ SDB-1 and Bond Elut Plexa were conditioned with 5 mL of 

methanol and 5 mL of deionized water. The samples were percolated through the cartridges and left to flow through 
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under the action of gravity. The cartridges were eluted with 5 mL of methanol and the eluate was evaporated to 
dryness on a steam of nitrogen. The dried extract was reconstituted in 0.2 mL of mobile phase, vortex mixed for 
60 s. The final solution was filtered through a 0.22 μm PTFE syringe filter and injected in LC–MS/MS. 

 
2.4. LC-MS/MS conditions 
 
An Agilent series 1200 HPLC system (Agilent Technologies) equipped with a G1312B binary pump, a 

G1367D auto sampler, a G1379B degasser, a G1316B column compartment thermostat, The HPLC system was 
coupled to an Agilent triple quadrupole mass spectrometer (6410B) coupled to an electrospray ionization source 
(ESI+). A Zorbax XDB C18 column (50x4.6 mm, 1.8 µm particle size) from Agilent (San Jose, CA, USA) was 
employed for the separation. The chromatographic determination of neonicotinoids was carried out employing a 
binary mobile phase with methanol (0.1 % HCOOH, v/v - A) and an aqueous solution of formic acid (0.1 %, v/v 
- B). A gradient elution started at 60 % of B at the flow rate of 0.4 mL/min. This composition was reduced to 30 
% B in 10 min, and held for 5 min. The system was equilibrated during 5 min. The injection volume was 5 µL and 
column temperature was kept at 30 ºC. The ESI source values were as follows: drying gas (nitrogen) temperature 
350 °C, drying gas flow rate 10 L/min, nebulizer pressure 40 psi and capillary voltage 4000 V. The detection was 
performed using the multiple reactions monitoring mode (MRM). The Agilent MassHunter software (version 
B.06.00 Agilent Tehnologies, 2012) was used for the optimization and quantification. 

 
3. RESULTS AND DISCUSSION 
 
The LC-MS/MS (ESI+) fragmentation of the protonated molecular ions of the investigated neonicotinoid 

insecticides, which yielded two product ions, respectively given in Table 1. 
  

Table 1. MRM transitions, fragmentation (FRAG), colision energies (CE) and retention times (tR) 
 

PESTICIDE MW TRANSITION (m/z) CE (V) FRAG (V) tR (min) 

Acetamiprid 222.67 
223.1→55.7 
223.1→125.8

15 
20

100 16.288 

Imidacloprid 255.66 
256.0→174.6 
256.0→208.7

20 
15

100 9.176 

Clothianidin 249.68 
250.0→132.1 
250.0→169.1

15 
10

90 12.696 

Thiamethoxam 291.71 
292.0→181.0 
292.0→211.0

20 
10

80 7.179 

Thiacloprid 252.72 
253.0→126.0 
253.0→186.0

20 
10

110 19.240 

*MW-molecular weight 
 
The average recoveries were calculated from the gained recovery values of spiking water samples at concentrations 
of 0.05 and 0.1 μg/L, in three replicates. Compared average recoveries using Plexa and JBT columns are given in 
Table 2, while the graphic recovery comparison of investigated neonicotinoids is shown in Figure 2. 
  
Table 2. Obtained average recovery 
 

 THIAMETHOXAM CLOTHIANIDIN THIACLOPRID IMIDACLOPRID ACETAMIPRID 

Plexa JTB Plexa JTB Plexa JTB Plexa JTB Plexa JTB 

Average 
recovery, % 

45.2 53.6 103.4 119.3 72.9 43.2 66.9 36.9 64.3 66.9 

SDEV 1.28 8.09 18.74 14.08 7.91 4.23 13.82 20.34 3.94 1.67 

RSD,  % 2.84 15.07 18.12 11.81 10.84 9.79 20.64 55.11 6.12 2.49 
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Figure 2. Graphic comparison of obtained average recovery  

 
The LC-MS/MS total ion chromatogram (TIC) from a blank water sample spiked with all the analytes at the 

contrentation level of 0.1 μg/L is shown in Figure 3. The retention times of the investigated neonicotinoide 
pesticides are given in Table 1. First peak at 7.179 min was the peak of thiamethoxam, followed by imidacloprid, 
clothianidin, acetamiprid and thiacloprid. 

 
 

 

 
 

Figure 3. TIC chromatogram of spiking sample obtained by Plexa (1) and JBT column (2)  
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In order to statistically compare the two types of columns, the null hypothesis is defined, which implies that 

there are no significant differences in the means of each sample. The hypothesis was tested using t-test: Two-
Sample Assuming Equal Variances and F-test Two-Sample for Variances, and the results are presented in Table 
3. The significant differences in the precision of the results for two data sets were detected only for imidacloprid, 
so the null hypothesis was accepted in this case. The performances of the tested column types demonstrated 
significant differences in the results accuracy for thiacloprid (T-test) and the precision of the results for 
imidacloprid (F-test). 
 
Table 3. The results of T- and F-test 

 
 THIAMETHOXAM CLOTHIANIDIN THIACLOPRID IMIDACLOPRID ACETAMIPRID 

F 0.025 1.77 3.50 0.46 5.58 

F Critical 0.157 6.39 9.12 0.11 9.28 

F<Fcrit. Yes1 Yes Yes No3 Yes 

t Stat -2.30 -1.52 6.74 2.44 0.09 

t Critical two-tail 2.31 2.31 2.36 2.57 2.36 

tstat.<tcrit. Yes Yes No2 Yes Yes 
1 Since the p – value is less than our alpha (0.05). the null hypothesis that there are no significant differences in each sample means 
is rejected 
2 Significant difference in the accuracy results for two data sets 

3 Significant difference in the precision of the results for two data sets 

 
 
4. CONCLUSION 
 
The comparison of the results of Bakerbond™ column with styrene-divinylbenzene (SDB) copolymer/ 6 mL 

capacity, 200 mg bed weight and Bond Elut Plexa (60 mg, 3 mL) with unique polymeric architecture, a no 
retentive, hydroxylated, amide-free surface, and a nonpolar PS-DVB core for retaining small molecules column 
types was performed by spiking water samples at two levels (0.05 and 0.1 μg/L) in three replicates. The obtained 
statistical data using t- and F-test, indicate the presence of the significant differences in the results for two data 
sets in the results accuracy for thiacloprid and the precision of the results for imidacloprid (T-test and F-test, 
respectively). 
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The Laboratory, as one of the leading laboratory 
services market in the Republic of Croatia, has been 
operating for over 25 years, while its rapid development 
began in 2005. obtaining the first accreditation certificate 
according to the international standard HRN EN ISO/IEC 
17025. Since then, the field of accreditation has been 
continuously expanded with new test methods every year, 
and now more than 180 test methods have been 
accredited according to the new edition of HRN EN 
ISO/IEC 17025 of 2017. All types of water, different types 
of waste (including solid recovered fuels), soil, sludge, 
sediment and petroleum products are tested at the 
Ecology Laboratory in accordance with applicable legal 
regulations. Sampling is performed by technicians 
throughout Croatia as well as in other countries.  
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Projekt je primarno orijentiran na detaljno 
eksperimentalno ispitivanje i numeričko 
modeliranje mehaničkog ponašanja 
bioosušenog otpada.  

Biosušenje je varijacija aerobne razgradnje 
koja se primjenjuje za parcijalnu stabilizaciju 
komunalnog otpada.  

Nakon biosušenja, otpad se upućuje u 
daljnju mehaničku rafinaciju gdje se izdvaja 
organski bogata sitnozrnata frakcija koja je 
pogodna za odlaganje na bioreaktorsko 
odlagalište.  

Jednom odložena, ova se frakcija ponovno 
podvrgava postupku vlaženja, s ciljem 
intenziviranja procesa razgradnje i 
proizvodnje bioplina.  

Proizvedeni bioplin potom se može iskoristiti 
za energetsku oporabu kroz proizvodnju 
toplinske i/ili električne energije.  

Trenutno u Republici Hrvatskoj postoje dva 
funkcionalna MBO postrojenja s 
tehnološkim procesom obrade čiji je izlazni 
proizvod pogodan za odlaganje na 
bioreaktorsko odlagalište.  

Pravilnik o načinima i uvjetima odlaganja 
otpada, kategorijama i uvjetima rada za 
odlagališta otpada (NN 114/15) prepoznaje 
bioreaktosko odlagalište kao odlagalište 
otpada za neopasni otpad - podkategorija 1.  

Unatoč tome što su u RH bioreaktorska 
odlagališta dozvoljena i već postoje 
postrojenja čiji je izlazni produkt pogodan za 
energetsku oporabu, u RH trenutno ne 
postoji niti jedno bioreaktorsko odlagalište.  

Stjecanjem ekspertize u provođenju pokusa 
i numeričkom modeliranju bioosušenog 
otpada na Geotehničkom fakultetu 
Sveučilišta u Zagrebu omogućit će se 
otvaranje specifičnog područja istraživanja, 
visoko komplementarnog s postojećim 
istraživačkim iskustvom u Hrvatskoj.  

Rezultati ovog projekta dozvolit će 
racionalniji pristup u projektiranju 
odlagališta otpada.  

Osim toga, rezultati pokusa će pružiti 
sveobuhvatan skup dobro kontroliranih, 
novih generičkih mjerila za računalnu 
validaciju različitih aspekata modeliranja 
MBO otpada te doprinijeti unaprjeđenju 
njegove prediktivne snage za potrebe 
projektiranja odlagališta otpada.  

Cilj projekta je stvoriti specifičnu i dugoročnu 
istraživačku nišu za Eksperimentalni i 
numerički laboratorij na Geotehničkom 
fakultetu Sveučilišta u Zagrebu, u suradnji s 
centrom izvrsnosti u Austriji.  

Spomenuta suradnja temelji se na 
višegodišnjoj ekspertizi u području 
numeričkog modeliranja profesora Ericha 
Bauera s Tehničkog sveučilišta u Graz-u. 

Kao jedan od razloga ovakvoj situaciji 
svakako se može istaknuti nedovoljan broj 
eksperimentalnih podataka o geotehničkim 
parametrima sitnozrnate frakcije 
bioosušenog MBO otpada.  

Drugi razlog je nedostatak prikladnog 
numeričkog modela za ovu vrstu otpada.  

Uslijed ovih nedostataka projektiranje 
bioreaktorskog odlagališta nije moguće.  

Stoga je glavni cilj novog istraživanja, na 
temelju utvrđenih eksperimentalnih 
podataka, razviti prikladan konstitutivni 
model za opisivanje 3-D stanja naprezanja i 
deformacija sitnozrnate frakcije 
bioosušenog otpada.  

Razvijeni model tada bi se mogao koristiti 
za potrebe projektiranja bioreaktorskih 
odlagališta ne samo u RH već i u drugim 
zemljama regije kod kojih MBO tehnologija 
tek treba biti implementirana.  

Trajanje projekta: 01.01.2018. – 31.12.2022. 

Iznos financiranja: 920.000,00 kuna 

Web stranica projekta: wte.gfv.hr 
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 Erich BAUER, Dipl.-Ing. Dr.techn., habil., ao.Univ.-Prof., Institute of Applied Mechanics, Graz 
University of Technology, Austria 
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INSTRUCTIONS FOR AUTHORS

The journal „ENVIRONMENTAL ENGINEERING-INŽENJERSTVO OKOLIŠA“ publishes scientific 
and technical papers and other articles in the interdisciplinary area of environmental engineering. The 
scientific topics covered by the Journal include geo-engineering, water resources management, technical 
aspects of environmental protection and similar areas. The journal publishes papers in English. Papers 
are accepted for publication after they have received a positive review and are categorized as an original 
scientific paper, preliminary comunications, review paper or technical paper. 

The journal is published biannually. There are no charges for printing the paper. As a rule, the length 
of the paper is not limited. However, it is recommended that it should not be longer than 15 single-
spaced A4 pages, all figures included.  

Figures are printed in greyscale, and authors should take it into account when preparing their 
manuscript. However, authors may, in agreement with the editorial board, prepare figures in colour 
when they deem it necessary for the understanding of what the figure shows. The figures in colour 
approved by the editorial board will not be additionally charged. 

When a paper is submitted for review, this implies that the paper has not been previously published 
or that it is not being reviewed by another journal. The author is responsible for the content of the paper 
and for obtaining consent, where applicable, to publish particular data.  

The first page should contain the title of the paper, the authors’ names, the institution of employment, 
the authors’ email addresses, the abstract and keywords. It is recommended that the title of the paper 
should be illustrative and clearly reflect the content of the paper. If the title contains local names, then 
a generally recognizable name in a wider region should be included. The abstract should not exceed 300 
words, and there should be 4 to 6 keywords. If none of the authors has been specified as lead author, the 
editors will exclusively contact the first mentioned author.   

Authors should submit their paper by e-mail to: casopis@gfv.unizg.hr. The paper should be 
prepared in Microsoft Word in A4 page format, with 25 mm margins and 1.5 line spacing, in one column 
aligned to both sides. The text should be written in 10 pt Times New Roman, and the pages should have 
automatic numbering in the bottom right corner.  Depending on the content, the text should be divided 
into several sections whose headings are in 11 pt bold and aligned to the left. The paper should be written 
in the third person singular and has to be terminologically harmonized with legal regulations in force 
and the international system of units (SI). All equations have to be numbered; tables and figures should 
also be numbered with a heading and inserted in the appropriate place in the article. For citation of 
equations, figures and table in text use bold font. All figures (images, diagrams, photographs) have 
to be prepared for graphic reproduction at a minimum resolution of 300 dpi and submitted in a separate 
map.  

When citing papers in the text with blue colour, only previously published papers should be 
mentioned. If authors consider it necessary, personal communication and unpublished papers may be 
cited in the paper, but in an appropriate manner, either as part of the text or in acknowledgements at the 
end of the paper. References include an alphabetical list of published papers that have been cited in the 
text. The Harvard citation and referencing style should be used. 

If the paper is accepted for publication, the authors are obliged to harmonize the paper with the 
instructions given by the reviewers/editors. If the authors do not accept the reviewers’/editors’ remarks 
or if they do not submit the corrected version of the paper within three months, the editorial board will 
deem that the authors have withdrawn their paper from the procedure and no longer wish to have it 
published.  

Prior to its publication, the authors will receive the paper for inspection and final revision.  
The paper which has been through all the phases of text preparation will first be published online, 

and then in the printed edition. Authors will receive a separate in pdf format as well as one copy of the 
journal in which the paper was published. 
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