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Michat KOZIOt!

POSSIBILITIES OF CO-INCINERATION OF GLYCERIN PHASE
WITH FUEL OIL IN BURNER INJECTOR

MO ZLIWO SCI WSPOLSPALANIA FAZY GLICERYNOWEJ
Z OLEJEM OPALOWYM W PALNIKU IN ZEKTOROWYM

Abstract: Existing regulations (the need to achieve Natidndicative Targets in the next years) force insesh
consumption and production of biofuels and biocongmts. In Poland, the production of esters is @aeily

important. Last year in Poland, the production sfees reached 650 000 Mg. It can be estimated ttieat
production of esters triggered, at the same tife, groduction of more than 100 000 Mg of glycerbhge.

Existing methods of using glycerol fraction usualgquire to carry out a multi-stage and relativebmplex

process of its purification. The paper presentsréiselts of the process of co-incineration of giyt@hase with
fuel oil. Theburner injector was used in the reseasttich allowed to preheat the combusted fuel mixtés part
of the study, the compounds which were burnt inetlithe mass fraction of glycerol phase not exceeddvo.

The study was carried out in a research laborattoying for temperature measurements along thedléength.

The paper presents the results obtained duringcdhiecineration of the compounds in comparison wite

analogous data obtained during the incineratidueifoil.

Keywords: glycerin phaseatmospheric burneco-incineration of glycerin phase with fuel oil

Introduction

The growing global need for energy and the incremsenvironmental awareness of the
societies in developed countries fosters the userdwable energy. Due to the climatic
and geological conditions in Poland, solar and lygwbal energy will not constitute
a significant percentage of overall energy outplihere possibilities of harnessing
hydrological sources are also scarce. Wind eneagybe feasibly generated only in some
areas of Poland, and this type of energy is regenglt with increasing resistance. For these
reasons, biomass is an important source of renewai#rgy in Poland that can be tapped
in the short term. One of the easiest ways to takeantage of biomass in Poland is its
firing or cofiring. The applicable EU regulationspsilate that liquid fuels shall contain an
addition of biocomponents. For example: the Pohl&ttional Index Target for this year
stipulates that among the total amount of fuelsothiced to the market there shall be at
least 7.1% biocomponents and biofuels (in termsadérific value). In recent years, the
implementation of the applicable regulations reslilin a substantial increase in the
production of bioethanol and esters in Poland.dlaid, 5 percent of bioethanol is added to
gasoline, and 7 percent esters is added to digsklTfhere are also fuels on the market with
a higher content of biocomponents, e.g.: B20, BBQQO fuels with ester content
of 20, 80 and 100% respectively, and E85 fuel BH&ipercent of bioethanol.

Approximately 170 000 Mg of bioethanol and near07000 Mg of esters were
manufactured in 2013 in Poland [1]. Glycerine phigsa by-product in the production of

! Department of Technologies and Installations foast® Management, Silesian University of Technology,
ul. S. Konarskiego 18, 40-100 Gliwice, Poland, phomrd8 32 237 11 23, fax +48 32 237 11 26,
email: michal.koziol@polsl.pl

Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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the latter. Glycerine phase generation amountsdozan to twenty percent of the mass of
the manufactured esters. As the amount of manutattiesters grows, the issue of handling
the increasing amounts of glycerine phase beconmge and more urgent. It is estimated
that in 2014 the manufacture of esters resultedthin generation of approximately
80-130 Gg (80 000-130 000 Mg) of glycerine phasés worth noting that much greater
production volumes of methyl esters were forecastgtral years ago. It was anticipated
that the production capacity of esters in Polandldiweach the level of 1.5 million Mg,
which would result in the generation of 200 000-3@W® Mg of glycerine phase. These
plans were not realised in full due to, among athéne discussion on the role of 1st
generation biofuels and fuels in a sustainable @wyn[2-5]. The uncertainties brought
forward by this discussion discouraged new investmein the manufacture of
biocomponents from agricultural raw materials. Tg@ssible outcome of this ongoing
discussion involves the growing role of waste materin the manufacture of
biocomponents and biofuels. The reason for thikdasfuels made from waste materials are
classified as 2nd generation fuels.

The glycerine phase which is a by-product of theuf@acture of methyl esters (or, less
often: ethyl esters) of fatty acids is a mixturevafious substances: glycerine (up to 70%),
methanol (ethanol), free fatty acids, water, scaps$ a number of other compounds and
solid contaminants. The composition of glycerinagghdepends on the raw materials used
in the manufacture of esters, and the applied @olyy of production. A variety of raw
materials can be used to manufacture esters,vegetable oils and animal fats, as well as
waste fats of vegetable and animal origin (e.gddggng oils).

There are several possibilities of managing theagiye phase [6, 7]. Their significant
part is based on obtaining pure glycerine firstdB,Pure glycerine is used in cosmetics,
pharmaceutical, food and chemical industries. Afieparating methanol, the glycerine
phase can be used as a fertilizer component orfesdaadditive. The glycerine phase can
be also a raw material for process gas producteg. (in gassing and hydrogenation
processes). One of the simpler methods of the gheephase management is its
co-combustion performed in professional power itguicilities [10, 11].

Thus, there are many applications for the glycepnase or for the glycerine obtained
on its basis. In the case of large manufacturerdio€omponents, utilisation of the
glycerine phase is easier. The glycerine phasdrmutdy individual producers of esters in
subsequent production cycles is most frequentlyrasitarised by stable properties, and
thus, its processing can be carried out in accaelarith the same selected technology.

In the case of small producers, the situationfieint. They produce esters in various
technologies. This production is accompanied batiragdly small amounts of the glycerine
phase produced. Therefore, it is necessary toditethnology that will make it possible to
utilise the glycerine phase produced at small pteduiin an economically effective and
environmentally safe manner. Co-combustion of tlyeagine phase with fuel oil could be
one of such technologies.

Oil-fuelled boilers are commonly used devices. Qatithg the process of
co-combustion there would allow for using the cheahenergy of the glycerine phase.

Further in the paper, selected results of testend#d to determine technical
possibilities of the implementation of such a ceorbaistion process are presented.
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Testing methodology

Testing was conducted on a test stand composedyfralrical combustion chamber
and a universal burner. The combustion chamberahasacterised by internal height of
1.7 m and internal diameter of 0.9 m. The combustivamber was isolated. A number of
instrument nozzles are installed in the combustiflamber structure, which enable
performing temperature measurements and taking leanfigr analysis. Figure 1 presents
the test stand used.

Fig. 1. Test stand

The universal burner used in testing was a low-pawjector burner by Kroll, type
KG 20 (Fig. 2). The burner was equipped with a butank with adjustable temperature.

In the injector burner, the fuel is sucked in bg tompressed air jet (which is also the
primary air) from the burner tank. Then, the fueebprayed through a special nozzle. MGA
5 VarioPlus analyser with IR sensors was used tasore the concentration of flue gas
components.
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Fig. 2. Burner injector Kroll KG 20. Basic elemenfsthe burner: 1 - adjustable thermostat knobb@rner tank,
3 - primary air supply system, 4 - fan engine

As part of the presented testing, a mixture oftlifyel oil and glycerine phase was
combusted. Mass fraction of the glycerine phaséhécombusted mixture amounted to
20%. Table 1 presents the glycerine phase compnsitnd in Figure 2 it is presented in
photographs.

Table 1
Selected fuel parameters of glycerine phase

Iltem Unit Glycerine phase
Cc 43.23
H 6.88
N 0.03
o 47.70
Ash 0.14
Water 0.38
Calorific value [MJ/kg] 17.3

The quantities of primary and secondary air suppl@ethe process were changeable
factors in the conducted testing. The primary air was adjusted by changing the air
pressure. The adjustment was done with the usespfeaial control knob placed on the
burner head. In the presented testing, the primany pressure amounted to:
0.08, 0.1, 0.12 and 0.14 MPa. The secondary awvget adjusted by adjusting the size of
the slot supplying the air to the secondary air. fime secondary air jet was adjusted by
setting 4 sizes of the slot. These sizes are raftemn conventionally referred to as:
1, 2, 3 and 4. Where one is the minimum adjustaalee of the slot and 4 is its maximum
value.

Test results obtained during the mixture combustiene compared to the test results
obtained during the combustion of fuel oil.
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Test results

Figures 3 and 4 present exemplary results of tstthe impact of the quantity of
preliminary and secondary air supplied on the vauof CO concentrations obtained.
CO concentration values were converted into contpargalues at 3% £content in flue
gas. Figure 3 presents results obtained duringcéimbustion of fuel oil and Figure 4 -
during the combustion of the 20% mixture.

Concentrations CO [mg/nf,]

= - -10 000 | 10 000 -20 000 | 20 000 -30000
W 30 000 -40 000 MW 40 000 -50000 @ 50 000 -60000

Fig. 3. Impact of primary and secondary air settimnm CO concentrations during fuel oil combusti@O(
concentrations are converted into 3%0@ntent; m, - normal cubic meters)
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Fig. 4. Impact of primary and secondary air setiog CO concentrations during the combustion ofpbdume
with 20% of glycerine content (CO concentratiors @snverted into 3% f&ontent)
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As Figure 3 demonstrates, the lowest CO conceatratalues during oil combustion
are obtained when the smallest amounts of primadysecondary air are supplied (i.e. for
the setting of 0.08 MPa of primary air and “1” etendary air).

According to the data presented in Figure 4, theeki CO concentration values are
obtained in the case of two groups of burner sgitin
- primary air setting of 0.08 MPa and secondary &i2bor “3";

- primary air setting of 0.08 MPa and secondary afdt

Conclusions

Conducted testing proved the possibility of perfimgnthe co-combustion process of
the glycerine phase with fuel oil in the injectarrber. Conducted testing also demonstrated
that under ambient temperature of@Qthe glycerine phase can be smoothly mixed with
fuel oil. Pre-heating of the mixture prior to itefling to the burner is also unnecessary.

During conducted testing, no impact of the glycerphase content in the combusted
fuel on the volume of observed N€oncentrations was reported. For,S@ncentrations,

a concentration increase was observed resulting fie increased sulphur content in the
glycerine phase.

For CO, the adjustment ranges of the primary armbrsgary air jet volumes were
determined, which allow for obtaining the lowesnhcentration values of this gas during
the combustion process.
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MO ZLIWO SCI WSPOLSPALANIA FAZY GLICERYNOWEJ
Z OLEJEM OPALOWYM W PALNIKU IN ZEKTOROWYM

Katedra Technologii i Uegdzern Zagospodarowania Odpadow, Politechriikgka, Gliwice

Abstrakt: Obowkzujace regulacje prawne (konieczgoosigniccia w kolejnych latach Narodowych Celéw
Wskaznikowych) wymuszaj zwickszone ziycie oraz produkej biopaliw i biokomponentéw. W Polsce
szczegOlnie istotna jest produkcja estrow, ktoryclubiegtym roku wytworzono ponad 700 000 Mg. Ma
szacowd, ze przy produkcji estrow powstato réwnogézie ponad 100 000 Mg fazy glicerynowej. Istaag
metody wykorzystania frakcji glicerynowej wymagajajczsciej przeprowadzenia wieloetapowego, stosunkowo
skomplikowanego procesu jej oczyszczania. W pragggstawiono wyniki badaprocesu wspétspalania fazy
glicerynowej w mieszance z olejem opatowym. W baafem wykorzystano palnik irektorowy pozwalajcy na
wstepne podgrzanie spalanej mieszanki paliwowej. W @npezentowanych bad@lapalano mieszanki o udziale
masowym frakcji glicerynowej nieprzekraczaym 40%. W badaniach wykorzystano stanowisko badewc
umaliwiajace pomiary temperatur wzdiudtugadici ptomienia. W pracy przedstawiono uzyskane w diak
spalania mieszanek wyniki na tle analogicznyclzyotranych w trakcie spalania oleju opatowego.

Stowa kluczowe:faza glicerynowa, palnik iektorowy, wspoétspalanie fazy glicerynowej z olejepatowym
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Anna KWIECINSKA?, Radostaw LAJNERTand Rafat BIGDA

COKE OVEN WASTEWATER -
FORMATION, TREATMENT AND UTILIZATION METHODS -
A REVIEW

SCIEKI KOKSOWNICZE - MIEJSCA POWSTAWANIA,
SPOSOBY OCZYSZCZANIA | METODY UTYLIZACJI -
PRZEGLAD LITERATURY

Abstract: Coke making process is strictly connected with fation of coke oven wastewater, highly loaded and
contaminated stream, proper treatment and utidimadif which requires sophisticated methods andntaolgies.
This wastewater is defined as a mixture of techgioldd streams, which are formed during coke ovendganing
and coal-derivatives production, and sanitary weater formed at coke oven plant. Due to the contiposand
specificity of contaminants present in coke overstemater, its proper treatment requires the invokmt of
physical, chemical and biological methods, whiah @ften proceeded with additional polishing. Inegpence on
its further use (deposition to environment or watmching of coke) different types of contaminamésfaund to
be priority substances, removal of which during #teeam treatment is especially important. In thtcla,
a literature review on coke production, coke overst@water formation, its parameters, applied tdogies of
treatment and utilization methods is presented.speeial attention was given to the applied treatrtechniques,
which were found to be the key factor in furtheeam utilization. Additionally, issues related witbwadays
used systems were pointed out.

Keywords: coke oven wastewater formation, coke oven wastewel@racteristics, coke oven wastewater
treatment, coke oven wastewater utilization

Coke production

Coke is produced by the destructive distillation aofal in coke ovens. Specially
prepared coal blend comprising of various typesa#ls of desired coking parameters is
heated in an oxygen-free atmosphere (coked) uwtdt wolatile components in the coal are
removed [1-3]. The remaining material is a carboassncalled coke, and it is used in
various processes, among which pig iron productibrthe most significant one. The
branches of coke application are shown in Figure 1.

There are over 560 coke oven plants in the worg. (B). Most of them (ca. 400, each
with over 600,000 Mg/y capacity) are located inrzhiThe annual worldwide production
of coke in 2015 reached 716 Tg, while only for As@ke oven plants it was 582 Tg.

Ca. 6% of total world coke production is generateduropean Union. In 2015 the
production capacity of EU coke producers reachedlg4Fig. 3), among which above
19 Tg were generated in Germany (9.7 Tg) and Pol&r&dTg). Domestic market of coke
production is based on 9 coke oven plants, amorighwtdzieszowice coke oven plant, of
annual capacity 4.2 Tg is the biggest plant in Baravhile Przyjazn coke oven plant (in
Dabrowa Gornicza) is the youngest European plai.[4

! Institute for Chemical Processing of Coal, ul. Zama 1, 41-803 Zabrze, Poland, phone +48 32 62B%5
email: akwiecinska@ichpw.pl, rlajnert@ichpw.pl,gda@ichpw.pl
Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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Fig. 1. Branches of coke application

Fig. 2. Number of coke oven plants over the world
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Fig. 3. World (a) and EU (b) production of coke [Ty selected countries in 2015

Coke oven plant operation

Coke oven plants are complex technological plamtsich comprise of different
technological sites, at which coal preparation,imgkand coal derivatives recovery and
upgrading occurs. The scheme of a coke oven @ameisented in Figure 4.

The coal-to-coke transformation starts from thegfar of heat from the heated brick
walls into the coal charge. From about 375 to 475Ph€ coal decomposes to form plastic
layers near each wall. At about 475 to 600°C, thesra marked evolution of tars and
aromatic hydrocarbon compounds, followed by reeiidiation of the plastic mass into
semi-coke. At 600 to 1100°C, the coke stabilizafiwase begins. This is characterized by
contraction of coke mass, structural developmentake and final hydrogen evolution.
During the plastic stage, the plastic layers moweenfeach wall towards the centre of the
oven trapping the liberated gas and creating gesspre build up, which is transferred to
the heating wall. Once the plastic layers have amé¢he centre of the oven, the entire mass
has been carbonized. The incandescent coke masshied from the oven and is wet or dry
quenched, while the raw coke oven gas is colleatetidirected to further processing [8, 9].
During the coking process, except for coke, theseai range of other products
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(coal-derivatives) also obtained, and they are Ipostcovered during gas processing
[10-12]. The share of particular product in the ralleproduction cycle per 1 Mg of coal
can be established at:

e coke - 70-80%

e tar-2.5-45%

e pyrogenetic water - 3-5%

e ammonia - up to 0.4%

« BTX (benzene, toluene, xylene) - up to 1.3%

e clean coke oven gas - 12-18%

Coal landfill site

‘ Cleaned coke
- - 3 - » pren gas
(coke chambers

Coke gas cooling and cleaning/ heating, energy

Coal processing and blends coal derivatives production production,
preparation (1- tars, 2 —ammonia, 3 —hydrosulphide, 4 — benzol) combustion)
CAD&C

4
i
L& -

Coke c0(:ilin/g/quenching Coke grading/ Colke sfipment
(cry/wet) screening

Fig. 4. The scheme of coke oven plant

Coke oven wastewater formation

The processing of coke oven gas and the recovenopal derivatives results in the
formation of highly contaminated liquor which, afteeparation of tars and ammonia,
becomes so called coke oven wastewater. The liguformed at coke oven gas cooling
stage (gas cooling/condensation unit), at whick, tarater vapour and other substances
present in the gas condensate or are partially @tasht from the gas. The liquor is firstly
directed to tars separation unit, at which two maweams are formed: organic stream
(tars) and aqueous phase. The latter phase canvbkéd in further gas treatment for
removal of ammonia and hydrogen sulphide by me#&issrobbing. However, the amount
of initially formed liquid always exceeds the remument of scrubbing units. In such a case,
over amount of liquid is directed to ammonia stiigp and the remaining stream is
deposited to coke oven plant [13-16]. The formatibrcoke oven wastewater at a plant is
shown in Figure 5.
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Fig. 5. The formation of coke oven wastewater plaat

Coke oven wastewater characteristic and treatment

Wastewater produced at coke oven plants, contakis xenobiotics, phenols and their
derivatives (pyrocatechol, quinone, pyrogallol), well as ammonia, thiocyanates and
cyanides. Typical pollutants concentration may heap to 1200 mg/diof phenol and
20 mg/dni of cyanides, respectively [17-19]. A typical corsjimn of coke oven raw
wastewaters is shown in Table 1.

Table 1
Typical composition of raw coke oven wastewater
Parameter Unit Concentration
pH [-] 7-9.5
Specific conductivity [uS/cm] 5000-12 500
CoD [mg Q/dm] 2400-4200
BODs [mg OJ/dnT] 500-1500
Tars [mg/dr] 5-150
Sulphides [mg/dri) 10-50
Cyanides [mg/drij 5-20
Thiocyanates [mg/dh 50-420
Phenols [mg/drij 150-1200
Ammonia [mg/dr] 120-790
Chlorides [mg/dr 2500-3500
Sulphates [mg/dfh 900-1200
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Per every Mg of coke 0.6 to 1.6°nof wastewater is generated. It means that
ca. 7510’ m?® of coke oven wastewater is annually generatecbadwide coke oven plants
(in Europe it is ca. 9:20° m?®, in Poland ca.-10" m® and it will continue to increase.

The removal of pollutants from coke oven wastevgigia significant issue due to the
environmental impact of these compounds. Especi@gianides and thiocyanates represent
an important problem in wastewater treatment pladise to their toxic properties,
including reduction of enzymatic activity of unikéar organisms, such as the typical
bacteria inhabiting in the activated sludge. Thehmtwlogical cycle of coke oven
wastewater treatment is based on the conventioreah@ement, i.e. physical separation of
larger solids by means of grids and/or grates, atencoagulation for removal of
suspensions and precipitation of inorganic contami® and biological
nitrification/denitrification systems for ammoniadasoluble (DOC) organics elimination
(Fig. 6). The purified wastewater, after the treatinprocess, can be managed by means of
its use to wet coke quenching or deposition teetdronment [20-22].

Inhibitors

Biological Refractory

Raw removal and Treated
)\ composition treatment compounds
wastewater \ equalizatio removal wastewater
MECHANICAL METHODS NITRIFICATION MULTIFICTIONAL
+ Sedimentation + Oxidation of N-NH, REACTORS
» Flotation to N-NO, + Activated carbon
» Filtration adsorption
CHEMICAL METHODS DENITRIFICATION + Coagulation
- Coagulation + Reduction of N-NO; to N, * AOPs
REMOVAL OF TARS, CARBON SOURCE FOR
SULPHIDES, CYANIDES BIOLOGICAL PROCESSES -
PHENOLS

Fig. 6. The arrangement of typical coke oven waatemtreatment plant

Despite the fact, that the coke oven wastewatetrtrent process is the complex
operation it is often not enough sufficient to remall the contaminants present in the
treated stream and to achieve the limits estaldishevarious regulations (regulations on
quality of wastewater deposited to the environmertyustrial wastewater standards, etc.).
The most problematic treatment operation is comueatith the efficient removal of
cyanides. They appear in the raw wastewater amleiCN ions and their removal should
be obtained during chemical coagulation. HoweVes, éfficiency of traditional process is
poor, especially in the case of high load of thieasth with dispersed organic contaminants
(tars), hence it requires the addition of high amiewf chemicals. The insufficient removal
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of cyanides during chemical treatment stages islhigndesired, especially considering
proceeding biological processes. Cyanides, as agefiulphides, are known to be toxic to
activated sludge microorganisms, and their presentiee influent to biological treatment
stage results in the inhibition of the process ianproper run. Additionally, standards on
cyanides content in coke oven wastewater aftetrtienat are very sharp and the permissible
levels are usually established below 0.1 md/dor free form of the compound and
5 mg/dnd for its complexes [23-25].

Chemical coagulants, which are used for dispersed, tcyanides and sulphides
removal, comprise of metal ion, which is resporesiibr the coagulation process
performance, and inorganic ion support (usuallpiitie CI or sulphate S§). If the coke
oven wastewater treatment influent contains higlowh of tars, cyanides and sulphides,
the efficient run of coagulation requires the additof significant amounts of chemicals.
Hence, the excess of inorganic ions, the amounthath is already quite high in the raw
stream, is introduced to the wastewater. The hidinigy of purified wastewater possesses
many disadvantages considering further stream neamegt methods. If the purified
wastewater is dedicated to wet quenching of cdleptesence of inorganic ions, especially
chlorides, may seriously affect the quality of tfeal product. On the other hand, the
regulations on purified industrial wastewater dwyaliwhich is deposited to the
environment, limit the maximum content of saltshat level of 1500 mg/di{26, 27].

The water/wastewater management of coke oven plantot only face the efficient
treatment and utilization of wastewater, but alsedito assure huge amount of properly
treated water dedicated to various technologicap@aes (heating/cooling systems, steam
generators, wet gas cleaning, etc.). Hence, theistsea high demand for fresh water,
which need to be in-taken either from the municipater network or from natural sources
(surface or ground water). Depending on the furtthestination, the water needs to be
softened or completely demineralized, what requites use of sophisticated treatment
techniques and results in generation of additioredte streams (e.g. effluent from washing
of ionites). The most favourable solution wouldthe reclamation of technological grade
water from the wastewater stream [28-30].

Summary and conclusions

In the article, the worldwide coke production revjediscussion on coke oven gas
cleaning and coke oven wastewater formation aratrtrent techniques has been made. It
clearly indicated a list of issues related with freper treatment and utilization of coke
oven wastewater, i.e.:

e to improve the removal of cyanides,

» to enhance the performance of biological treatrstade,

» to decrease the load of harmless substances &), s

* to limit the need of introduction of additional tnperation,

* to enable the recovery of technological water fthmpurified stream,

» to apply relatively simple solutions,

* to propose modifications and supporting methodefisting techniques.

The above notes were used to formulate the maiactipgs of INNOWATREAT
project (The innovative system for coke oven wasatewtreatment and water recovery
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with the use of clean technologies), the main g@dabhich is to develop the novel system
for coke oven wastewater treatment based on cleahntlogies, including enhanced
flotation, membrane filtration and electrocoagwatisuitable to be applied at both, future
and currently operate coke oven wastewater tredtpiant. The project should bring many
benefits considering both, cokemaking operatiomsearvironmental protection areas.
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SCIEKI KOKSOWNICZE -

MIEJSCA POWSTAWANIA, SPOSOBY OCZYSZCZANIA
| METODY UTYLIZACJI -
PRZEGLAD LITERATURY

Instytut Chemicznej Przerébki 8fla, Zabrze

Abstrakt: Proces koksowania jest nieactnie pojczony z powstawaniem silnie zanieczyszczon$ciekow,
ktére wymagaj odpowiednich metod oczyszczania i utylizadcieki te definiuje si jako mieszania wod
technologicznych powst@gych w procesie oczyszczania i produkcji produktémyglopochodnych z gazu
koksowniczego orazciekéw sanitarnych powstggych na koksowni. Ze wzgldu na skiad i specyfik
zanieczyszcze wystpujacych w sciekach koksowniczych ich oczyszczanie wymaga zastania fizycznych,
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chemicznych oraz biologicznych proceséw, po ktorgebsto stosuje si dodatkowe procesy doczyszczania.
W zalenosci od dalszego wykorzystania (odprowadzenie sdmdowiska lub uzupetnianie obiegu mokrego
gaszenia koksu) sAe rodzaje zanieczyszezeuznaje si jako priorytetowe dla zastosowanego systemu
oczyszczania. W niniejszym artykule przedstawiompeghd literatury dotycgcej formowania, wigciwosci,
oczyszczania i zagospodarowasizekow koksowniczych ze szczeg6inym uwveriylieniem stosowanych metod
usuwania poszczeg6lnych zanieczysiczmraz wskazaniem zagadhieproblematycznych obserwowanych
w obecnie pracapych oczyszczalniach.

Stowa kluczowe:powstawaniesciekéw koksowniczych, oczyszczanieiekOw koksowniczych, charakterystyka
sciekéw koksowniczych, utylizacjgciekow koksowniczych
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THE SYNTHESIS OF ZEOLITES FROM SEWAGE SLUDGE ASH

SYNTEZA ZEOLITOW Z POPIOLOW Z OSADOW SCIEKOWYCH

Abstract: The chemical composition of sewage sludge aslmidas to the chemical composition of substrates
used for the synthesis of zeolites. The study shitnesresults of sewage sludge ash zeolitizatioh wifusion
method. The research on sewage sludge ash befb@tan the process of zeolitization included thentification

of a phase composition (XRD method) as well asstruation of both grain structure change (SEM wdtfand
the cation exchange capacity (a method with theofismonium acetate). After zeolitization, sewalyelge ash
contained hydroxysodalite, zeolite X and hydroxyzanite. It was stated that zeolitization causegasitive
increase of the cation exchange capacity.

Keywords: sewage sludge ash, zeolitization, hydroxysodalhtgjroxycancrinite, zeolite X, cation exchange
capacity

Introduction

Utilization of municipal sewage sludge ash is arpamant issue in the current
situation of the increase of the amount of incitetasewage sludge [1, 2]. There are known
methods of sewage sludge ash utilization in thelyetion of lightweight aggregates [3, 4],
bricks [5], mortars [6] and concrete [7]. A widengee of applications of sewage sludge ash
in the production of building materials is the cegqsence of its chemical composition.
Main components of sewage sludge ash arg, 3i0s;, F&O3;, CaO, MgO and J©5[8].

Zeolites are hydrated alumina silicates. The stinest of zeolites consists of primary
building blocks of inorganic tetrahedrons of silicand alumina oxides. These atoms are
strongly bonded together via oxygen bridges to famii-defined channels and cavities [9].
In the tetrahedral framework of synthetic zeolitdser ions can also be found. Synthetic
zeolites are obtained mainly under hydrothermaldi@@ms with the use of various silica
carriers in the presence of alkaline solutions [F@Jr the synthesis of zeolites, coal fly ash
[11] and paper sludge ash [12] can be used. Tleetedff the synthesis of zeolites depends
among others on the activation temperature, thestallization temperature, the
crystallization time and the ratio of ash to sodibgaroxide. Besides, the ratio of Si:Al
determines the formation of a particular type dflize [13, 14]. Due to zeolite properties
such as high ion exchange, catalysis, adsorptidrhgidrothermal stability, they are widely
used in environmental engineering, constructiomstiy, refinery industry and agriculture
[15-18].

The aim of the study was the verification of thedis: the source of silica for the
synthesis of zeolites can be sewage sludge ashieBbarch also covered the evaluation of
the influence of zeolitization parameters on theéachange properties of products.

1Kielce University of Technology, al. Tygiecia Pastwa Polskiego 7, 25-314 Kielce, Poland,
phone +48 41 34 24 571, fax +48 41 34 24 535, ejjretibsin@tu.kielce.pl
Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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Material and methods

In this study, sewage sludge ash was obtainedresuét of sewage sludge combustion
in a laboratory furnace. The sewage sludge usébeirstudy was taken from a municipal
wastewater treatment plant in Sitkowka-Nowiny niéeice. The sewage sludge was dried
in a laboratory drier at the temperature of 105%iw 24 hours. Then, it was crushed in
a mortar to a fraction < 125 um. The sewage slwdge incinerated at the temperature of
980°C within 11 minutes. After the combustion, Haenple remained in the furnace until it
cooled down to the temperature of 20°C.

The chemical compositions of sewage sludge andgewstdge ash were determined
by using the X-ray fluorescence spectroscopy. Phasdysis of sewage sludge ash and
sewage sludge ash after the zeolitization was pagd with X-ray diffraction (XRD). The
structure of the synthesized materials was obselpyethe scanning electron microscopy
(SEM). The cation exchange capacity (CEC) was deted by a method with the use of
ammonium acetate [19]. The concentration of amnraniu solutions was determined by
the ion chromatograph.

Zeolitization of sewage sludge ash

Sewage sludge ash particles in the amount of 10ege vmixed and ground with
granular NaOH to obtain a homogeneous mixture. Mheure was heated in an laboratory
furnace at the temperature of 550°C for 1 hourfdBént ratios of sewage sludge ash to
NaOH samples were used to explore the effect efghrameter on zeolitization.

Table 1
Experimental conditions of sewage sludge ash zzatiion

Crystallization temperature

Sample SSA:NaOH Activation temperature Time 6 h Time 72 h
[9/g] [°C] [°C] [°C]
S1 1:14 60 60 -
S2 1:1.4 60 90 -
S3 1:14 90 60 -
S4 1:1.4 90 90 -
S5 1:1.4 60 - 60
S6 1:14 60 - 90
S7 1:1.4 90 - 60
S8 1:14 90 - 90
S9 1:1.8 60 60 -
S10 1:1.8 60 90 -
S11 1:1.8 90 60 -
S12 1:1.8 90 90 -
S13 1:1.8 60 - 60
S14 1:1.8 60 - 90
S15 1:1.8 90 - 60
S16 1:1.8 90 - 90

The sintered mixture was ground and mixed with iltkst water (the applied
concentration 3 N NaOH), followed by an aging psseith an agitation in a shaking
water bath at given temperatures of 60 and 90°@exively. Then the mixture was
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crystallized under static conditions at the givemperature. After the completion of the
crystallization, the solid product was washed wdlistilled water until the pH of the
solution reached 10.0, then dried at 105°C for &0rsu The synthesis conditions for each
sample are shown in Table 1.

Results and discussion

Table 2 shows the characteristics of sewage slatigesewage sludge ash. Sewage
sludge ash has a high-silica content because @&itbdo Al,O; ratio of 3.74.

Table 2
Characteristics of sewage sludge and sewage sasige
Parameter Units Sewage sludge Sewage sludge ash
pH - 7.50
moisture [%] 72.60 -
Sio, [%] 8.81 26.10
Al,03 [%] 211 6.98
FeOs; [%] 3.74 12.40
CaO [%] 5.66 18.50
MgO [%] 142 4.56
SO [%] 0.01 0.57
K20 [%] 0.58 1.98
Na.O [%] 0.16 0.60
P>0s [%] 7.06 25.30
TiO, [%] 0.32 0.98
Mn;Os [%] 0.03 0.11
SrO [%] 0.02 0.06
ZnO [%] 0.03 0.35
BaO [%] 0.04 0,12
CuO [%] 0.02 0.07
TOC [% m/m] 33.69 0.03

" a percentage by mass

Sewage sludge ash contains the following phasestpmus substance - 13.61% m/m
(a percentage by mass), quartz - 15.44% m/m, potadsldspar - 4.96% m/m, whitlockite
- 34.19% m/m, hematite - 10.76% m/m, stanfieldit8-05% m/m, tridymite - 7.99% m/m.

The XRD diffractograms of samples are presenteBigures 1 and 2. Sample S1 is
defined by the absence of zeolites while the obthiphase was exclusively apatite.
Samples S2-S4 are characterized by the preseraggtife and hydroxysodalite. They were
subjected to a higher temperature of activation/@ndrystallization in comparison to
samples S1.

Hydroxysodalite is made of a cubic arraypefages and exhibits a similar structure of
sodalite [20]. The pore size of hydoxysodaliterizaier than of the zeolites with an eight
membered ring aperture, e.g. NaA zeolite. Such aufe makes them an interesting
material for the separation of small molecules IMg from liquid mixtures [21]. The
structures of hydroxysodalite containing water bardewatered. However, when the water
molecule of the hydroxy-group leaves the sodaliéenework at the temperature of above
600-700°C, the structure collapses. This proceseeigersible and the resulting powder can
no longer adsorb water. Therefore, hydroxysodaitet thermally stable [22].
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Fig. 1. XRD of sewage sludge ash after zeolitizabig 6-hour crystallization
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Fig. 2. XRD of sewage sludge ash after zeolitizabg 72-hour crystallization
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Zeolite X, hydroxysodalite and apatite were presensamples S5, that is in the
samples of a 72-hour crystallization time and tISABAOH ratio of 1:1,4. Zeolite X is
a member of the faujasite group. Its structure &denup of a framework of 4-, 6- and
12-membered rings of Sij@nd AlQ,tetrahedra [23].

Zeolite X is the most difficult to prepare in higiurity. This could be due to the
thermodynamically metastable characteristics ohllyigporous faujasite [24]. Furthermore,
zeolite X has a large pore size (7.3 A) and a IG§T (500 meq/100 g) which make this
zeolite an interesting molecular sieve and a lugtinn exchange material [25].

Samples S6, S7 and S8 are characterized by peakgdobfxysodalite and apatite,
similarly as samples S9, S10, S12, S14, S15 and\8héreas samples S11 is defined by
the presence of hydroxycancrinite. In samples SA8aks typical for zeolite X,
hydroxysodalite and apatite were identified.

Figure 3 shows SEM of sewage sludge ash. The steuctf sewage sludge ash was
non-porous.

Fig. 4. SEM of sewage sludge ash after zeolitirabyg 6-hour crystallization and SSA:NaOH ratio 09:1.4,
magn. 20,000x

Fig. 5. SEM of sewage sludge ash after zeolitimalip 72-hour crystallization and SSA:NaOH ratiolo®:1.4,
magn. 20,000x
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Fig. 6. SEM of sewage sludge ash after zeolitimabig 6-hour crystallization and SSA:NaOH ratio 0:1.8,
magn. 20,000x

Fig. 7. SEM of sewage sludge ash after zeolitimalip 72-hour crystallization and SSA:NaOH ratiolo®:1.8,
magn. 20,000x

Figures 4-7 show the SEM images of the particlesnéal in this study. Figures
4b-d and Figures 5-7 present spherical shapes vdoiciespond to hydoxysodalite. Figure
6¢ illustrates structures of long and sharp shagesacteristic for hydroxycancrinite.
Figure 5a and Figure 7a demonstrate the octahedoaphology typical of zeolite X.
Generally, the SEM images indicated that hydrotl@rreactions during the process of
zeolitization significantly changed the structufesamples.

200
180
160
140
120
100

80

CEC [meq/100g]

40
20

SSA S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12S13 S14S15S816
Fig. 8. CEC of sewage sludge ash and sampleszaftéitization
The CEC results of sewage sludge ash and sewadgeshsh after zeolitization are

presented in Figure 8. The CEC values of samptes aéolitization were within the range
of 109.2-197.6 meq/100 g. Thus, the CEC values \ggber in comparison to sewage
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sludge ash which was not subjected to modificatiansl lower than the values of
commercial zeolites. The CEC values of commercallites were within the range of
200-300 meq/100 g or even 900 meq/100 g [26, 2Qreldver, the CEC values of tested
samples did not depend on the parameters of tHiization process.

Conclusions

The study demonstrated the possibility of usingasgwsludge ash for the synthesis of
zeolites with a fusion method. Zeolite X was ob¢girior the SSA:NaOH ratio of 1:1.4 and
1:1.8. Other optimal parameters of the synthesizeaiflite X were identical for both
samples, i.e. the activation and crystallizatiomgerature of 60°C and the crystallization
time of 72 hours.

The obtained zeolites can be used for the remdw@amtaminants from sewage.

The research proved that it is not easy to obtaly one type of zeolite from wastes.
On the basis of the obtained test results, furtferk will be continued in order to improve
the quality of the synthesized product.
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SYNTEZA ZEOLITOW Z POPIOLOW Z OSADOW SCIEKOWYCH
Wydziat Inzynierii Srodowiska, Geomatyki i Energetyki, Politechnifaictokrzyska w Kielcach

Abstrakt: Sktad chemiczny popiotéw z osaddwgiekowych jest podobny do sktadu chemicznego satdstr
stosowanych do syntezy zeolitbw. W pracy przedstawiwyniki zeolityzacji popiotéw z osadésciekowych

metod, fuzji. Badania popiotbw z osaddéciekowych przed oraz po procesie zeolityzacji olwsjaty

identyfikacg sktadu fazowego (metoda XRD) oraz ogemiany struktury ziaren (metoda SEM) i pojertgio
wymiany kationowej (metoda z wykorzystaniem octamionu). W popiotach z osadd&wiekowych podanych
zeolityzacji zidentyfikowano hydroksy sodalit, zéoX oraz hydroksy kankrynit. Stwierdzonee zeolityzacja
spowodowata korzystny wzrost pojendnowymiany kationowej.

Stowa kluczowe:popiét z osaddéwsciekowych, zeolityzacja, hydroksy sodalit, hydroksgnkrynit, zeolit X,
pojemna¢ wymiany kationowej
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ECOTOXICITY STUDIES OF E-LIQUIDS FOR E-CIGARETTES

BADANIA NAD EKOTOKSYCZNO SCIA E-PLYNOW DO E-PAPIEROSOW

Abstract: E-cigarette has gained popularity as a “health@t&rnative to receiving nicotine, which reduces th
side effects of smoking traditional cigarettes. €aquently, the question arose how solutions fdingil the
electronic cigarettes (e-liquids) impact on theiemment. They contain, among others, nicotineppiene glycol
and/or glycerin and flavorings. The aim of thisdstwas to evaluate the impact and toxicity degresetected
e-liquids on microorganisms come from two differaquatic ecosystems. Studies were conducted uskvged
microtiter plates where a medium (peptone from say) containing the tetrazolium hydrochloride aekcted
for testing e-liquids with the nicotine concentoatigradient were applied. An inoculum was the wétan the
Brynica River and an effluent was from a waste watatment plant. The results were evaluated &fterdays
incubation at 38C. As a measure of the ecotoxicity degree of testedples used the value of microbial toxic
concentration \ITC) which was determined using the MARArocedure (NCBI, Scotland). All tested e-liquids
triggered off an inhibition of microorganism growaghly after two or eightfold dilution. It was fourtdat obtained
MTC values were slightly varied for base components iadividual e-liquids.The amount of nicotine ineth
e-liquids had no influence on the microorganisnmsagin. To a greater extent, only some flavorings migive had
an impact on microorganisms.

Keywords: ecotoxicity, MARA, e-cigarettes, e-liquids, micrganism

Introduction

Electronic cigarettes were designed to provide timieo vapor without toxic
compounds, which are present in tobacco smoke ridd]raimic behavior associated with
smoking. They gained popularity as a less harnifatr@ative to conventional cigarettes.

Electronic cigarettes use heat to transform edigtnto a vapor inhaled by a user.
E-liquids mainly consist of base components - plepy glycol and glycerin, nicotine and
flavorings [2]. Propylene glycol and glycerin ar@stly combined in a ratio of 4:1 or 7:3,
respectively. They can also contain polyethylenegl (PEG) or diethylene glycol (DEG)
as a substitute of base components. The maximureatnation of nicotine permitted
currently in Poland is 20 mg/énj3], but “free-of-nicotine” e-liquids are also alable.
Other used additives are preservatives (e.g. ethapao 5%) and substances regulating
viscosity (e.g. water, ethanol). Generally, e-lagidiffer in various flavorings, for example,
vanilla, fruity or tobacco flavor and a percentagenposition of main ingredients [4]. The
appearance on the market of new products suchligaigs used in e-cigarettes arises the
guestions how they influence a human health, asasedn environment.

There are many available tests evaluate an ecitioxit test agent or substance to
microorganisms in different taxonomic groups. Mhaogical tests are useful in
an assessment of an aquatic environment pollutiegrezz and introduction effects of
a specific pollutant in the biosphere. In a casesafmples collected from aquatic
environment (water or sediments), a presence afiafl or toxic substance is observed as
a vital functions and activity inhibition of testieroorganisms. This phenomenon displays

! Department of General and Inorganic Chemistry, o8thof Pharmacy, Medical University of Silesia,
ul. Jagielldiska 4, 41-200 Sosnowiec, Poland, phone/fax +4863213 64, email: dmadej@sum.edu.pl
Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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inter alia as a growth speed (cells or biomass), luminescéacteriaPhotobacterium
phosphoreun(Vibrio fisher) or an activity of enzymes (ATPases, LDH dehydrages,
nitrate reductase).

An example of bioecotoxicological test is MARAest (Microbial Assay for Risk

Assessment Test). This biotest is mainly a scregetast in an assessment of surface waters
(fresh, salty and salt water), ground waters, éetaind untreated waste waters and leachate
from landfills toxicity. As a multispecies toxicittest includes 10 different bacteria in
taxonomic terms and yeast. These organisms areecplat a 96-well microtiter plate.
In addition, a medium and a dye (2,3,5-triphengdtedlium chloride) are added to each
well. The changes of the dye from colorless to B¥d observed only in healthy
microorganisms by reduction reaction. Introductadra toxic substance (in concentration
gradient) to each microorganism strain may resutheir growth inhibition and display as
a lack of characteristic color of the reduced difter an incubation microtiter plate is
scanned and resulted picture is analyzed using MAS&tware.

In our study, we used a modified MARAprocedure [5] to evaluate ecotoxicity of
8 selected e-liquids, propylene glycol and glyceAs a source of microorganisms, we
used water from the Brynica River and an efflueatrf waste water treatment plant. This
new approach enabled to gain preliminary informmaaout influence e-liquids on natural
ecosystem using fast and inexpensive method.

Materials and methods
Reagents

Eight kinds of commercially available e-liquids weselected for the study. The main
selection criteria were as follows: 1) the productsne from different manufacturers,
2) e-liquids had various nicotine concentration 8yane manufacturer but e-liquids had
different additives/flavorings. The characteristafsthe e-liquids used in the experiments
are presented in Table 1.

Table 1
The characteristics of the investigated e-liquids
Trade name of e-liquid Manufacturer N'C([)r:;g?cz%?tem Batch No. Abkij:]etve'itt'on
Coffee Gold Volish, Poland 18 01/2014 VCG
Coffee Mild, PRC 18 BOGE30032013 MK
Caffe Latte Liqueen, PRC 18 P105010014 LCL
German Hazelnut Ligueen, PRC 18 P105006014 LGH
Blackcurrant Liqueen, PRC 11 Al-85/07/2013 LBC
New Zealand Peach Liqueen, PRC| 11 Al-85/04/2013 LNZ
Italian Cherry Liqueen, PRC 11 Al-85/04/2013 LIC
Ice Mint Liqueen, PRC 24 130217 LM

Propylene glycol (POCh, Poland, p.a. grade) andegig (POCH, Poland, p.a. grade)
were used as a reference. Before ecotoxicity détetion selected liquids, propylene
glycol or glycerin was mixed with redistilled watir the ratio 1:1 (v/v). To estimate the
e-liquids ecotoxicities to microorganisms presemtthe collected water samples, an
agueous medium containing peptone from soybean (2&alw/v; Becton, Dickinson &
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Co. San Jose, CA, US) and 2,3,5-triphenyltetrapolahloride (TTC; 0.01% wi/v, POCh,
Poland, p.a. grade) was used.

Test microorganisms

In the research the following test microorganismseren used: unselected
microorganisms took from the water stream of hgavilluted the Brynica River (Poland)
and microorganisms presented in effluent from wagiger treatment plant (WWTP) in
Sosnowiec-Zagorze (Poland).

Assessment of toxicity of the investigated samples

To assess the ecotoxicity of investigated sampbesnicroorganisms, the 96-well
microtiter plates were used in experiments. Firddlyl5 cni of growth medium (2% wiv
peptone from soybean with 0.01% w/v TTC) was fdtbrwith a sterile filter (Nalgene
Syringe Filter, Sterile SFCA membrane, (r&, Thermo Scientific) and added to each well
in rows A-F.

dilution 1
factor

000000000
" E@@O@O®O®@®®@®®®O
=1c@@@@®O®@®@®®®®®O
'« Ip@@@®@®@®®®®®®®O
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L JTr@@@@@@O®®®®®0O
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. pure medium O medium with O empty wells
samples

Fig. 1. Procedure of plate preparation

Immediately prior to starting an experiment sol@pfone from soybean (2% w/v) and
TTC (0.01% w/v) were added to redistilled waterusioh of selected liquid, propylene
glycol or glycerin (samples). Thus prepared sampiere also filtered with sterile filter and
were added (0.2 cinto each well in a row G. Then, 0.05 tai the solutions from each
well of the row G were transferred to the corregfiog wells in a row F. After mixing well
contents (medium with sample), 0.05%wi the solutions from each well in the row F was
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transferred to wells in a row E. This procedure wegeated to a row B, generating
subsequent sample dilutions. To retain a constahtme of the solutions in each well,
0.05 cni of each well content of the row B was collected atiscarded. The row A
contained 0.15 ciof sterile medium only (positive control). Premhrelates were
inoculated with the 0.015 chof freshly collected water from the Brynica Riv@reffluent
from WWTP, except for solutions in the column numB@, which was the cleanliness
control. The procedure of plate preparation isemésd in Figure 1.

Every sample was repeated 11 times (one plate)olitier plates were incubated for
48 h at 30C. The growth of test microorganisms was obsered aed pelletR) in the
wells. The TTC dye changed color (from colorlessed) due to the reduction reaction in
viable cells. Thus intensity of pellet color wasedily proportional to the growth degree of
test microorganisms [6-9].

The minimum sample concentrations inducing visithle growth inhibition of each
microorganism expressed as Microbial Toxic Conegian (MTC) were determined by the
MARA ®software (NCIMB Ltd, Scotland) as follows:

MTC=C,;, ral(rormbs

where C,» is the lowest concentration in the gradiethtis the dilution factorPy is the
pellet size in the control well arig, is the sum of the pellet sizes in all wells tharev
exposed to the concentration gradient of the saméutions [10]. The changes on each
plate after incubation time were recorded usingcanser (HP Scanjet G4050) with
transmitted light. The scans were analyzed usiegMRA® software, which calculated
the percentage growth and growth inhibition of thierobes in each well relative to the
control and théITC values for test microorganisms.

Results and discussion

In this study, we examined the influence of sekceliquids on unselected
microorganisms presented in the Brynica River (Radjaand in the effluent from waste
water treatment plant (Sosnowiec-Zagorze, Polafdlitionally, an antimicrobial activity
of propylene glycol and glycerin (main ingredient$ e-liquids) was investigated.
Ecotoxicity degree was determined based on modM&dRA procedure andTC value.
The highest sample concentration (e-liquid, propglglycol or glycerin) was 500 g/dm
An illustrative test plate is presented in Figure 2

A plot in Figure 3 shows a corresponding correfati® = f(Ci), whereP; is a pellet

size in a well with a sampl€; is a sample concentration. The percentage midrghiavth
relative to control is marked on the right axis.eTtienotedEGC;, value expresses the
concentration of investigated e-liquid that cau&$6 inhibition of microorganisms
growth.

All results of carried out experimentMT{C values) are presented in Table 2 and
Figure 4.
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Table 2
TheMTC values + SD [g/drj determined for samples in relation to test micgamisms

Sample Water from the Brynica River | Effluent from the WWTP
Propylene glycol 31.6£2.7 29.0+ 5.7
Glycerin 48.8+ 7.6 20.8:7.4
VCG 37.2+ 3.3 22.5:6.1
MK’ 27.5£2.5 10.7£ 3.2
LCL 36.4+4.5 20.5 6.9
LGH 34.6+1.2 25.4+ 3.7
LBC 56.1+ 8.4 33.1+1.2
LNZ 38.5+4.2 31.7+3.1
LIC 35.1+1.4 32420
LM 32.0+£6.3 23.4+1.5

" the most ecotoxic e-liquid (meadTC values + SD determined for this e-liquid were lowkan values
determined for propylene glycol and glycerin inedperiments)

70

MTC [g/dm?]

3
Q«°Q = Water from the Brynica River

samples u Effluent from the WWTP

Fig. 4. Ecotoxicity of the investigated e-liquiddative to microorganisms from the inoculum selédte study

ObtainedMTC values indicate that propylene glycol, glycerindaselected e-liquids
appear to inhibit microbial growth in both testedter samples used at a concentration
> 50 g/dm. Such high concentrations of the investigated tauloes and e-liquids should
not exhibit negative influence on microorganismsttie natural environment. Slightly
higherMTC values were noted for the water from the BrynicgeR Water from this river
can be classified as highly contaminated, maindiustrial pollution, which may indicate its
high electrical conductivity [11]. The above dataggest a greater resistance of
microorganisms present in this water to the impasit

The lowestMTC value, thus the highest ecotoxicity, was obtaified the coffee
flavored e-liquid (MK). Due to the high averadfTC values for the base components



Ecotoxicity studies of e-liquids for e-cigarettes 43

(propylene glycol and glycerin), their effect orogith inhibition of microorganisms can be
probably eliminated. In addition, there was no elation in the increase in nicotine
concentration in e-liquid with the decrease MITC values. Based on the above
observations, it can be assumed that the greateshdcity of coffee flavoured e-liquid
(MK) may be driven by the presence of flavors.

Conclusions

We found that propylene glycol and glycerin- e-idjlbase components as well as
selected e-liquids used in electronic cigarettehibit the growth of microorganisms
present in water samples, but only in the examioeuatentrations of > 50 g/dmThis
ecotoxicity effect may be due to a rheological geof the medium. However, such high
concentrations of investigated substances and ualiqshould not exhibit negative
influence on microorganisms in the natural envirentn Based on analysis of tihgTC
values, e-liquids are more ecotoxic than propylgheol or glycerin. Furthermore, the
ecotoxicity of e-liquids does not depend on thecemtration of nicotine in e-liquid. Thus,
it can be assumed that the flavors added to edi#gaie responsible for observing inhibition
of microbial growth.
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BADANIA NAD EKOTOKSYCZNO SCIA E-PLYNOW DO E-PAPIEROSOW

Zaktad Chemii OgdInej i Nieorganicznej, Wydziat FarceutycznySlaski Uniwersytet Medyczny
Sosnowiec, Polska

Abstrakt: E-papieros zyskat popularéiojako ,zdrowsza” alternatywa przyjmowania nikotyrkféra ogranicza
skutki uboczne palenia tradycyjnych papieroséw. Wazku z tym pojawito si pytanie, jak wplywaj na
srodowisko roztwory stce do napetniania e-papieroséw (e-liquidy). Zavyietame m.in. nikotys, propanodiol
i/lub gliceryre oraz substancje smakowe. Celem pracy byla ocergwp stopnia toksyczni wybranych
e-liquidéw na mikroorganizmy pochogtz z dwéch rénych ekosysteméw wodnych. Badania przeprowadzono
z wyciem 96-dotkowych plytek mikrotitracyjnych, na kgéh aplikowano paywke (pepton sojowy) zawieraga
chlorowodorek tetrazoliny i gradientseh wytypowanych do badae-liquidéw. Inokulum stanowita woda z rzeki
Brynicy oraz efluent z oczyszczalétiekdw. Wyniki oceniano po inkubacji trwgiej dwie doby w temperaturze
30°C. Jako miagy stopnia ekotoksyczioi badanych probek wykorzystano wattanikrobiologicznego stenia
toksycznego (MTC), wyznaczanego za pogpmgramu procedury MARA(NCBI, Szkocja).Wszystkie badane
e-liquidy powodowaty inhibigj wzrostu mikroorganizméw jedynie po dwukrotnym lumiokrotnym
rozcieiczeniu. Stwierdzona,e uzyskane warfgi MTC byty zr&znicowane w niewielkim stopniu dla sktadnikow
bazy i poszczegoélnych e-liquidéw. dtonikotyny w e-liquidach nie miata wptywu na wzrastkroorganizmaéw.
W wiekszym stopniu na mikroorganizmy mogtly oddziahpvjedynie niektére z dodatkéw smakowych.

Stowa kluczowe:ekotoksycznét, MARA, e-papierosy, e-ptyny, mikroorganizmy
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ACCURATE OXYGEN TRANSFER EFFICIENCY
MEASUREMENTS BY OFF-GAS METHOD -
TANK COVERAGE DILEMMA

POMIAR SPRAWNO $CI TRANSFERU TLENU METOD A OFF-GAS -
PROBLEM STOPNIA POKRYCIA REAKTORA

Abstract: The off-gas method is one of two primary aeratiffitiency examination methods. In off-gas method,
exhaust air from aeration tank is collected byoatfhg hood and conveyed to a measurement moduthid part
of the installation, gas flow is measured, colldctdr is dried, stripped of GOand subsequently oxygen
concentration is measured. The hood area is usiga\square meters or even less and is a very @aglof the
aeration tank area. The main advantage of theasffrgethod is that it offers measurement withoutidiginces to
reactor routine work, which are necessary in theeoaf alternative, absorption method. Thereby, dfigas
method can be used in any circumstances and isréieeuncertainty about the influence of react@talibances
on the obtained results. However, a question resraiout the number of measurement points requirettain
representative results for the whole reactor. Adiogyto The Environmental Protection Agency (EPAjdglines,
coverage of 2% of the tank area is sufficient, thig number seems insufficient. This article présem analysis
of the influence of tank coverage on the obtaineggen transfer efficiency values. The presentedyaizais
based on real data.

Keywords: wastewater treatment, aeration, oxygen transfieiaicy, off-gas method

Introduction

Oxic biological treatment processes has been keyneaht of modern wastewater
treatment for decades and are used in every siacfizated sludge based wastewater
treatment plant (WWTP). Optimization of wastewaseration is very important as the
process plays a vital role advanced nitrogen amdpitorus removal, while being also very
energy-intensive. According to research reports fHration process is responsible for
around 50% of total electricity consumption in thastewater treatment plant. Having such
significant share in the energy balance of wastewdteatment, aeration process
optimization has been the object of scientific aesk for a long time, especially due to the
growing energy prices. Therefore, good understandih the mechanisms involved in
oxygen transfer from gaseous to liquid phase anthénsubsequent role of oxygen in
biochemical reactions seems vital. One of the hasiicators of aeration process quality is
oxygen transfer efficiency (OTE, gZGNm‘3-mg§pth) which is the measure of oxygen
transfer efficiency in process conditions.

While other measurement methods exist that allow @TE calculation the
off-gas method, which consists in the analysisheféxhaust air from the reactor, proved to
be particularly useful. It is the only method whialows taking measurements during
regular operation of the aeration tank and hentmwval the elimination of interference
caused by deviating from normal operating condgtiddnfortunately, despite its obvious

! Faculty of Environmental Engineering, Wroclaw Usmisity of Science and Technology, ul. Wyhize
Wyspiaiskiego 27, 50-370 Wroctaw, Poland, email: matenggzynski-huhajlo@pwr.edu.pl
Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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advantages, the method is not very popular worldwide team from Wroclaw University
of Science and Technology is the only one in Potanttake use of it. This is probably due
to the need to possess specialist measuring appanahich is of limited commercial
availability. Another important reason is that takimeasurements and analyzing the data
requires skilled and experienced personnel.

Aim of work

Finding the average value of oxygen transfer efficy in the aeration tank necessitates
taking measurements in an adequate number of pmirtfse aeration tank surface, which will
translate into the area of the aeration tank calveri¢h the hood capturing the exhaust air.
According to the American Environmental Protectfgency guidelines [2] and to German
ATV M 209E 1996 standard [3], coverage of 2% ofktanea is sufficient to obtain reliable
results that are needed to assess the aeratioremffy in an investigated system. However,
some reports [4] indicate that detailed informatimnthe condition of the aeration system can
be provided only by measurements that would covarger area of the reactor. The influence
of the number of measurement points on the accuwthe results is not known either. This
paper presents the analysis of the relationshiyed®at the number of measurement points,
which corresponds to reactor’s area covered by looidg the off-gas test and the quality of
the obtained results, based on a measurement perfesmed with off-gas method in one of
Polish municipal WWTPs.

Off-gas method - an outstanding method for the diagpstics of aeration systems

Wastewater aeration systems examinations whicpexfermed with the off-gas method
have unique features as compared to other avaitabsurement methods. The measuring
apparatus may be situated in practically any looatin the reactor surface and this feature
allows finding spatial variation of oxygen transédficiency (e.g. resulting from progressive
biodegradation present in the sewage, as it paksmggh the plug flow reactor) as well as
finding OTE time variation that results from varginwastewater composition
(e.g. surfactants) and reactor loading [4-6]. Sudbrmation enables optimization of the
aeration system by adapting the control systeradaae aeration at those locations where and
those times when the process would be less eféectind to increase aeration intensity in
more advantageous conditions, thus saving elegtgrgy. As mentioned before, one of the
indisputable advantages of the off-gas methodaisitlallows measurements without the need
to interrupt normal operation of the reactor, athis case with the competing method that
consists in oxygen absorption. According to sonseaech [7], flow velocity of the aerated
medium has significant impact on the values of exytransfer, and this factor is extremely
difficult to be included in calculations when a ¢t is not operated normally. Another
important advantage of the off-gas method is thaltaws finding the localization of leaks in
the air distribution system, which is situatedhe bottom of the reactor, by identifying spots
characterized by high exhaust air flow and low @tytransfer [8].

The off-gas method was developed in 1983 in theddrfstates [9]. The method is based
on the fact that the exhaust air from the aeratok is a good source of information on the
oxic processes that occur inside the reactor. Khauest air from the bioreactor has lower
level of oxygen as compared to atmospheric airabs&e the oxygen is used by activated
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sludge in biochemical processes, and contains itigsuthat are the result of those processes,
e.g. nitrogen oxides and dinitrogen monoxides, titelarganic compounds etc. It has been
shown that information obtained from exhaust aimposition may be effectively used to
diagnose and control such biological processedrétcation and to determine the amount of
emitted gases that influence the condition of tiheoaphere [10-15]. This technique has also
been proven as a useful tool in plant energy usatjmization process as it can be used for
aeration systems diagnosis [16-19]. In off-gas measent apparatus, exhaust air is collected
in an airtight hood floating on the surface of wasiter. The hood may have an area of up to
several square meters. From the hood, the ainis\@a a duct, to a measurement module in
which humidity is removed, air flow is measuredd axxygen and carbon dioxide levels are
monitored. The module may be further equipped withctically any type of sensors
(e.g. nitrogen oxide sensors) or the measured gaagde limited to oxygen only - in such
case a C@binding agent must be introduced into the indialtadirectly upstream of the
oxygen sensor. Figure 1 shows a schematic diagféime off-gas method.

Measurment:

Hood r Dehumidification Ozloff.gas

CoZ,off»gas
Measurement module
0, @]
o O
o (@]
o REENUR [ O
2 0 - f i
2 “tol o
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xygen diffusion o
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©) ©)
. (@]
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Fig. 1. Schematic diagram of oxygen transfer efficy measurement using the off-gas method

Materials and methods
Description of the off-gas apparatus

Because solutions for off-gas measurement appaaatusommercially unavailable, the
team from Woroclaw University of Science and Tecbgyl developed a series of
measurement instruments in accordance with theelijés provided by literature [2, 3]. The
presented tests were performed with the third, agept development version of the apparatus
(both the hood and the measurement module). Thisovedid not contain some design flaws
identified in previous measurements that could hew@e impact on the results. Figure 2
shows the hood and the measurement module usedjdie tests described in this paper.

The hood used in the apparatus had the area Sfahanits design allowed it to float on
the surface of wastewater. During tests, the hoad fastened with ropes to prevent its
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movement on the reactor surface. The measuremedulen@omprised a Testo 6641
flowmeter, which monitored the stream of off-gas #dw captured by the hood. The
installation further comprised 2 sorption colummsvhich the analysed air was dried and the
CG; in it was bound. The last stage comprised an axygacentration analyser in the form
of an AMI 65/G zirconium probe. Furthermore, Hach LB@issolved oxygen probes were
located at suitable depths directly below the hoite measurement error was calculated
using total differential method on the basis of da¢a which were available on the accuracy
of the equipment used. Apart from the earlier deedrparameters, measurement uncertainty
in the off-gas method was calculated including meament uncertainty for sewage depth
and temperature. The calculated measurement uimtgria 0.9 g O,"Nm™~>'mgq,, and

corresponds to a few percent of the measured {20}e

a)

b)

FRIPAIN A ) L R
Fig. 2. Measurement hood (a) and measurement m¢ju20]
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WWTP description

The tests were performed in one of Polish municipastewater treatment plants with
population equivalent PE > 100 000. The sewage gsdine comprises 2 identical
technological lines equipped with identical aera@8TR bioreactors (BR | and BR 1I).
Each chamber’s volume is 6905 and the total area of the diffuser section indhamber
is 564 M. The tests were performed during normal, stab&atipn of the facility.

The measurement methodology

Prior to measurements, a virtual grid is establisha the surface of the reactor to
facilitate finding the coordinates of the measuretymints. In the next step, a number of
points (usually between ten and twemheasurements for aeration tanks) are randomly
selected that will ensure reliable results for axygtransfer efficiency measurement,
i.e. a minimum of 2% coverage of the tank areathis case, 24 measurements were
performed in Biological Reactor | (BR I) and 33 rme@ments were performed in BR I,
which translates into the coverage of 8.8 and 12di%he area of each of the tanks,
respectively. Single measurement lasts for aboutm®@utes, and after that time the
apparatus is moved to the next point, accordinthéoschedule. The data collected using
this method allow finding spatial variation of oxgrgtransfer efficiency for the analyzed
reactor. Due to the significant impact of time atiin of oxygen transfer efficiency, all
results were standardized against the parallel mneaeents of this variation performed
with an identical apparatus with the hood secuneahie measurement point.

Data preparation

The results gathered with the off-gas method weseduto prepare an MS Excel
spreadsheet that allows the user to randomly chi@asaple) a selected value number from
the set of oxygen transfer efficiency results factechamber as in Monte Carlo method. The
number of the results for each sampling correspondbe selected percentage of the tank
area with the hood area of 2%niThe sampling was performed for the numbers of
measurement points that correspond to the tankbeteeeen 4 points (1.3% of the area) and
20 points (6.7% of the area) with an interval oh8asurement points. The set of values that
was obtained after each sampling served to catcthiataverage oxygen transfer efficiency in
the reactor. This value was then recorded. Afters@Mpling rounds were performed, the
recorded data served to calculate the averageafth gariant, which was presented with
maximum and minimum values and standard deviatiothe created set. Each chamber was
also described with a histogram that presentedaberacy of the results with 2% coverage of
the tank area.

Results
Biological Reactor (BR |)

Table 1 shows the results obtained from a simuiagierformed for the set of real
measurement results of oxygen transfer efficiemcBiblogical Reactor | (BR 1) that was
tested in accordance with the methodology hereepted. Figure 3 shows a histogram of



50 Mateusz Muszyski-Huhajto and Kamil Janiak

averagenFSOTE values obtained from 6 randomly selected oreagent points (2.0% of
the tank area).

Table 1
Simulation results for BR |
BRI
) m%:?:rzmén C;Z’:de Average avSOTE |Standard| Max avSOTE Min avSOTE
points area [9 OyNm~3-mgl,,]|deviation|[g O»Nm™3-my2,1|[g OrNm3mgl,]
4 1.3% 20.71 1.45 24.60 18.60
6 2.0% 20.44 1.44 23.20 17.80
8 2.7% 20.95 0.80 23.20 19.70
= 10 3.3% 20.54 0.82 22.60 19.30
= 12 4.0% 20.5 0.67 21.90 19.10
> 14 47% 20.56 0.56 21.30 19.40
16 5.3% 20.30 0.46 21.20 19.50
18 6.0% 20.58 0.35 21.10 19.60
- 20 6.7% 20.54 0.30 21.00 19.70
5]
€ n
2 3=
= 24 8.8% 20.50 - - -
o 2
Q
=
3
- 1% 17%
- 7777 | e
" 13%

MNumber of cbservations
(]
=
&2
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1l : 3%
.
0 i M U/
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Fig. 3. Histogram of averageFSOTE for BR | with 2% hood coverage of the tanktamed by randomly
selecting measurement points
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Figure 4shows a histogram of averagéSOTE values obtained from 6 randomly
selected measurement points (i.e. 2.0% of the dag).

Results

The results of the simulation performed for botbltgical reactors in the analyzed
WWTP indicate that covering only 2% of the tanksavéth the measurement hood may be
insufficient. Hood coverage according to the rec@ndations of EPA and ATV standards
was already achieved after measurements perform@asi 6 points of the reactor. Such
a limited number of measurement points increasessitmificance of spatial variation in
the reactor, thus introducing error to the averagygen transfer efficiency valudsr the
tested aeration tank.

In the case of BR I, the difference betwedtSOTE value for 2% coverage and for
8.8% coverage may reach up to 15% and the numbesinmilations leading to such
differences exceeds 10% of gained resulise percentage of the area covered with the
hood during tests performed in accordance withciimeent recommendations entails low
probability of obtaining accurate results - abodb(with + 1 gOZ-Nm‘3-mg§pth error).

Similar results were also observed in the casenafilations performed for the results
from OTE measurements in BR Maximal discrepancies between the obtained values
reached about 15% of the real value. As in the o&&R | in the same WWTP, the spread
of values with 2% hood coverage of the tank aréawal a conclusion that the currently
recommended degree of tank coverage is not suificend leads to low probability of
obtaining accurate results at about 64% (with ﬂlggdm‘3~m5§pth error).

Conclusions

In Poland, off-gas measurements are a novel meihrodiagnosing the condition of
aeration systems in wastewater treatment. Insafftchumber of national publications and
a limited number of international ones results mpérfect methodology for both the
measurements and the results analysis. The abalgsenallows the formulation of the
following conclusions:

- the value provided by the measurement methodolagcribed in ATV209E and
referred to as the minimum percentage of the taek aovered by the measurement
points is insufficient to obtain reliable resulfstibe average oxygen transfer efficiency
in the tested aeration tank,

- the minimum coverage area with the measurement heeds further verification for
plug-flow reactors.

The conclusions from the analysis here presentdderive as the basis for an attempt
at revising the methodology of oxygen transfercéficy measurements using the off-gas
method and at improving the accuracy of the results
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POMIAR SPRAWNO $CI TRANSFERU TLENU METOD A OFF-GAS -
PROBLEM STOPNIA POKRYCIA REAKTORA

Wydziat Inzynierii Srodowiska, Politechnika Wroctawska

Abstrakt: Pomiary off-gas & jeds z dwoch dospnych metod okidenia stopnia wykorzystania tlenu
w systemach napowietrzania oczyszczalriekow. Najwiksz zaleti prezentowanej metody jest miios¢
prowadzenia pomiaréw w warunkach procesowych begerancji w funkcjonowanie uktadu oczyszczania
sciekéw. Na podstawie danych zebranych podczas pomievykonanych na jednej z komunalnych oczyszczalni
sciekéw w Polsce przeprowadzono analiptywu ilosci punktéw pomiarowych na uzyskiwane wadostopnia
wykorzystania tlenu. Analizprzeprowadzono, wykorzystg wyniki uzyskane z pomiaréw zapewnigjch duo
wyzsze pokrycie powierzchni reaktora (odpowiednio 88Pb6) wzgtdem wytycznych literaturowych mégaych

0 2% stopniu pokrycia reaktora.

Stowa kluczowe:oczyszczaniéciekdw, napowietrzanie, stogievykorzystania tlenu, metoda off-gas
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CURRENT STATUS, CHALLENGES AND PROSPECTS
OF SEWAGE SLUDGE VALORISATION FOR CLEAN ENERGY
IN POLAND

AKTUALNY STAN WIEDZY, WYZWANIA | PERSPEKTYWY
WYKORZYSTANIA OSADOW SCIEKOWYCH
W PRODUKCJI CZYSTEJ ENERGII W POLSCE

Abstract: The valorisation of sewage sludge (SS) is a pralctipproach for the production of chemicals, fuels
and clean energy. In the past, sewage sludge @disposl management in the European Union (EU) tylgica
involved landfilling, incineration, agricultural pfication, or bulk storage. With the prohibition dfiese
techniques, novel processes are urgently requiredidress the growing stockpiles of sewage sludggcplarly
in nations with high demographics such as Polam@ fiost promising technologies for SS valorisatiom the
thermal conversion; pyrolysis, gasification, contlrs and co-firing. However, SS valorisation is &tedy
numerous challenges. Consequently, this paper seekamine the current status, challenges angects of SS
valorisation in Poland. The findings demonstrathdt tthe treatment of municipal and industrial waster
generates substantial quantities of sewage slu8§ €ach year. Currently, the SS is mostly utilied
agriculture, landfiling and bulk storage. The papeports that municipal SS is the mostly utiliz8& for
agriculture, compost production, thermal conversibolk storage; whereas industrial SS is used &od |
reclamation and landfilling. However, the bulk oblBh SS is still not effectively and efficientlytilized.
Therefore, the authors proffered prospective teldyies such as co-firing and direct utilization@$ for future
green electricity production as possible solutidtewever, it is pertinent to state that the appigcaof novel SS
valorisation technologies will require adapting aabpting low carbon strategies and legal framesankthe
future.

Keywords: sewage sludge valorisation, clean energy, sudtiityadevelopement

Introduction

Sewage sludge (SS) is the heterogeneous residaiqed from the processing of
industrial or municipal waste water effluents ieatment plants [1, 2]. The treatment of SS
involves several physical (mechanical), chemica@)|dgical or various combinations [3]
resulting in the production of large quantitiessofid, semi-solid or liquid residues [4].
Consequently, the effluent sources and the phydiemnical or biochemical composition of
treated SS is significantly determined by the selb¢reatment technique. In view of this,
SS potentially consists of harmful inorganic, bigdelable, chemical constituents such as
heavy metals, pharmaceuticals, pesticides, hormames dioxins [5-7]. However, the
biological fraction contains nutrient rich orgareatter with potential applications in
agriculture. Based on its constituents, SS is predantly disposed, managed or utilized
through traditional technologies such as landfijlimcineration, and bulk storage [8].
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Conversely, European Union (EU) regulations prdhibie proliferation of these
methods due to their potential threats to humaftthesafety and environment (HSE) [9].
The protocols are largely targeted at reducing djoadable wastes landfills, agricultural
application, environmental accumulation of chensicalnd costs of off-site disposal
solutions for sewage sludge. Furthermore, incregsgailation, high living standards and
rising processing costs have geometrically incréamavage sludge production in Poland
540 thousand Mg [10]. Additionally, increased pteeson sewage treatment infrastructure
has resulted in the search for more cost effecédicient and environmentally friendly
methods for SS disposal and management.

Hence, novel sewage conversion technologies arentlygrequired to address the
current challenges encountered by wastewater tegdatplants (WWTPS) in Poland [11].
One of the most promising approach for the valtidgsaof SS is the use of thermal
conversion processes such as pyrolysis, gasifitatembustion and co-firing technologies
[10, 12]. This has the potential to create a cacutconomy from SS valorisation in
sustainable chemicals, fuels and energy for fuymglications. However, the transition to
the circular economy will require identifying anddressing potential challenges due to
socio-economic, environmental and technologicatiofiesc

Therefore, the main objective of this paper is tdfgmnd examine the current status of
SS valorisation for clean energy generation in Rehldt will also present an overview of
the various challenges that will potentially hampier valorisation of SS for clean energy
generation. Lastly, the study will outline the figyprospects of SS valorisation through
various thermal conversion technologies.

Current status of sewage sludge in Poland

The Republic of Poland is a central European ndtioated east of Germany on the
geographical coordinates 52°N 20°E with a totatllamass of 312,685 KmThe land mass
comprises 2.71% water and 97.3% land with 3,078 &fterritorial boundaries shared
with Belarus, Czech Republic, Germany, Lithuanias$ta, Slovakia and Ukraine. The land
terrain consists of flat plains and mountains altimg borders in the south which account
for its temperate climate. The seasonal weath¢ypically characterized by moderate to
severely cold, cloudy winter conditions with regutainfall whereas summer conditions
are mild with periodic showers and thunderstorms.

According to year 2016 estimates, Poland is inledbiby 38.5 million people
comprising 96.90% Polish, 1.10% Silesian, 0.20%n@er, 0.10% Ukrainian, and others
1.70%. The economy of Poland is dominated by thei&ss sector with 55.60%, Industrial
Manufacturing 41.10% and 3.30% Commercial Agria@tuThe three sectors jointly
account for USD$ 1.005 trillion of Poland’s Grossrbestic Product (GDP, Purchasing
Power Parity). Consequently, the per capita incarh¢he average Pole is estimated at
USD$ 26,000 which buttresses the nation’s highngvistandards [13]. According to
empirical studies, higher livings standards hagmificantly influenced the generation of
municipal and industrial waste around the globq.[$milarly, Hoornweg et al. [15] posit
that rising urban population has increased solidtevageneration by tenfold around the
globe. In addition, global estimates indicate soldste generation will double from
3.5 million to 6 million Mg/day by 2025 exceedinghvironmental pollutants and
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greenhouse gases (GHGSs) [15]. In corroborationsieatga et al. [14] assert that rising
solid waste generation prompted by rising wealtd population dynamics will increase
pressure on current waste management systemsditioad this will result in significant
socio-economic, environmental, technological anabgétical implications globally.
Consequently, it stands to reason that sewage eslpidgiuction in Poland is set rise to
706 thousand Mg (dry matter) in the future [10]blEal presents data on the disposal,
management and utilization of the total industaatl municipal sewage sludge produced
from over 4,255 waste water treatment plants (WWapgrating in Poland for the year

2014,

Table 1
Sewage sludge [Mg d.m.] production in Poland fot£216]
Sewage sludge utilization Industrial SS Municipal S Total SS
Agriculture 20,940 107,222 128,162
Land reclamation 95,034 21,961 116,995
Compost production 1,707 46,330 48,037
Thermal conversion 80,184 84,237 164,421
Landfilling 103,736 31,503 135,239
Bulk storage 17,042 62,192 79,234
Other uses 92,789 202,537 295,326
Accumulated 6,280,853 226,034 6,506,887
Grand Total 6,692,285 782,016 7,474,301

" Total annual SS accumulated on the WWTP on laraifilas

According to the data in Table 1, the treatmentvaktewater in Poland resulted in
7.5 million Mg of municipal and industrial SS. Aarcbe observed the amount of industrial
SS (89.54%) is significantly higher than from mupét sources (10.46%). The marked
difference may be due to the high volume of wastgew generated from industrial
manufacturing or service industry processes whiotoant for approximately 96.7% of
Poland’s GDP. However, the low SS from municipalrses could also be due to the lack
of extensive sewerage network, waste managemetgnsysor low sewage sludge per
capita around municipal areas in the country. lastle enforcement regulations from the
government agencies require higher HSE standard$W\MTP in the industry. This
ultimately results in high volume, specialized tre@nt of waste water in SS.

Furthermore, Table 1 presents the sectorial utitinaof treated SS in Poland. As can
be observed, SS in Poland is utilized for agriaeltland reclamation, compost production,
thermal conversion, landfilling, bulk storage, aother uses. The data indicates that
municipal SS is mostly utilized for agriculture,nepost production, thermal conversion,
bulk storage, and other uses than industrial SSveser, land reclamation and landfill
applications are the most predominant applicatiohsndustrial SS. Overall, the data
indicates that municipal SS is more widely appbeditilized than industrial SS in Poland.
This may be due to strict regulations on indust8& due to harmful chemical based
compounds such as pharmaceuticals and metal corip§bHY].

Figures 1 illustrates the proportions of SS fromnioipal and industrial WWTPs
utilized for various applications in Poland as destlifrom Table 1. The data in Figure 1
indicates that the highest proportion or 29% of iwipal SS is reserved (accumulated) on
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WWTPs on landfill areas. Conversely, 13% is usedga&ultural input for use as fertilizer
while 11% is thermally converted for energy or g@yearelated applications. In addition, the
use of municipal SS also includes bulk storage (8inpositing (6%), landfilling (4%),
and land reclamation (3%). Lastly, the remaind&%® of the SS has no clearly defined
use. In summary, 71% of all SS produced from mpalcWWTP in Poland is valorised for
various applications. In contrast, the industri&liS sparingly utilised for any applications.
The data indicates that only 6% of all SS produsedtilised for utilized for agriculture,
land reclamation, compost production, thermal cosioa, landfilling, or bulk storage. The
highest proportion (2%) of the SS is used for ldlwl§ and land reclamation. Agriculture
and compost production account for less than 1#aah case. This may be due either strict
regulations on its usage or lack of incentive froegislation to valorise the large
proportions of industrial SS.

Agriculture | || and reclamation
Accumulated 13% 3%

29%

Compost
N sroduction
-!Q.‘f"-- . BQ_L = Agriculture
= Lland reclamation
= Compost production
Thermal conversion
Thermal ;
conversion = Landfilling
11% = Bulk storage
m Other uses
Landfillin
Other uses 5% & B Accumulated
S0

26%
Bulk storage
8%

Fig. 1. Sectorial utilization of municipal SS inl&ad

In view of this, Poland and the EU have enacted amsfituted the legislative
framework to not only monitor potential emissiomsl harmful substances from SS. It is
envisage this will stimulate SS valorisation inteful chemicals, fuels and energy in the
future. Table 2 presents an overview of the maggislative framework for SS disposal,
management and utilization on the continent.

Based on these laws, the Polish government hablisbied modalities to ensure the
definition of wastes streams such as SS, recydl#gge, recovery and safe disposal. Figure
2 presents an illustration of the approach as dmstin the Waste Framework Directive
(WFD) (2008/98/EC) [17].
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Table 2
Overview of major legislation on SS Managemenhm EU [17-29]
Law/Act Code Date of | National Summary of goals and objectives
enactmen{ or EU
To determine rules for the use of sewage sludge
Sewage Sludge 86/278/EEC 12" June EU as a fertiliser or a_gr@cultural purposes by farm§m_
Treatment [21] 1986 Directive regulate and set limits for heavy metal conceranaj
Directive in SS. To prevent adverse effects of SS humantealt
water and environment.
Urban Waste ‘ To protect the en\_/ironm(_ent f_rom the effects of arl ba
Water Treatment 91/271/EEC| 21* May _ EU. waste water and |ndustr_|a| discharges. To de_:termlne
L [22] 1991 Directive | guidelines for the collection, treatment and disgh
Directive : ) )
of domestic, and industrial waste water effluents.
To prevent or reduce the negative effects of
landfilling waste on the environment. To define the
Landfill Directive 99/31/EEC | 26" April EU different categories of waste for landfills. To idef
[23] 1999 Directive | wastes accepted in landfills, establish systems and
operating permits. To introduce stringent technical
requirements for landfills.
To impose strict operating conditions and technical
) requirements on waste incineration plants and waste
. . 4 co-incineration plants in the European Union. Tp
Wasga_ InC|_nerat|o 2000/76/EC December . EU. prevent or reduce pollution of the air, water aaill $
irective [24] Directive S L - -
2000 due to emissions form incineration or co-firing of
waste. To set limits for pollutant emissions inair
water.
To establish questionnaire for Member States éofil
Implementation 2000/738/EQ 17" EU reports on directive 1999/31/EC on the landfill gf
Directive on [25] Novembe Directive waste. To serve as implementation directive for the
Landfills 2000 landfill directive and create modalities for effieet
implementation by EU Member states.
To define the objectives of EU on the environment.
6" Community 10 EU To establish policy guidelines for the implemerdati
Environment EAP [26] |Septembe Directive of sustainable development strategies. To prieritiz
Action Programme 2002 the efficient disposal, management and utilizatibr
waste streams among EU Member states.
National . To e_stablish the _Polish n_atio_nal legal framework fo
16" Polish the implementation of Directive 91/271/EEC of the
Programme for | NPMWWT . ; h
b December National EU. To create environment for the construction pf
Municipal Waste [27] R
Water Treatmen 2003 Directive | sewage management systems, sewerage networks,
and waste water treatment plants (WWTP).
To establish legal framework for the treatment of
12 waste in the EU. To define the basic concepts
Waste Framewor{2008/98/EC( Decembe EU associated with waste management (WM). Tg
Directive [28] Directive | determine principles for WM in the EU. To enagt
2008 o - -
legislation for defining waste streams, responisies
and penalties for Member States.
To establish a National Programme for waste
reduction. To control pollutant emissions in the di
National Waste 31 Polish waters and soil. To establish mechanisms for|
Management | NWMP [29] | December National | recycling, reuse, landfilling or incineration of sta
Plan 2014 2010 Directive streams within the safety limits. To ensure

implementation of Municipal Waste Water Treatm
(NPMWWT) scheme.

ent
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Fig. 2. Schematic for Waste Management [17]

The “polluter pays principle” and “extended producesponsibility” described in the
Waste Framework Directive requires novel sustamadthnologies for waste valorisation.
In addition, the directive mandates Member Stadeisnplement waste management plans
and prevention programmes [17].

Prospects of sewage sludge valorisation

Based on WFD, there is an urgent need to explatentdogies for the valorisation of
SS in Poland. The use of thermal conversion teciyies is considered one of the most
effect methods for valorising organic wastes stie480-34]. The most commonly used
techniques are presented in Table 3.

Table 3
Potential routes for thermal valorisation of SS
Converspn Process definition, Reaction conditions, and effext | Reaction products | References
technologies
Thermal conversion (400-600°C) of carbonaceous
Pyrolysis feedstock in oxygen deficient conditions. Processiees| Biochar, activated [30-35]
size reduction, increase in calorific value andrgye |carbons, bio-oil, biogas
density.
Mild pyrolysis process (200-300°C) for thermal
. pretreatment of carbon based feedstock. Processwes) High heating value
Torrefaction grindability, hydrophobicity, calorific value, amhergy | torrefied fuel, pellets [36-38]
density
Thermochemical process for converting organic feedg
Eg?gg;?g;?;ql into carbonaceous products under mild temperaturesaggggﬂghg -sp’rzgﬁcl [39-41]
(180-350C) and pressures (2-10 MPa)
Conversion of feedstocks into clean synthesis ga Synthesis gas (synga
Gasification | (Syngas) at temperatures 650-1000°C. The syngae hy 9 yng ] l[12, 42-44]
for producing chemicals, fuels or clean ener ydrocarbons, bioch:
p 9 , qy
. . . Fuel gases for energy
Combustion High temperature (100C) conversion of feedstocks production [45]
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Other prospective technologies for SS valorisatioiclude pyro-torrefaction,
pyro-gasification, catalytic gasification, chemidabping gasification, vermicomposing,
and conversion into plastics and pharmaceuticalsaddition, the large quantities of
industrial SS can be directly utilized or co-firadth coal or biomass in existing power
plants for energy production [45, 46].

Challenges of sewage sludge valorisation

The challenges of SS valorisation in Poland will tméefly described based on
Social-Economic, Environmental and Technologicablinations. The socio-economic
challenges will largely stem from public and govaent acceptance of product chemicals,
fuels and energy produced from SS valorisation. €hegironmental challenges of SS
valorisation may arise from the potential pollutamissions, greenhouse gases (GHGS)
and secondary wastes generated from conversiondbagfies such as combustion. Lastly,
the technical challenges could potentially be dusdlids management, low efficiencies of
conversion processes, equipment corrosion due toc@Bponents, and reduction of
secondary wastes products. In general, the outthetlenges can be potentially addressed
by adapting and adopting low carbon strategies amgead by legal frameworks for SS
valorisation in the future. Emphasis will need ®focused on the sustainable conversion
of industrial SS as this constitutes approxima®lys of the SS stock in Poland.

Conclusions

The main paper examined the current status, prtspacd challenges of SS
valorisation in Poland. The findings demonstratt the treatment of wastewater effluent
streams from municipal and industrial sources gamer significant quantities sewage
sludge. Currently, the treated SS is predominamtitized for agriculture, landfilling and
bulk storage. In addition, the analyses revealed thunicipal SS is mostly utilized for
agriculture, compost production, thermal converstork storage, whereas industrial SS is
used for land reclamation and landfilling. None#iss, the bulk of Polish SS is not
effectively and efficiently utilized. Therefore, eth authors proffered prospective
technologies such as co-firing and direct utiliaatof SS for green electricity production in
the future as possible solutions. However, it igipent to state that the implementation of
novel SS valorisation technologies will require atiteg and adopting effective low carbon
strategies and legal frameworks in the future.

References

[1] Fonts |, Gea G, Azuara M, Abrego J, Arauzo &n&v Sustain Energy Rev. 2012;16:2781-2805. DOI:
10.1016/j.rser.2012.02.070.

[2] Fytili D, Zabaniotou A. Renew Sustain EnergwR2008;12:116-140. DOI: 10.1016/j.rser.2006.05.014

[3] Kosobucki P, Chmarzynski A, Buszewski B. Pol Environ Stud. 2000;9:243-248.
http://www.pjoes.com/pdf/9.4/243-248.pdf.

[4] Werle S. Renew Energy Environ Sustain. 20161E301: 10.1051/rees/2016042.

[5] Bodzek M, Dudziak M. Desalination. 2006;198:22-DOI: 10.1016/j.desal.2006.09.005.

[6] Jelic A, Gros M, Ginebreda A, Cespedes-SancRezVentura F, Petrovic M, et al. Water Res.
2011;45:1165-1176. DOI: 10.1016/j.watres.2010.10.01

[71 Seggiani M, Puccini M, Raggio G, Vitolo S. WastManage. 2012;32:1826-1834. DOI:
10.1016/j.wasman.2012.04.018.



62

Bemgba Bevan Nyakuma, Aneta Magdziarz and Sebaétale

(8]
(9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]
[29]

(30]
(31]
[32]
[33]
[34]
[35]
[36]

[37]
(38]

[39]
[40]

[41]
[42]
[43]

[44]
[45]

Werle S. Waste Manage Res. 2014;32:954. DO 107/0734242X14535654.

Mininni G, Blanch A, Lucena F, Berselli S. Enen Sci Pollut Res. 2015;22:7361-737B0I:
10.1007/s11356-014-3132-0.

Werle S. Ecol Chem Eng S. 2015;22:459-489I: 10.1515/eces-2015-0027.

Cieslik BM, Namiesnik J, Konieczka P. J Cleaner Prod. 2015;90:1-X5l: 20.1016/j.jclepro.2014.11.031.
Jayaraman K, Gokalp I. Energy Convers Managé5;89:83-91. DOI: 10.1016/j.enconman.2014.09.058.
CIA World Factbook. Poland: Geography & So&oenomic Status World Factbook: Country Profile 01
http://bit.ly/2dqrLOF.

Matsunaga K, Themelis NJ. Effects of affluerszed population density on waste generation angloda

of municipal solid wastes. Earth Engineering Center Report, 2002:1-28.
http://lwww.seas.columbia.edu/earth/waste-afflugoager.pdf.

Hoornweg D, Bhada-Tata P. What a waste: aajlodview of solid waste management. Urban Deveklygm
Series Knowledge Papers, 2012. Washington DC: \Reitk Group; 1-98. http://bit.ly/1mjzbQB.

Statistical Yearbook of the Regions - Pola&fatystyczny Rocznik Wojewddztw. Warszawa: Central
Statistical Office; 2015. 664 pp. http://bit.ly/2e2p.

Waste Framework Directive. Directive 2008/98/R2008. http://bit.ly/1iNbBhq.

EUR-Lex. Sixth Environment Action Programm@218. http://bit.ly/2duPNL3.

Polish National Government. National Waste Eigement Plan 2014. http:/bit.ly/2diQI7K.

Municipal Waste Europe. Current European Ur(ieb)) Legislation on Waste. 2016. http://bit.ly/2Q9uL.
Sewage Sludge Treatment Directive. 86/278/HEC Directive, 1986. http://bit.ly/2wyTqgFr.

Urban Waste Water Treatment Directive. 91/271/EEQ Directive. 1991. http://bit.ly/2wlAGdb.

Landfill Directive. 99/31/EEC. EU Directive999. http://bit.ly/2hBxwyB.

Waste Incineration Directive. 2000/76/EC. Edative. 2000. http://bit.ly/2wz4120.

Implementation Directive on Landfills. 2000/738/E&J Directive. 2000. http://bit.ly/2hCygDU.

6th Community Environment Action ProgramniAP. EU Directive. 2002. http://bit.ly/2uysNz7.

Krajowy Program Oczyszczanfciekéw Komunalnych. National Programme for Munitipéaste Water
Treatment. NPMWWT. Polish National Directive. 20h@p://bit.ly/2wz5ciY.

Waste Framework Directive. 2008/98/ECC. EU Direxti2008. http://bit.ly/1Ouv7M,;.

Krajowy Plan Gospodarki Odpadami 2028ational Waste Management Plan 2022. NWMP. Polish
National Directive. 2016. http://bit.ly/2wzkHHI.

Stolarek P, Ledakowicz S. Thermal processifigsgewage sludge by drying, pyrolysis, gasificatemdl
combustion. Water Sci Technol. 2001;44:333-33%:Hkit.ly/2vbM8ts.

Basu P. Biomass Gasification, Pyrolysis andr@faction: Practical Design and Theory. Londonademic
Press, Elsevier; 2010.

Nyakuma BB, Mazangi M, Tuan Abdullah TA, Joh&, Ahmad A, Oladokun O. Appl Mech Mater.
2014;699:534-539. DOI: 10.4028/www.scientific.nei.699.534.

Werle S, Wilk RK. Renew Energy. 2010;35:19191%. DOI: 10.1016/j.renene.2010.01.019.

Cao Y, Pawtowski A. Renew Sustain Energy R¥12;16:1657-1665. DOI: 10.1016/j.rser.2011.12.014.
Magdziarz A, Werle S. Waste Manage. 2014;34:179. DOI: 10.1016/j.wasman.2013.10.033.
Atienza-Martinez M, Fonts |, Abrego J, Ceammnh Gea G. Chem Eng J. 2013;222:534-545. DOI:
10.1016/j.cej.2013.02.075.

Wilk M, Magdziarz A, Kalemba I. Energy. 201%;259-269. DOI: 10.1016/j.energy.2015.04.073.

Wilk M, Magdziarz A, Kalemba |1, Gara P. RenevEnergy. 2016;85:507-513. DOI:
10.1016/j.renene.2015.06.072.

He C, Giannis A, Wang J-Y. Appl Energy. 201Rt1257-266. DOI: 10.1016/j.apenergy.2013.04.084.
Zhao P, Shen Y, Ge S, Yoshikawa K. Energy @uosv Manage. 2014;78:815-821. DOI:
10.1016/j.enconman.2013.11.026.

Danso-Boateng E, Shama G, Wheatley AD, Ma®ih Holdich R. Bioresour Technol. 2015;177:318-327.
DOI: 10.1016/j.biortech.2014.11.096.

Moon J, Mun T-Y, Yang W, Lee U, Hwang J, Jdhget al. Energy Convers Manage. 2015;103:401-407.
DOI: 10.1016/j.enconman.2015.06.058

Murakami T, Suzuki Y, Nagasawa H, YamamotoKbseki T, Hirose H, et al. Fuel Process Technol.
2009;90:778-783. DOI: 10.1016/j.fuproc.2009.03.003.

Hartman M, Svoboda K, Pohorely M, Trnka O. Edg Chem Res. 2005;44:3432-3441.

Hanmin X, Xiaogian M, Kai L. Energy Convers Nege. 2010;51:1976-1980. DOI:
10.1016/j.enconman.2010.02.030.



Current status, challenges and prospects of sestadge valorisation for clean energy in Poland 63

[46] Jiang J, Zhao Q, Zhang J, Zhang G, Lee DJ.réBmur Technol. 2009;100:5808-5812. DOI:
10.1016/j.biortech.2009.06.076.

AKTUALNY STAN WIEDZY, WYZWANIA | PERSPEKTYWY
WYKORZYSTANIA OSADOW SCIEKOWYCH DO PRODUKCJI CZYSTEJ
ENERGII W POLSCE

! Centrum Energetyki Wodorowej, Malezyjski UniwerstyTechniczny, Skudai, Malezja
2 AGH Akademia Gérniczo-Hutnicza, Krakéw, Polska
3Instytut Techniki Cieplnej, Politechnikélaska, Gliwice, Polska

Abstrakt: Aktualnie zagospodarowanie osadgsiekowych (&) polega m.in. na wykorzystaniu ich jako paliwa
do produkcji energii. W przeszci osadysciekowe w Unii Europejskiej (UE), otrzymane z ocayzalnisciekow,
sktadowano, spalano w sposéb niekontrolowany ordrzystano do iyzniania gleby w rolnictwie. W zwizku

z wprowadzeniem zakazu stosowania ww. sposobéwtigdizacji konieczne byto poszukiwanie nowych metod
w szczegolnéci w krajach o wysokiej liczbie luddoi, jakim jest na przyktad Polska. Jadnobiecujcych metod
zagospodarowania osadéeiekowych mog by¢ takie procesy, jak piroliza, zgazowanie i spalamiewyniku
ktorych powstam produkty chrakteryzape sé energetycznymi wiaiwosciami. Jednake prowadzenie tych
proces6w wymaga uwzglnienia spotecznych, ekonomicznyéhgdowiskowych i technologicznych czynnikéw.
Dodatkowo, regulacje UE w zakresie zagospodarowarsadow $ciekowych zakazwyj termicznego ich
przeksztalcania bez prowadzenia efektywnych pragesétpnych (tzw. ,pre-treatment processes”). W pracy
przedstawiono stan bigcy, wyzwania oraz perspektywy wykorzystania osaddekowych w procesie produkcji
czystej energii.

Stowa kluczowe:waloryzacja osaddéciekowych, czysta energia, zrownaway rozwgj
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THE REMOVAL EFFICIENCY OF DUST DURING SHORT-TERM
RAINS - VERIFICATION OF ADDITIONAL FACTORS

SKUTECZNO SC USUWANIA PYLU PODCZAS OPADOW
KROTKOTRWALYCH - WERYFIKACJA DODATKOWYCH CZYNNIKOW

Abstract: This paper reports the results of a comparisonhef results of field study concerned with the
effectiveness of PM10 scavenging by liquid preeifpin in a warm and cold season of the year. Thedithis
study involved: - verifying if the value of the reral coefficient AC) is relative to the duration of the phenomena
of wet deposition, - verification of a hypothedigtt the initial value of PM concentration does aff¢ct the value
of ACpmio The registration of the variability of PM concexitons was undertaken over the period of seversyea
in the conditions of the occurrence of convectived darge-scale precipitation and it was performad i
a non-urbanized area. The analysis involved 34ésca$ observation with the constant time intenfaD® h.
The measurements of PM10 mass concentration wéamped with the aid of a reference method accongzhni
by concurrent registration of the basic meteora@alparameters. It was indicated that the valuthefremoval
coefficient assumes similar values in the cold am@m season for all types of precipitation with tinean
intensity ofR > 0.5 mm h'. It was additionally noted that the effectivene$$M10 removing by precipitation
with various origin does not statistically vary amiing to the season. It was indicated that focipiation with

a low intensity, the values of the mass concetnadif particulate matter in the ground-level zooald affect the
values of the removal coefficient. It was also doded that the diverse structure of wet depositiith a small
intensity plays an important role in the processhef scavenging of solid particulate matter frowsetto-ground
troposphere.

Keywords: precipitation, PM10, scavenging process, backgi@rea

Introduction

Below-cloud scavenging plays the role of a printipeocess which ensures the
removal of pollutant from the ground-level zone aa#fes on a principal role in the
maintenance of high environmental qualities of diveat the expense of other components
of the natural environmerji]. Therefore, it forms one of the major procesbgswhich
a balance is maintained between the inflow andl@utfof aerosol particles [2]. Wet
below-cloud scavenging includes all phenomena, lwldad to the washing out particulate
matter together with all forms of precipitationirmmasnow, fog and iceAccording to [3],
from the point of view of human well-being and dualof the ground-level zone,
below-cloud scavenging seems to play a more impbntale than in-cloud scavenging.
This statement is confirmed by the remark that paticulate matter which poses
immediate danger to the human health is principd#posed as a result of below-cloud
scavenging, while the mechanism which plays a mept in it is associated with the
collision of solid particles with rain drops [4].h& process of wet aerosol washout is
inherently complex as it is affected by a numbeexternal phenomena, which include:
drop size, distribution of particle sizes, chemicamposition of water, rainfall intensity

! Department of Thermal Engineering and Industriahcilties, Opole University of Technology,
ul. S. Mikotajczyka 5, 45-271 Opole, phone +48 74 ®8 457, fax +48 77 40 06 139,
email: t.olszowski@po.opole.pl

Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016



66 Tomasz Olszowski

ambient temperature as well as chemical and pHygsiogerties of drops and aerosol and
the area of the collision between the aerosol aimdall drops [5].

The actual effects of the scavenging of the sddidigles suspended in the atmosphere
which accompanies precipitation is usually deteediron the basis of the scavenging
coefficient/A [s], and it is considered to be the most imporfaatameter to characterize
below-cloud particle washout [6]. For a particléhnwé given size, scavenging coefficient is
the function of the boundary velocity of the drdp#nd effectiveness of the collisions
between rainfall droplets and the particles in dtmospheric aerosol [7]. However, as it
was noted, due to the great number of the factdrichwplay a role in the processes
occurring below-cloud, the values of scavenging fftwent are characterized by
a considerable variability [8].

The aerosol scavenging coefficient can be defindgdrims of the bulk particle number,
bulk particle mass, or size-resolved particle numdsed mass concentration. The bulk
approach directly measures or models the averaggpitation rate and the variation of
aerosol mass. Results from a bulk approach canubstantially different from a more
detailed one with size spectra included [9, 10].si&e resolved particle and droplet
experimental approach requires measurements dtiegconsidered events of the size
distribution of the aerosol and of the dropletse Tddopted methodology of observation
(in current article) does not allow to meet thdesia presented above. In the other hand,
the effectiveness of PM10 removal by precipitaticen also be shown as a simple
relationship of percentage changkCj in the concentrations befor€4 and after C,)
episodes of rain (to distinguish, tA€ will be called the removal coefficient insteadtloé
scavenging coefficient).

Experimental studies into below-cloud purificatiperformed in actual conditions
focus on various aspects of this process. The pseseare researched both on a complex
scale, i.e. with details of the effectiveness didsparticle removing by the particular types
of precipitation, as well as on a specific scalbewa study can involve the effectiveness of
scavenging of particular particle types by the #jmetypes of precipitation. Experimental
studies often occur through measurements in theetdicinity of anthropogenic sources of
emissions, both in urban and rural areas [8, 11$ leasonable to remark at this point that
a vast proportion of the studies was conducted tota scale, while on the other hand,
local emission of pollutants and the structureaif clouds has a considerable effect on the
characteristics of wet depositifh]. Besides, the variations in the concentratibaerosols
in the troposphere after incidences of precipitattan occur in the adjacent as well as
remote areas [7].

The variation in the concentration of aerosolswo successive time intervals in the
actual conditions is relative to a number of pheanaj such as turbulence in the boundary
layer, chemical processes in the liquid phase dsasgotential emission and transport of
pollutants from the more remote areas [12]. Onddcdek putting a question at this point:
does the lack of a uniform value of the removalfitcient result from the sole effect of the
above mentioned parameters? Could it be that tHabitity in the value ofAC is due to
other, more ordinary reasons?

The studies into the effectiveness of removing s®grarticles in the processes of wet
deposition have a primarily theoretical inclinatifthat is they involve numerical studies),
in which weather conditions specific for a partamuhrea and the season are not considered.
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An insight into the existing literature also yieltdsat the effect of the concentration of
aerosols in the air directly before the incidendeaorainfall has not been sufficiently
recognized and researched as a factor which affieetsalue of percentage change in the
concentrations before and after episodes of ragsid®s PM10 is still one of the most
important air quality indexes. Hence, a decisiors wade to compare the effectiveness of
removing PM10 by the liquid precipitation in theldcand warm season of the year.
In addition, an attempt was made to estimate tfeeedf the initial concentration of PM10
on the value oAC.
The principal objective of the research involvedifiation of hypotheses regarding
the following:
- for specific intensity ranges and types of liggckecipitation, the value of removal
coefficientACpy1 is the same in the cold and warm season (1),
- for specific ranges of precipitation intensitythvivarious origin, the effectiveness of
particles removing is the same in the cold and wseason (Il),
- for specific ranges of precipitation intensitigetinitial value of the concentration does
not affect the value dCppyyq (111).

Materials and methods

The testing was performed over a period of 7 sigieeyears (2007-2013). In order to
minimize the effect of anthropogenic sources, thiecentration of PM10 was measured in
an undeveloped area, i.e. in the vicinity of aagh (Kotorz Maly, Poland, 50°43'37"N;
18°03'22"E, 1,025 inhabitants). The measuremenmntpaias located in an open, yet
shielded meadow area protected by the surroundiogdw 11 km from the border of
a provincial town (Opole, 122,000 inhabitants) &nhdm from the nearest compact rural
building development. The measurement campaignliedothe observation of the PM10
concentration resulting from the occurrence of ttypes of precipitation (frontal and
convective ones) with different intensigy

The procedure by which the measurement of the cdraton of PM10 was
performed was in conformity with the European stadd13].The aspiration of the PM10
in the air was carried out by a MicroPNS HVS16 (UMW TECHNIK MCZ GmbH)
sequential dust sampler. The aspiration headers installed 2 m above ground level. The
flow rate was 68 hh™’. The PM separators applied Whatman GF/A fibreghissilters
with a diameter of 150 mm. The aspiration at a tamistime interval of 0.5 h was
conducted directly before and during the occurresfcprecipitation.The expanded mass
concentration measurement uncertainty) (did not exceed 3.2%. The time interval
guaranteed the PM collection to a degree that wHgient to determine the mass of the
captured particulate matter, even in conditions witg concentration in the air was low.
The initial testing it = 25, time interval of registration - 10 secontisje of a single
registration - 1800 seconds) using a DustTrak 8@®sol Monitor - TS?, was conducted
in variable weather conditions; however, with theception of rain, it did not yield
considerable differences in the results of PM10ceatration over 10 and 1800 seconds in
the investigated area.

To determine the meteorological conditions, a fietaveather station (DAV(Y was
used, which is widely used for registration of weatconditions in field measurements
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[14]. This weather station was installed 12 m frdma PM sampler. The sensors, which
determined relative humidityRH), temperatureT), atmospheric pressur®)( wind speed
(W9, wind direction Wd) and rainfall R), similarly to the case of the dust sampler
aspiration header, were installed at a height mf @&ove the ground.

The removal coefficient of the particulate mattersvdetermined with the relation (1):

AC = QC;OCO 100% (1)

The proposed solution has a primarily practicalraber and constitutes an attempt to
offer a way of approaching the effect of scavengifgarticulate matter suspended in the
ground-level zone.

As the scavenging coefficientl, the removal coefficieniAC is relative to the
aerodynamic diameter of the PM; however, due toaihigied measurement methodology,
the entire fraction of PM with the diameter belo®/im was identified. The values of the
removal coefficient were derived on the basis offdfiute mean mass concentrations of
PM10.

All statistical operations were undertaken by meafsthe STATISTICA 13.2
program.

Results and discussion
Meteorological parameters

The measurement campaign conducted over 7 yeddegithe results of 344 cases of
a potential change in the mass concentration of (Pldcompanying the occurrence of
liquid precipitation. A descriptive characteristiif meteorological parameters which
characterize the conditions of the observatiorfsuigd in Table 1. In total, around 46% of
observations involved convective precipitation (ilming 25 cases of observations of
variations in PM10massconcentrations accompanying storms). During thel caason
(November to April), the analysis involved the afvsgions regarding 20 instances of
convective precipitation and 98 large-scale ond® fhajority of observations was taken
during the warm season (May to October), i.e. 140 dccurrences of convective
precipitation and 86 for large-scale ones. The dstjmumber of cases (around 48%)
corresponded to light precipitation types with theensityR < 0.5 mm k. However, light
precipitation was not observed for instances afns$o Around 70% cases of the occurrence
do light precipitation were registered during tharm season. The mean precipitation, in
the range from 0.6 to 2 mm*{with a total number of 108), was registered 478 during
the cool season (including 13 instances of convedgtrecipitation). In addition, 42 cases
(including 26 in the cold season) involved rainfaitensity in the range from 2.1 to
5 mm h*, where the proportion of large-scale rainfall amted to 22%. Over 93% cases of
heavy precipitation (> 5 mm¥ occurred in the form of convective precipitationthe
warm season. This type of precipitation was mostroon during storms (i.e. in 16 out of
29 instances) and incidentally during large-scageipitation - in around 7% of cases.

During the duration of the observations, the ret@atiumidity was characterized with
small variability and its value was comparable dgriall instances of precipitation. In
regard to the observed convective precipitationalsnaariability in the ambient air
temperature was additionally observed. The greasability in terms of this parameter
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was noted for large-scale precipitation and cowddniminly associated with cold fronts.
Beside the intensity of hydrometeors, high varigbilwas noted for the velocity of
horizontal air masses. Nevertheless, during thesaremnent campaign, 21% of instances of
precipitation were not accompanied by wind. ThaZumtal movement of air masses were
registered in the north (47%) and south directidh%), i.e. from the areas with high
quality of the environment and low air pollutiorb]1Only in 13% of cases (i.e. with wind
in the west and north-west), the incoming air messeginated from areas with high
anthropogenic pollutions levels i.e. from the aoé®pole city with severe PMIibllution

as well as from the surrounding areas of rural greent.

Table 1
Meteorological parameters characterizing the cantitduring the observations
Type of Descriptive T RH R Ws PM10 C,
precipitation period statistics [°C] [%] [mm h7 [km s [ug M

Convective avg 14.1 0.85 1.1 3.2 18.9
Cold season med 13.6 0.89 0.9 1.9 19.4
SD 3.7 0.09 0.93 3.13 10.7

min 8.5 0.66 0.2 0.2 5.10

max 18.4 0.94 4.5 11.7 42.0
Convective avg 17.7 0.79 3.0 3.5 18.6
Warm season med 15.3 0.81 1.3 2.7 19.
SD 4.41 0.12 4.75 3.32 8.01

min 12.8 0.69 0.2 0 3.40

max 28.4 0.95 37.0 16.8 48.0

Frontal avg 7.6 0.83 0.6 4.1 20.9
(large scale) med 7.7 0.86 0.4 2.2 21.0
Cold season SD 34 0.10 1.27 4.93 7.79

min 0.0 0.73 0.2 0 3.00

max 14.7 0.99 13.0 24.0 63.0

Frontal avg 13.5 0.85 0.9 4.2 19.0
(large scale) med 13.3 0.88 0.5 2.5 18.0
Warm season SD 3.74 0.09 0.83 5.87 8.5¢

min 6.1 0.69 0.2 0 4.90

max 27.2 0.94 5.1 27.3 59.0

Removal coefficient in cold and warm season

An initial analysis with the application of the Kabgorov-Smirnov test indicates that
the registered values of the specific meteoroldgiesameters and the calculated values of
the removal coefficienfAC) are not characterized with normal distributiomnSequently,
all statistical analyses which were used to vethg initial hypotheses had to apply
non-parametrical tests.

The analysis of all collected results, not accoumfior the identified types of liquid
precipitation and times of its occurrence confirthe general approach that the removal
coefficient is considerably correlated with intdnsof precipitation. On the basis of the
Guilford scale [16], one can note that the resofitthe observations indicate a considerable
degree of correlation betwedC andR (Spearman correlation coefficierfio = —0.85).
The value keeps its relevance level pvalue < 0.01. The calculated determination
coefficient makes it possible to risk a stateméat the rainfall intensity is responsible for
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explaining around 73% of the variability in the walofAC. The results of the variability in
PM10 mass concentration and calculations indicdtat twithin the range of the
precipitationR: 0.2-37.0 mm , the value ofAC is found in the range from 0.00 to —93.0%
with a median equal to —12.0% f&yzp = 0.6 mm ht. Absence of positive values of
AC means, that after short-term rainfall episodesneeease in PM10 mass concentration

has been observed.
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Fig. 1. Removal coefficients determined in cold aradm season as a function of rainfall intensity

Figure 1 contains box charts which illustrate tlaeiability of the value ofAC in the
function of four adopted ranges of rainfall intepdor the investigated observation periods.
Graphical interpretation seems to confirm the earfitatement regarding the principal
reason which affects the intensity of wet deposii® associated with the effectiveness of
scavenging. At the same time, it is noticeable floatthe particular ranges d®, the
variability in AC is slightly higher for the warm season. Such ad@&@mn could be
attributed to the instability of quantitative parter associated with particulate matter
emission from the local natural sources occurrimthe investigated area, whose activity is
predominant in the warm season. The results ofstatl analysis summarized in Table 2
with the use of non-parametric Mann-Whitney tesdidate statistically relevant differences
between the effectiveness of scavenging in the aalfl warm season; however, they are
only noted for precipitation with the lowest intégs At the same timep-valueis affected
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by the results gained fa&® = 0.2 and 0.4 mm™ for which, under the adopted relevance
level a, the value of the test probability was lower titafil. One can also note that the
results of the removal coefficient were slightlyvkr during the cold season. Apparently,
this fact could also be attributed to the local@pheric dispersion and limited transport of
particles from the areas with higher pollution dt@e occurrence of precipitation.
Consequently, this affects the level of PM10 cotegion during the occurrence of the
phenomenon of wet deposition. The high values ef tést probability gained for the
rainfall intensities of 0.6-1.0, 1.1-2.0 and 2.0-%am h*' indicate that the value of median
AC could be noted for the particular seasons. Thalteesf statistical analysis presented in
the last two columns of Table 2 contains a summégdopted ranges of precipitation with
the same origin (i.e. convective and large-scapeedy and indicates very similar results,
which could suggest that the type of precipitatities not affect the value AC for the
same intensity of wet deposition. However, it isrilvonoting at this point that the
differences in the value of removal coefficienttvizeen the examined seasons occur solely
for the case of precipitation with the smallestistazed intensity. It seems that this result is
affected by the structure of the wet deposition,iclvhfor the case of large-scale
precipitation usually takes the form of very degseacked raindrops with a small size.
Such a form of precipitation is likely to wash quallutions from the troposphere with
considerable effectiveness and this process igrratifiective regardless of its duration. For
the case of convective rainfall with a low intepsithe difference in the effectiveness of
scavenging is more discernible. This state coukb dle attributed to the structure of
precipitation (drops with a high speed and smadpddensity and lower effectiveness of
collisions with solid particles) as well as to tanditions of the convective and transport of
pollution mass due to advection (lower valuesA@f in the warm season, i.e. during the
period with the more intense dissipation of soladtigles due to bottom-up currents). The
results indicate that the test hypothesis is treall types of liquid precipitation with
intermediate intensity, i.e. f& > 0.5 mm h".

Table 2
The results of Mann-Whitney tegt:valuefor two different seasons (cold and warm). Crltigavalue 0.05

Precnplt?r:ﬂ:?nnrllgt]ensw R M'Xf? gnctgln:/;ﬁ?e\lll? and Convective rainfall Frontal rainfall
0.2 0.006 0.004 0.024
0.4 < 0.001 < 0.001 0.183
0.5 0.349 0.381 0.293
0.2-0.5 0.039 0.158 0.051
0.6-1.0 0.426 0.674 0.797
1.1-2.0 0.074 0.525 0.124
2.1-5.0 0.687 to less data to comparg 0.967

Bold values showed realization of condition of Mafhitney test

Figure 2 presents the ranges of the removal cioefficlerived for the cold and warm
season with its classification according to thetigiision between convective and
large-scale precipitation types. The value of reah@oefficient is likely to decrease along
with the increase of the intensity of both conwestiand frontal rains. The graphical
illustration suggests differences in the valuestttd removal coefficient obtained for
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particular precipitation types. However, the anislyperformed with the aid of the
Kruskal-Wallis (ANOVA) test rejects this statemerwmpletely. For the case of light
rainfall (for n = 177), the value of the Kruskal-Wallis testi-was equal to 6.279, and the
relevance levelp-value was equal to 0.098. For rainfall intensity in thange

R = 0.6-1.0 mm T, for the total number of observations: 64 andR = 1.1-2.0 mm T for

n = 40, the value ofl was gained at the level of 1.736 and 3.136 withdbrresponding
p-valuesof 0.629 and 0.371, respectively. The low valueiseaghin the test accompanied
by high relevance levels make viable the hypothisisfor the identified ranges of rainfall
intensity with various origin, the effectivenessRi110 removing from the boundary layer
does not vary statistically for the warm and cadson.
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Fig. 2. Removal coefficients determined in cold amarm season as a function of rainfall intensitytwb
different types of precipitation (C - convective; ffontal)

Effect of the initial concentrationg®n the value of removal coefficiefi©

Figure 3 illustrates the scatter of the calculatedues of removal coefficient
depending on the initial concentration obtainedealy before the episodes of rainfall.
Table 3 presents the results of the Spearman atimelbetween initial concentration and
AC undertaken separately for mixed convective angelacale precipitation types. On the
basis of data in Figure 3 one can see that for dnbamvective and frontal rains, along with
the increase in their intensity, the correlatis%@ (— C,) tends to disappear. Nevertheless,
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the results confirmed by statistical analysis iaticthat for rainfall with a low intensity, the
relation tends to be moderate and the value ofdheslation coefficient is significant.
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3. Removal coefficient as a function of théiah mass concentration of PM10 for different raeagof

precipitation intensity

In addition, one can note that convective rainfadtlicate a higher positive correlation
(AC — Cp) and this relation, although not always consideratends to keep its relevance
for all investigated rainfall intensity ranges. Fbe case of convective rainfall with the low
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intensity, rain does not usually take the form atandard drizzle, but the drops which are
elongated and, thus, their ability to wash out ygalhts is limited. Hence, the correlation
betweerAC andC; is in this case very clear. For the case of lagme rainfall, which is
characterized with the smaller intensity of dynartianges in time, the value of the initial
concentration does not affect the effectivenesscafrenging during the liquid deposition
with the intensityR > 0.5 mm k.

Table 3
Spearman correlatiahC - C, results

Precgt?nt;?r? rllrjlt]ensny Mle? gnctgln;/;ﬁtfgl(le and Convective rainfall Frontal rainfall
0.2 -0.659 -0.618 -0.539
0.4 -0.568 —0.338 -0.474
0.5 -0.394 -0.339 -0.325
0.2-0.5 -0.518 -0.604 -0.324
0.6-1.0 —0.228 -0.391 —0.105
1.1-2.0 —0.040 —0.348 —0.023

2.1-5.0 0.121 to less data to compare 0.098

" - significant afp < 0.01,” - significant afp < 0.05

As reported in the studies by Aikawa and Hiraki][t@nducted for a constant rainfall
intensity, the value of the scavenging coefficiassumes highest values during the initial
phase of the wet deposition process. The resultedan this study do not seem to confirm
this statement, as they are limited to only thestfiBO minutes of the duration of
precipitation, and therefore, extensive comparisonot possible on its basis (also due to
different base for coefficient calculations). Ore thther hand, the results gained in the
study indicate, that for the rainfall with a comgtand low intensity, higher levels of initial
mass concentration of PM10 could lead to the rédiich the value ofAC (to better
scavenging). This conclusion could to a certairréegxplain the lack of conformity of the
results gained by various researchers for pretipitawith the same characteristics and
duration of rainfall, which however, vary in termslocation and level of the immission of
particulate matter suspended in the lower layeth@troposphere.

Finally, it is possible to remark that the initlaJpothesis stating that for the particular
ranges of rainfall intensity, the initial value thfe mass concentration does not affect the
value of ACpyio could be considered to be true for large-scalecipitation with
intermediate intensity. At the same time, it wohklfalse to think that the same statement
is also relevant for all registered precipitatigpes, without their distinction according to
an origin as the results are considerably affebtethe results for frontal precipitation.

Conclusions

The conducted field studies indicate that for theangined intensity range of
large-scale (frontal) and convective rains, the iareslof PM10 removal coefficient do not
assume values which are statistically differentesheling on the thermal conditions which
define the warm and cold season during the occoerefiwet deposition with intermediate
intensity. The effectiveness of PM10 removing byeqipitation with various origin
(convective vs. frontal rains) does not differ istitally for the warm and cold seasons.
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Nevertheless, the results could indicate that ikgndt structure of the analysed forms of
wet deposition, in particular for the case of tHeiw intensity plays a major role in the
process of scavenging particulate matter and cudtfy the evident variability in the
value of AC. The results of field studies indicate that théiah value of dust mass
concentration in the air could affect the value/A¥s\o to a limited degree during the
phenomenon of wet deposition, while slightly redgcithe effectiveness of removing
particulate matter by light rains.

The scope of the realized research was local, tieless, the results could be
considered to be representative for areas locaewte from direct sources of enriching
atmosphere with pollutant of anthropogenic origidenerally, these results could be
deemed as representative for the moderate clirmateddition, the considerable volume of
observations undertaken in the conditions of theuoence of wet deposition could
contribute as complementary to the existing sthtenowledge regarding effectiveness of
PM10 scavenging.

The results and analysis of the conducted expetsneould prove to be useful for
clarifying and enabling better understanding ofse®g discrepancies regarding the value
of scavenging particulate matter reported in theeaech which deals with this subject
matter.
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SKUTECZNO $C USUWANIA PYLU PODCZAS OPADOW
KROTKOTRWALYCH - WERYFIKACJA DODATKOWYCH CZYNNIKOW

Katedra Techniki Cieplnej i Aparatury Przemystowgplitechnika Opolska

Abstrakt: Artykut prezentuje poréwnanie rezultatow badsolowych nad efektywrigia wymywania PM10
przez opady ciekle wygbtujace w chtodnym i cieptym okresie roku. Celami artykbyto: - sprawdzenie, czy
wartas¢ wspotczynnika usuwanialC) zalezy od okresu wygpowania zjawiska mokrej depozyciji, - weryfikacja
hipotezy, # pocatkowa wartd¢ koncentracji nie wptywa na watib ACpvio. Siedmioletnie rejestracje zmian
stezenia pytu w warunkach wygtowania opadéw konwekcyjnych i wielkoskalowych pmevadzono na
obszarze niezurbanizowanym. Analizie poddano 34¢padki obserwacji o stalej rozdzielézoczasowej 0,5 h.
Pomiary sgzenia PM prowadzono z iyciem metody referencyjnej przy jednoczesnej regegitpodstawowych
parametréw meteorologicznych. Wykazarne, wspotczynnik usuwani@dCeyvio przyjmuje podobne warfoi
w sezonie chlodnym i cieplym dla wszystkich formadpw cieklych osrednim nagzeniu R > 0,5 mm h.
Stwierdzono,ze efektywné¢ wymywania PM10 przez opady ozrtej genezie nie idi sie statystycznie dla
sezonu chiodnego i cieptego. Pokazawe, dla opadéw o niskiej intensywsmd wartags¢ koncentracji pytu
w troposferze przyziemnej przed opademzenavptywa: na warté¢ wspoétczynnika usuwania. Wykazane
odmienna struktura form mokrej depozycji o niskiggnsywndéci odgrywa istota role w procesie wymywania
czgstek stalych z atmosfery przyziemnej.

Stowa kluczowe opad atmosferyczny, PM10, proces wymywania, obsizaurbanizowany
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ASSESSMENT OF SLUDGES FROM RAIL FREIGHT
CAR WASH WASTEWATERS.
THE PRIMARY SLUDGES
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Z MYJNI KOLEJOWYCH WAGONOW TOWAROWYCH.
OSADY WSTEPNE

Abstract: This article presents the assessment results gongesludges after sedimentation generated undler f
scale technical conditions on the system for pagitnent of sludges formed as a result of water wasbf usable
areas of railway freight transport of category:Hzand T in accordance with the International UndbriRailways
classification. The sludges were separated inragtoand average tank, being the first processidg of sludge
pretreatment system to which the raw wastewatenr® wescharged. Due to significant diversificatioh the
pollutants load, the sludges were characterisedidnyificant inhomogeneity. The article presents tbsults of
leaching procedure (TCLP) carried out for seles@aiples and the risk assessment using RAC codamed on
the basis of the analysis of fractional compositidrselected heavy metals such as: Cu, Ni, Pb andtavas
found out that gravitationally post-sedimentarydgjes, generated during randomly selected threeatipeal
months of the installation, indicated a low riskR{Lin relation to Cu and a moderate one (MR) reigardli, Pb
and Zn. In accordance with TCLP criteria, primatydge - being the effect of raw sewage retentiod an
sedimentation of its dispersed solids was clagssd®a non-toxic waste.

Keywords: wastewaters from railway freight car wash, posirsedtary sludges, TCLP test, fractional
composition of heavy metals in sediments, risk smsent code (RAC)

Introduction

The use of railway rolling stock of commodity tyjseinseparably connected with car
surface cleaning and generating wastewaters anidgesuformed in the processes of their
physico-chemical treatment [1-10]. The compositidiersity and the amount of the
pollutants load in wastewaters generated in freight wash is a function of the
composition of transported commodities [1-10]. Irs@ecific development, the recorded
load levels of individual pollutions depend on :i.@a physical state and chemical
composition, solid dispersion, humidity, heteroghadate, methods of packaging and
sealing of packages as well as repeatability ofttaesported commodities categories in
long-term quantification [11, 12]. The compositiand the amount of the pollutants load in
wastewaters may also be a result of incidentalsca$anechanical damage of protective
packages for transported commodities during thgippreent or transportation [12]. In the
processes of wastewater pretreatment, post-proceskidges are generated. The sludges
are characterised by specific and variable phydiemlogical features and chemical
composition that has to be disposed ultimately.[13]

The aim of this study was to assess the risk orb#sés of the analysis of fractional
composition of selected heavy metals and leachastg { TCLP) concerning settled primary
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sludges separated at the first step of raw effli@metreatment after their retention and
sedimentation of dispersed solid fractions, geeerats the result of surface cleaning of
railway cars of classes G, H and T, according ® ltiternational Union of Railways
classification [14].

Experimental part
Basic characteristics of the source of primary giesl generation and sampling

The post-sedimentary sludges were sampled fromfithe processing volume of
physico-chemical wastewater treatment plant witydeapacity up to 50 fiday [15].
It was designed for water cleaning of rail freiglats of class E, F, G, H, K, L, Rand T
according to the International Union of Railwayasdification [14]. Raw effluents from
washing surfaces of transport rolling stock wereated to flow gravitationally to the first
retention-averaging tank. There the treated wasraavere kept for at least 90 minutes to
separate the sludges after sedimentation. Peribdmecumulated sludges were pumped
onto a unit of its gravity drainage that consistddopen sack filters. Sample groups of
sludges dewatered separately each month were mankidxd A, B and C indices.
Specimens for analyses were collected after 7 dajimal dewatering, counting from the
moment that the last batch of raw sludges ontdiltiee unit. The filtrate pH recorded from
the start of filtration and within seven days afidi gravity filtering, counting from the
moment of introducing the last batch of raw sludgéo the filter unit, formed as follows:
a) ApH 6.4 £0.5, b) B pH 7.2 £0.5, c) C pH 7.3&0.

Collected sludge specimens were subject to 5-stageential extraction procedure in
accordance with Tessier's methodology [16] and TQ@Bxicological Characteristic
Leaching Procedure) [17], then concentrations lefcsed heavy metals were determined.

TCLP leaching tests procedure

The assessment of gravitationally sampled dewattetfes was made in compliance
with TCLP methods in accordance with the USEPA Mdthl311 [17] determining
leachable forms of metals such as Cu, Ni, Pb and&cause only those metals were found
in the raw sewage flown. The final determinationsthe extracts were made using the
Jobin Yvon EMISSION JY 38S ICP-OES emission speunater and the standard for the
determination of metals PN-EN I1SO 11885:2009E [I8je proceedings used in the TCLP
leaching procedure included the following stages:

a) sampling of sludge of particles size < 9.5 mombgenising and sieving;

b) the reaction of sludge was checked: 96.8 chulistilled water was added up to 5.0 g
of “non-anhydrous” sample and mixed for 5 minuted then pH was measured. When
pH < 5.0, the extraction solution L no. 1 was usadd when pH > 5.0 then
3.5 cnt of 1 M HCI was added. Then, the covered conterst eated up to 50°C for
10 minutes. After cooling to room temperature, paswneasured to determine a type
of extraction solution L. If pH < 5.0 extractionlstion L no. 1 was applied. If
pH > 5.0, extraction solution L no. 2 was used r@otion solution L no. 1 was
a mixture of the following composition: 11.4 ¢#HOAc + 128.6 cthl M NaOH and
topped up with distilled water to 2.0 dnand its final reaction was at the level of the
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pH = 4.930.05. Extraction solution L no. 2 was preparedibyting 11.4 cri HOAc

with distilled water up to 2.0 dirdue to which its final reaction was at the levél o

pH = 2.880.05);

c) preparing the composition for extraction - fdre tdetermination of components:
100.0 g of “non-anhydrous” of sludge samples (Syuplicates, to which suitable
extraction solution (L) as described in point (lgsaadded in relation of the liquid to
solid sludge (S), respectively (L/S) = 20:1 weredjs

d) shaking during 18.0+2.0 hours at room tempeegtur

e) separating the phases by filtering;

f) the analysis of metals concentration in thedtk with pH < 2 (acidifying with HNg).

In the event of noticing the incidentally high centrations of metals in the
influencing raw sewage, for the relevant batcheifled sludge from such a stream of the
effluents, an additional leaching procedure wasanuh its results are presented in the list of
results.

The analysis of fractional composition of selectegtals according to Tessier's procedure

Gravitationally settled deposits were submittedségiuential extraction consisting in
determining five fractions in accordance with Tessibasic procedure specified in item
[16]. 100.0 g of “non-anhydrous” sludge in two lieptions was used for the extraction.
The conditions of sequential extraction are sdtdhle 1.

Table 1
The proceedings in the sequential extraction wagtad on the basis of position [16]

Quantities of used reagents

Fractions for the sample of 100.0 g Details of the proceedings
(F1) e 800 cnilM CaCh(pH 7) e shaking 1.0 h at roon
Exchangeable temperature
(F2) e 80 cmM 1 M CHCOONH, (pH 7)| e shaking 50 h at roon
Carbonate (acidification with 25% CHCOOH®) temperature
(F3) e 2000 cm 0.04 M NHOHeHCI | e shaking5.0 h at 96

Fe-Mn oxides bound in 25% CHCOOH®? (v/v) (pH 2)
e 300 cni 0.02 M HNQ and 500 crh30% | e shaking 3.0 h at 88
(F4) H.0,” (pH 2), e shakihg 05 h at roon
Organic e 500 cni 3 M CH;COONH, in 20% HNQ temperature
(viv) (pH 2)
e a mixture of aqueous solutions of HN@&nd | e shaking during 1.0 h at boiling
H.O, was added twice within an hol point up to a moment of the
(a mixture of pH 2 was prepared fro emission of white vapours,
300 cnf HNO;® and 500 crhi30% HO,), | e shaking during 0.5 h at boiling
e 500 cni30% HO,”was added point

densities of chemical reagents used were as fallofis 25% CHCOOH § = 1.0320 g/cr),
" 30% HO, (p = 1.1110 g/cri), © 65% HNQ (p = 1.4020 g/crd)

(F5)
Residual

3=

Results and discussion

Both fractions: the exchange one (F1) and the ceteo(F2) one, are considered to be
loosely associated with matrices of sludge, andsifea even to minor changes of
environmental conditions, i.a. changes in pH ofda@trength [19]. In most known methods
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of sequential extraction, fraction F1 is obtainethg mild extraction solvents such as mild

solutions of acids or salts.

Table 2

The content [%] of metals in various fractions eftage sequential extraction carried out in compka
with Tessier's methodology for gravitationally déevad post-sedimentary primary sludge

from wastewater treatment generated in rail freggintwasH

Metals Sample (pH) F1 F2 F3 F4 F5
B1(7.2) 3.1 9.6 9.7 255 52.1

B2 (7.1) 17.7 10.3 14.9 21.0 36.1

B3 (7.3) 2.9 9.9 9.6 25.8 52.4

Al (6.4) 6.2 6.8 10.3 26.1 50.6

Zn A2 (6.5) 5.8 27.0 29.8 27.1 10.3
A3 (6.4) 17.1 5.8 10.1 26.6 50.4

C1(7.2) 5.8 5.2 9.6 22.3 57.1

C2(7.3) 5.9 14.9 9.3 28.0 41.9

C3(7.3) 5.2 5.1 10.1 21.9 56.7

B1(7.2) 4.7 25 0.9 7.7 84.2

B2 (7.1) 5.1 7.6 1.1 7.9 78.3

B3 (7.3) 5.5 7.3 1.6 7.4 78.2

Al (6.4) 2.8 9.1 1.6 7.4 79.1

Pb A2 (6.5) 2.5 9.3 1.3 7.7 79.2
A3 (6.4) 3.1 9.7 1.1 7.2 78.9

C1(7.2) 8.5 3.8 0.8 7.6 79.3

C2(7.3) 4.5 3.1 1.5 7.8 83.1

C3(7.3) 8.2 4.9 1.2 7.9 77.8

B1(7.2) 5.8 0.2 1.9 67.6 24.4

B2 (7.1) 55 0.5 2.1 67.8 24.1

B3 (7.3) 4.0 1.9 2.3 68.5 23.3

Al (6.4) 9.8 2.3 47.9 28.1 11.9

Cu A2 (6.5) 2.8 3.1 2.2 68.2 23.7
A3 (6.4) 3.3 2.9 2.1 62.6 29.1

Cl1(7.2) 3.9 2.2 1.8 67.7 24.4

C2(7.3) 3.6 2.5 1.9 67.8 24.2

C3(7.3) 3.8 2.3 1.8 67.7 24.4

B1(7.2) 6.8 9.3 16.8 35.6 315

B2 (7.1) 16.6 9.8 6.6 35.3 317

B3 (7.3) 6.3 9.8 16.9 30.0 37.0

Al (6.4) 6.1 10.2 7.4 39.8 36.5

Ni A2 (6.5) 6.3 10.6 75 36.2 39.4
A3 (6.4) 7.8 9.8 7.1 35.1 40.2

Cl1(7.2) 4.2 12.6 5.9 34.7 42.6

C2(7.3) 4.3 125 5.7 35.2 42.3

C3(7.3) 9.9 10.2 19.7 38.1 22.1

¥ the raw wastewater was generated as a result @i whtaning of usable surface of transport railwaliing

stock, mainly of: G, H and T classes accordindhélhternational Union of Railways classificatida]

The forms of metals associated with reducible foact(F3) are considered as
thermodynamically labile and available under anbieroor anoxic conditions [19].
Therefore, fractions F1-F3 are considered as thwspof metals from direct effects and
involving a direct toxicity. In oxidizing conditianthat are obtained for the determination of
fraction F4, metals which are connected with orgamatter and metals that react with
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sulphides may be released or converted from thedasf preferred for fractions F1-F3.
Fraction F4 is also identified as a pool of spéciaforms of potential effect and potential
toxicity. But the residual fraction F5 is regardesichemically stable and durable because it
contains mainly primary and secondary mineral foemd the metals are firmly bonded in
their structures with predominant participationcofstallized forms as well. Currently, it is
usually assumed that metals from residual fracho& not easily released to different
components of the environment and do not repreaagt potential toxic risk for the
biosphere [20]. Table 2 shows the data obtaineth ftbe 5-stage sequential extraction
(according to Tessier's methodology) for settledvatered post-sedimentary sludges
collected at monthly intervals within the period 8 months of the operation of the
physico-chemical treatment plant for sewage geedrdtom water cleaning of usable
surfaces of railway transport rolling stock, maioliyclasses: G, H and T according to the
International Union of Railways classification [1&amples for the research were collected
after seven days of gravity settling of sludgeshmsets of open sack filters, counting from
the moment of pressing the last volume of postrsedtary sludge. Differences in pH of
filtrates recorded every day in the time of sluddesvatering are given in part of basic
characteristics of the source of primary sludge®gation and sampling of this stage of the
work.

An interesting and useful criterion for assessimg waste is the risk assessment code
(RAC). RAC classification for 5-stage sequentiakdier's extraction was introduced by
Perin et al. [21], whereas Sundaray et al. intreduthis classification for standardized
3-stage sequential extraction BCR [19]. RAC methogical guidelines are used to
determine the risk with reference to each metatainad in the waste. The risk assessment
code is determined on the basis of the percenthgetal heavy metals content in the
exchangeable fraction and the one associated wvatibooates. In the exchangeable
fractions, metals are associated with a solid pledigbe waste by different kind of weak
bonds. Therefore, the higher the percentage of Inmetthese fractions, the greater the
likelihood of its release from the solid phase loé twaste to the adjacent water phase
having direct physical contact with it. In accordarwith RAC classification, if a sum of
two fractions F1+F2 (in 5-stage extraction) orhétcontent of F1 (in BCR extraction) is
less than 1%, then the sludge does not constitthtieeat (NR) carrying the risk (I) for the
aquatic environment by the individual metal. Whée total percentage of metal in the
fraction F1 or in the sum of the fractions F1+F2réspectively: 1-10, 11-30, 31-50%, and
more than 50%, it means, respectively: low (LRk i), moderate (MR) risk (Ill), high
(HR) risk (IV) and very high (VHR) risk (V). It isuggested that basing on the criterion
defined in such way, you can estimate the easioes#roducing the metal into the food
chain [21-25].

Analysing fractional composition of heavy metalstie post-sedimentary primary
sludge, you can notice (Table 2 and Fig. 1) thaiaise of Zn, the labile fractions, including
exchangeable, carbonate, reduction and organic, ares quantitatively similar to the
contents of a stable residual fraction F5, the estidrwhich varies between 40 to 50%.
It can be assumed that the analytically evaluateéchgsy deposits are characterised by
a moderate risk (MR 11-30%) for aquatic environmemé to the recorded concentration
level of mobile forms of Ni, Zn and Pb (the exceps are two sludge samples with
reference to lead: B1 and C2, of low risk (LR)).eThature of low risk (LR 1-10%) is
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characteristic of “non-anhydrous" samples of sluihgelation to Cu, with the exception of
sample Al of moderate character. Moderate risk (MR moderate likelihood of
introducing metals into the food chain concerns 1@%of 36) of the analysed samples of
sludge and a low risk: 30% (11 analysed sample36oiin total). The sludge samples of
slightly acidic pH 6.4 indicate the moderate nataoferisk for the aquatic environment
concerning Ni, Pb and Zn and low nature of riskdlation to Cu. This can be interpreted
by higher availability of mobile metals forms in recacidic pH, which results in a higher
level of their extraction.

To assess the potential toxicity of individual nietat is worth considering the test
results for samples with pH = 6.4 which is the esaito pH found in TCLP method. The
concentrations of mobile metals forms releasetiénetxchangeable and carbonate fractions
are comparable with the concentrations determinedccordance with TCLP procedure
with acidic values of pH. According to a broad graf authors, to estimate the potential
risk of toxicological wastewaters or sludges, thenber of metals bond in mobile fractions,
i.e. the sum of exchangeable fraction and carbooa& instead of the total contents of
metals [21, 26-30] are taken into account.
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Fig. 1. Comparison of the risk assessment code (Rd€fermined in relation to Cu, Ni, Pb and Zn foet
gravitationally dewatered samples of post-sedimgnpaimary sludge from the first stage treatment of
wastewaters generated as a result of water cleasfimgil freight cars, mainly of: G, H and T classe
where: indexes A-C indicate the groups of sludgapes taken in consecutive months from the sludge
dewatering stage with simultaneous registrationpldf values and pH of filtrates were at the level,
respectively for: A- 6.4 £+0.5, B - 7.2 +0.5 and €.3 +0.6

Exemplary results of leaching Cu, Ni, Pb and Znmrgravitationally dewatered
post-sedimentary primary sludge, obtained afterajtyglication of TCLP procedure, is set
in Table 3. The highest concentrations of all nsetetre leached for sediments with pH 6.4
that were, respectively for Pb and Zn, at levele40-0.13 and 0.54-0.99 mg/dmvhereas
in case of Cu and Ni at the same pH of leaching, ¢bncentration limits were the
following: 0.05-0.93 and 0.60-0.67 mg/dm

In accordance with US EPA, the leaching limit vahas been defined only for lead,
on the basis of which a nature of waste toxicitydetermined. For this metal, the
concentration limit is set at the level of 5 mg/dii7]. In case of post-sedimentary deposits
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from the first stage of wastewater treatment, aoidental value of leached lead
concentration at the level of 6 mg/dwas determined in a separated “non-anhydrous”
additional sample during the last month of thiseegsh. The additional procedure was
applied due to the found out incidentally increasedcentration of this metal in the raw
sewage which was at the level of 1.06 mgidr@onsidering a final value of Pb
concentration from the TLCP test for assessmentad assumed that the incidental cases
of unusual short-term concentrations for randompseng test specimens cannot be taken
into account for assessing the final value of lehdity of representative samples for the
whole mass of the waste. Therefore, in previousth®(groups of samples marked with
indices A and B), no concentrations of leached Bdwva the assumed criterion threshold
values were found and Pb concentrations in theiénti raw sewages were recorded at
definitely lower levels.

Table 3
Recorded concentrations of leachable pools of métag/dni] after applying TCLP procedure for
“non-anhydrous” samples of gravitationally dewadiepest-sedimentary primary sludge
of the wastewater generated in the installatioraibffreight cars wash

TCLP [mg/dm?

Samples (pH) Zn Pb Cu Ni
Bl (7.2) 0.33 ND 0.109 0.041
B2 (7.1) 0.53 0.029 0.18 0.061
B3 (7.3) 0.062 0.008 0.095 0.047
AL (6.4) 0.54 0.041 0.1 0.6
A2 (6.5) 0.76 0.089 0.05 0.61
A3 (6.4) 0.99 0.13 0.93 0.67
C1(7.2) 0.71 0.082 0.076 0.049
c2(7.3) 0.061 ND 0.107 0.053
C3(7.3) 0.58 0.17 (6.00" 0.006 0.067

¥ This incidental value was determined for a sarplgravitationally dewatered sludge from isolatedch of raw
wastewaters, in which Pb concentration was detathit the incidentally high level of 1.06 mghim

The post-sedimentary primary sludges from the fitage wastewater treatment may
be classified as non-toxic, as the limit value ahg/dn? of leached lead was not exceeded.
Therefore, in accordance with the adopted criteribe primary sludge may be qualified as
non-toxic for the environment, taking into accoth@ range of TCLP assessment proposed
by the US EPA [17].

Conclusions

Gravitationally dewatered post-sedimentary sludgeserated as a result of the
pretreatment of effluents from water cleaning afhle surfaces of railway transport rolling
stock transport are in particular characterised by:

a) irregularity of leached quantities in accordansigh the TCLP test procedure
concerning such metals as: the Cu, Ni, Pb and Zhawariable fraction of these
metals pools determined as a result of conductiegaaential extraction procedure in
accordance with the methods set out by Tessier,

b) low-risk (LR) regarding Cu,

¢) moderate risk (MR) in case of Zn, Pb and Ni.
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Analysed deposits may be classified as non-toxistevavith reference to Pb and Zn,
Cu, Ni (which are unlimited) in accordance with THeLP criteria of USEPA.
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OCENA OSADOW Z OCZYSZCZANIA SCIEKOW
Z MYJINI KOLEJOWYCH WAGONOW.
OSADY WSTEPNE

Wydziat Technologii i lizynierii Chemicznej, Uniwersytet Technologiczno-Rmniczy, Bydgoszcz

Abstrakt: Przedstawiono wyniki oceny osadéw posedymentachirgenerowanych w warunkach petnej skali
technologicznej na instalacji do podczyszczak@ekéw powstajcych w wyniku stosowania wodnego
oczyszczania powierzchniytkowej kolejowychsrodkéw transportu towarowego, gtéwnie klas G, Hwédtug
typologii International Union of Railways. Osady deyelano w zbiorniku magazyrago-usredniajcym, kedacym
pierwszym wgztem procesowym instalacji podczyszczania, do ktéaptywaly scieki surowe. Z uwagi na
znacace zr@nicowanie tadunku zanieczyszézkierowanych do tej obfosci réwniez osady charakteryzowaty
si¢ istotrg niejednorodnécia. Zaprezentowano wyniki z przeprowodzonej proceduyynywalngci TCLP dla
wytypowanych prébek oraz przedstawiono aecemzyka, stosujc kod RAC na podstawie analizy sktadu
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frakcyjnego wytypowanych metali gzkich, takich jak Cu, Ni, Pb i Zn. Stwierdzonge odwodnione
grawitacyjnie osady posedymentacyjne, generowaneokresie losowo wytypowanych trzech migsi
eksploatacji instalacji, wykazaupiskie ryzyko (LR) wzgidem Cu oraz umiarkowane (MR) wzgledem Ni, Pb i Zn.
Zgodnie z kryteriami TCLP, osad wphy, ledacy efektem przetrzymania surowyshiekdéw i sedymentacii

z nich frakcji zdyspergowanych, sklasyfikowano jaldpad nietoksyczny.

Stowa kluczowe:scieki z myjni wagonéw towarowych, osady posedymeyjtee, test TCLP, skiad frakcyjny
metali cezkich w osadach, kod oceny ryzyka (RAC)
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WASTEWATERS TREATMENT
FROM RAIL FREIGHT CAR WASH.
ASSESSMENT OF PHYSICOCHEMICAL
TREATED SLUDGES

OCZYSZCZANIE SCIEKOW Z MYJNI WAGONOW TOWAROWYCH.
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Abstract: The process of physico-chemical pretreatment ateveaters produced in the rail freight car wash was
carried out under flow conditions in two-chambeaater of accelator type with a final fine purificat on
multi-layer gravel filter. The post-processing gfedwere generated as a result of the use of cdaguland
flocculation and, to a minimum degree, from washifymed due to a periodic backwash of gravelr§ltdhis
article presents the results concerning assessshgnavitationally dewatered post-coagulation skidgd sludge
from backwashing of gravel filters, released aftedimentation, and dewatered mixture of these fpest of
sludge. These all precipitates were subject tchiegcwith the use of TCLP procedure and risk assens based
on the analysis of fractional composition of seldcheavy metals. It was found that sludge from eveater
treatment after the use of the two-stage acid-ak&gPX® 116 - SAX® 18) or alkaline-acid coagulation (SAX8
- PAX® 18) with a final flocculation and phase separatior flow type accelator are characterised bystirditly
lower leachability levels of heavy metals than ase& of post-sedimentary primary sludge and theyifesriow
risk considering Cu, Ni, Pb and Zn determined lgydldopted level of risk assessment code (RAC). rilieg to
the criteria adopted for TCLP classification, timalgised sludge are neither toxic nor hazardousewast

Keywords: treatment of wastewaters from railway freight casty, sludge after coagulation, sludge from gravel
filter backwashing, TCLP test, fractional compasitiof metals in sludge, risk assessment code
(RAC)

Introduction

Water cleaning of usable surfaces of rail freiginsoof class E, F, G, H, K, L, Rand T
in accordance with the International Union of Raifw classification creates significant
guantities of wastewaters that are predominanthdéal with the specific and rarely
repeatable levels of pollutants [1]. The low-loadedstewaters, with a rational use of
water, may be effectively pretreated with physibemical methods and returned to be
reused in the cleaning processes of railway tramsmdling stock [2, 3]. The size and
composition of the pollutants load depend, amorgemthings, on physical state and
chemical composition of residues after transpodedds and their fineness, sealing of
different types of packaging used to secure thesparted goods etc. [4, 5]. In raw sewage,
there can also be microbiological, mycological eomhation and other forms of
biologically active organisms [6-9]. Moreover, identally or periodically heavy metals in
various speciation forms may become a significaatllin contamination pools generated
in effluents [10].

! Faculty of Chemical Technology and Engineeringjversity of Science and Technology, ul. Seminanfa
85-326 Bydgoszcz, Poland, email: terra@utp.edu.pl
Contribution was presented during ECOpole’'l6 Canfee, Zakopane, 5-8.10.2016
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Bio-activity and eco-toxicity of heavy metals prirtg depend on their fractional
speciation [11-13]. Sequential extraction is a grofiknown and widely used methods to
determine fractions of metals in different envir@mtal components and other matrices
containing these contaminants. A method that usessi@r's procedure, enables
an interesting risk estimation of speciation forbys dividing them into five different
fractions on the basis of a criterion linked toitHeachability with the use of various
solvents revealing different activity and ionicestgth. For example, the pools of metal
marked and classified as exchangeable and carbfurats are easily released under acidic
environmental conditions. This fact causes a cemalile interest in search for different
forms of relationships between the results obtaibgdTCLP methods and sequential
extraction for different matrices, e.g.: soil ofi#4], ashes from the incineration of medical
wastes [15], residues from the incineration of mipal solid wastes [16], residues from
metallurgical leaching of zinc [17] or waste paitfitem protective covering of bridge
structures [18].

The aim of this study was to assess the risk orb#sés of the analysis of fractional
composition of selected heavy metals and (TCLP)hea tests concerning mixed
post-processing sludge (after-coagulation onesm fribackwashing of gravel filters)
generated as the result of physico-chemical pretreat of water used for surface cleaning
of railway cars of classes G, H and T for the past, according to the International Union
of Railways classification [1]. The research foalsen the analysis of fractional
composition of such heavy metals as Cu, Ni, PbZmdecause their presence was found
in the influent raw wastewaters during the randosgiected three months of operation of
the wastewaters pretreatment plant. The resuli@ired using TCLP method with values
assigned to the risk assessment code (RAC) wavecatapared in this paper.

Experimental part
Basic technical characteristics of physico-chemjmatreatment installation

The post-processing sludge used for the analysese vgampled from the
physico-chemical wastewater pretreatment plant aitty capacity up to 50 frday [19].
It was designed for water cleaning of rail freigats of class E, F, G, H, K, L, Rand T in
accordance with the International Union of Railwaglassification [1]. Raw sewage
originating from washing the surface of the railwapfling stock of freight type were
gravitationally drained to a retention-averagingkiato its sedimentary-settling section,
where they were kept, the result of which were fpostessing primary sludge assessed in
the first part of this study. Then, the sludge vd®cted to the flow installation for
physico-chemical pretreatment of accelator typegmatpost-coagulation sludge (SC) were
generated as a result of metering the 1st-staggutan@ and then the 2nd-stage coagulant;
the sludge were accumulated gravitationally in et pockets of sedimentary zone of the
accelator. This part presents the results for duglenerated after applying the associated
acid-alkaline coagulation with the use of a systeagulants of Kemira Kemipol Sp. z o.0.
class [20], respectively: PfX116 - SAX® 18 (acidic ferric coagulant - alkaline aluminium
coagulant) or alkaline-acidic ones, respectivelx8 18 - PAX® 18 (alkaline aluminium
coagulant - acidic ferric coagulant) (Table 1).cKeaining of dispersed precipitated fractions
was carried out by means of 0.3% flocculant sofufemqueous solution of FLOPAM™ FO
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4800 SNF Floerger S.A.S. ZAC de Milieux). After tlsedimentation phase, cleared

pretreated sewage was directed onto the processouoipen, multilayer gravel gravity

filter, on which periodic backwashing was condugctexbulting in generation of backwash

sludge marked with index SG (Table 1). The mentioakove streams of post-processing

sludge were periodically transported using sludgengs onto the drainage system

equipped with open gravity bag filters, where a amotration of solid fractions was

performed under conditions of gravitatively forcétration. The application of such

a method of filtration enabled to isolate indivitugpes of sludge after coagulation on

separated units of their gravity drainage. The is#pd sludge were marked with indexes in

further parts of this text as follows:

a) post-coagulation sludge obtained using systenX®Pl1116 - SAX 18
(SC(P|><® 116~ SAX® 18))1

b) post-coagulation sludge obtained using system AX®S 18 - PAX® 18
(SQSAX® 18~ PAX® 18))1

c) sludge from backwashing the gravel filter (SG),

d) mixed sludge (MS) containing post-coagulationdge and gravel filter backwash
sludge.

Short characteristics of the place of post-proasgsieposits generation and sampling

Post-coagulation sludge of classespRe 116- saxe 18y SGsaxe 18- paxe 18 and mixed
ones (MS) originating from coagulation systems PIX16 - SA 18 and
SAX® 18 - PAX® 18 with the participation of sludge from graveltei backwash (SG)
without specifying the percentage fraction of therogumulating in precipitate pockets of
sedimentary-depositional zone of the accelator \peradically transported using a sludge
pump onto the unit of gravity drainage of them, gisting of open bag filters. Such
technical solution of the filtration enabled to farar types of sludge to be dewatered.
After seven-day period of gravity drainage (cougtirom the moment that the last batch of
sludge was input onto the filtration unit), samples further analyses were collected and
the results obtained are summarized in Table 1. fHeof the individual filtrates also
measured during the final, seven-day drainage egistered at a stable level and was the
following for the individual types of sludge:

a) SC1 and SC2 (from coagulation with system®P146 - SAX® 18) pHsc; = 7.7+0.3
and pHc,= 8.2+0.2,

b) SC3 (from coagulation with system SAX8 - PAX® 18) pHscs = 8.4+0.3,

c) SG1 (post-filtering sludge from filter backwaS81) pHg, = 7.9+0.1,

d) SG2 (post-filtering sludge from filter backwaS82) pHg, = 8.3+0.1,

e) SG3 (post-filtering sludge from filter backwa863) pHgs = 8.5+0.1,

f) SM1l, SM2 and SM3 (mixed post-coagulation and tifittsation sludge)
pHSMl = 88101, pHMZ =8.240.2 and pbl/]:g =8.440.1.

TCLP leaching tests procedure

The assessment of wastes generated after the pro€dkeir gravity drainage was
performed by determining leachable forms of mef@ls, Ni, Pb and Zn) in accordance
with the TCLP methods (Toxicological Characteridteaching Procedure) in compliance
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with US EPA procedure, Method 1311 [21], for 109.6f “non-anhydrous” sludge in two
replications with the use of Jobin Yvon EMISSION BBS emission spectrometer
ICP-OES and standard 1SO 11885:2007 [22] for therd@nation of metals in the filtered
extracts.

The analysis of fractional composition of selectestals according to Tessier's procedure

Post-processing sludge, including the ones aftagelation (SC1-SC3), form the
backwash of gravel filter (SG1-SG3) and mixed skidd1S1-MS3) were subject to
sequential extraction consisting in determiningefifractions in accordance with basic
Tessier's procedure specified in detailed desoripih [23] and in the first part of this
study. 100.0 g of the sludge of the "non-anhydraashple in two replications was applied
for the extraction.

Results and discussion

In recent decades, there have been developeddtiffenethods of a simple one- and
multi-stage sequential extraction [23, 24]. The aésequential extraction in accordance
with the proposal of Tessier et al. [23] providée tpossibility to obtain information
concerning potential mobility and bioavailabilityf tnieavy metals in a hypothetical
environment. The data obtained from the use oftifsaation procedures, provide i.a. the
information on speciation of heavy metals and thlwigin, occurrence, bioavailability,
mobility and a possible pool for migration [25, 28jable 1 shows the results of 5-stage
sequential extraction (acc. to Tessier), which wergtained for the samples of
post-processing sludge: after coagulation (SC1-%@8)after backwashing of gravel filter
(SG1-SG3) and the mixed sludge (SM1-SM3). The "ludgre generated on the full scale
installation in the randomly selected time periddtwee months of continuous operation
and the application of associated acid-alkaline gaotsiion using the
PIX® 116 - SAX’ 18 system or of alkaline-acid coagulation usirgy $AX® 18 - PAX® 18
system. The determined fractional composition ef dmalysed metals in sludge indicates
an evident qualitative growth in fractional stalyilof post-processing sludge with reference
to fractional composition determined in raw sludgparated as the result of sedimentation
(characterised in the first part of this study)eTise of associated coagulation especially
affects the increase in a quantitative share dafluas fraction F5 for nickel and lead. Those
post-processing sludge may be classified as nabh@aosk considering Pb for samples after
coagulation (SC) and mixed (SM) sludge. Sludge $asnfrom backwashing gravel filter
(SG) for lead are characterised by a high contémesidual fraction (approx. 62%) and
a relatively considerable content (1-5.1%) of nmebilcarbonate fraction F2 which affects
the qualification of sludge in the category presgniow risk to the environment. Other
analysed samples feature a low risk considering NBuand Zn. A dominant speciation
fraction in the tested post-processing sludge wsislual F5 for Cu, Ni, Pb and Zn. In terms
of chemical composition and structure, you canrpret the size of the F5 pool as
a permanently composed mixture (mainly preferredeims of pH) of sparingly soluble
hydroxide pools of the following type: Cu(Ofg), Ni(OH)ys), Pb(OH)) and Zn(OH)) in
guantitatively dominant vicinity of solid conglonaes generated as a result of
precipitation of iron and aluminum forms.
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Table 1
Example of fractional composition [%] of selecteshily metals, determined according to Tessier'sspige in
the following dewatered sludge: sludge after coatiph (SC), sludge from backwashing of gravelfi{teG) and
mixed sludge (SM) generated as a result of theipbychemical treatment of wastewaters from thefraight car
wash, and the risk assessment code (RAC) adoptélifandividual types of sludgé’

Metals | Sample (kind of sludgesy F1 F2 F3 F4 F5 | SF1+F2 | RAC?Y

Zn SClpixe 116 - sax® 18) 1.3 0.8 9.1 19.5 69.3 2.1 LR
SCZpixe 116 - sAX@ 18) 1.2 0.8 12.3 22.4 63.3 2.0 LR

SC3saxe 18- PAx® 18) 0.6 0.6 15.2 16.3 67.3 1.2 LR

SGlpixe 116 - sax® 18) 1.3 18.1 9.1 71.5 1.3 LR

SGZpixe 116 - sAx® 18) 0.3 0.9 15.5 11.2 72.1 1.2 LR

SG3saxe 18- PAX® 18! 1.1 19.2 10.3 69.4 1.1 LR

SM1 1.4 13.6 14.1 70.9 14 LR

SM2 1.1 11.4 18.8 68.7 1.1 LR

SM3 1.2 12.5 14.1 72.2 1.2 LR

Pb SClixe 116 - saxe 18) 5.19 2.5 29.5 62.9 51 LR
SCZpixe 116 - sAX@ 18) 3.2 2.1 36.6 58.1 3.2 LR

SC3saxe 18- PAX® 18) 1.3 2.3 34.3 62.1 1.0 LR

SGlpixe 116 - sAx® 18) 7.4 285 | 64.1 NR

SG2Zpixe 116 - sax® 18) 9.2 29.1 61.7 NR

SG3saxe 18- PAX® 18, 8.5 28.3 | 63.2 NR

SM1 38.3 | 61.7 NR

SM2 37.6 62.4 NR

SM3 39.1 60.9 NR

Cu SClpixe 116 - sAx® 18) 1.4 13.1 85.5 1.4 LR
SCZpixe 116 - sAX@ 18) 0.9 13.2 85.9 0.9 NR

SC3saxe 18- PAX® 18) 0.8 8.1 91.1 0.8 NR

SGlpixe 116 - sAxe 18) 1.2 16.7 82.1 1.2 LR

SG2Zpixe 116 - SAX® 18) 1.1 17.2 81.7 1.1 LR

SG3saxe 18- Pax® 18, 19.6 | 80.4 NR

SM1 0.5 15.1 84.4 0.5 NR

SM2 0.8 13.7 85.5 0.8 NR

SM3 11.8 88.2 NR

Ni SClpixe 116 - saxe 18) 1.3 7.4 12.1 79.2 1.3 LR
SC2pixe 116 - sAx® 18) 1.1 8.1 14.1 76.7 1.1 LR

SC3saxe 18- PAX® 18) 1.1 6.9 12.9 79.1 1.1 LR

SGlpixe 116 - saxe 18) 1.7 7.5 14.1 76.7 1.7 LR

SGZpixe 116 - sAx® 18) 6.5 16.3 | 77.2 NR

SG3saxe 18- PAx® 18! 1.1 7.7 15.1 76.1 1.1 LR

SM1 0.9 7.8 11.1 80.2 0.9 NR

SM2 1.4 7.1 12.4 79.1 14 LR

SM3 1.1 7.3 13.2 78.2 1.1 LR

Jthe process of coagulation in the accelator waslocted with the control of the reagent uniform mixiusing
pH-meters process at the inlet (pH1) and outleR2{pd tube reactor installed at the upstream offithe chamber
of high speed mixing of the accelator, settingdbse of coagulant PfX116 in metering mode “up to pH” with
reference to the algorithm of pH-meter readoutsl{pldnd the dose of alkaline coagulant SAM8 according to
the dose of coagulant P¥XL16 in preset relations while meeting the coneerselationship of pH, respectively:
PHEix 116) = 1.2°pHsax 18, but with keeping the preset value of upper limiter neutralization at pH = 8.8

® analogous to the one givenfimetering procedure was adopted for coagulatioresySAX® 18 - PAX® 18

° retention time of wastewaters treated by sedintiemtgtotal flow time) in processing chambers afvsland fast
mixing of the accelator, established for the praced of this series of experiments at the levéie95 minutes

9 adopted indices SC1-SC3, SG1-SG3 and SM1-SM3 meespectively, sludges after coagulation
(after coagulation using the following systems: PIXL6 - SAX 18 or SAX 18 - PAX® 18), from the backwash
of gravel filter, and mixed sludge

® adopted indices mean, respectively: NR - no risk[zR - low risk (Table 2)
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These structures can be presented by the simplifistbichiometric
notation  (e.g..  ¥Fe(OH}erymAl(OH)3sprz(yH-0), or  alumino-ferric  (e.g.:
X@AI(OH)3srY2Fe(OHYsy zH20), where: the value of coefficients XX, Yy and y»)
depends on a dose of coagulants and a final pHeafithe post-processing sludgg,, z,)

- the number of bounded water molecules (e.g. @atishal and/or crystallisation water
and/or water in other forms) [27].

Speciation forms determined by fractional analysie essential to estimate the
potential mobility and toxicity of heavy metals iddied in the tested post-processing
sludge. Depending on the further proceedings, wastay involve even the risk of
releasing the metals into the environment by a sp@ous run of natural or anthropogenic
processes [28]. The quantitative distribution iffedent fractional pools, determined with
the use of sequential extraction in accordance Wibsier's or BCR procedures, provides
an estimate for their availability which, in tumiffects the risk associated with the potential
migration of metals into the aquatic environmemtnirthe post-processing wastes under
discussion. Historically, the RAC classificatiorr fo-stage sequential Tessier's extraction
was introduced by Perin et al. [29], whereas Sumdat al. introduced this classification
for standardized 3-stage BCR sequential extradti@h which is presented in Table 2 in
a form of indices.

Table 2
Scale according to risk assessment code crite ALR

Risk . . % of metal in fraction F1
category Risk level (adopted index) or the sum of fraction F1+F2°
| No risk (NR) <1
Il Low risk (LR) 1-10
11} Medium risk (MR) 11-30
\Y High risk (HR) 31-50
\ Very high risk (VHR) > 50

¥ soluble in acid/exchangeable in BCR procedure; [1#) Tessier's procedure [29].

Table 3
Exemplary concentrations of the leachable metakhemasis of TCLP procedure for sludge after clzdigun
(SC1-SC3), sludge from the backwash of gravelrf{851-SG3) and mixed sludge (SM1-SM3) generated
as a result of physico-chemical treatment of waaters from the rail freight car wash

. TCLP test results [mg/dnt] @

Samples (kind of sludge) 7n Pb Cu Ni
SC1(PIX? 116 - SAX 18) 0.31 0.065 0.1 0.017
SC2(PIX 116 - SAX 18) 0.25 0.03 0.067 0.038
SC3(SAX 18 - PAX® 18) 0.062 0.008 0.059 0.013
SG1(PD¥ 116 - SAX® 18) 0.43 ND 0.11 0.089
SG2(PIX¥ 116 - SAX® 18) 0.15 ND 0.1 ND
SG3(SAX 18 - PAX 18) 0.17 ND ND 0.081

SM1 0.23 ND 0.054 0.008

SM2 0.55 0.01 0.079 0.036

SM3 0.25 ND ND 0.009

3 ND - below the method determination thresholdzZioy Pb, Cu and Ni at the level ofug/dn?

However, the risk assessment code (RAC) shows dtenpal of possible availability
to migrate on the basis of the percentage of th&aln@®ntent in the exchangeable and
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carbonate fractions [29]. These fractions are aw@ed to be weakly bounded chemically
that they are able to migrate into aqueous phamkirathis way they may constitute a pool
that is directly available for biocenoses of aquatiosystems [30, 31]. Therefore, the RAC
can be treated as an analytical scale which camsbd to evaluate the potential mobility
and at the same time the potential risk based enettimated percentage of metal
associated with both exchangeable and carbonattofna, determined quantitatively for

the sediments [24, 25, 32, 33]. According to RA{ecia, deposits may be classified as not
posing or posing a threat to a hypothetical ecesyg25, 28, 30].

In order to assess the potential toxicological aEkhe wastes or sludge caused by the
presence of heavy metals, the quantity of metatslbd in mobile fractions, i.e. the total of
exchangeable and carbonate fraction are takenattount more frequently than the total
contents of metals, which for the presented wastdisted in Table 3 [17, 29, 35-38].

The limit leachability value for Pb in accordancihwJS EPA was determined at the
level of 5.0 mg/drhand on this basis the nature of the waste toxisitietermined (for Cu,
Ni and Zn, no limit values were determined). In sdimples of the analysed groups of
sludge: SC1-SC3, SG1-SG3 and SM1-SM3 no exceed#Hiwit value for leachable Pb,
determining toxicity in accordance with US EPA eria, was analytically found. It is an
argument for the effective physico-chemical treattmef wastewaters and obtaining
post-processing sludge with a low leachability leaed it also suggests to consider the
further practical use of dewatered sludge. Theedistesults include the assessment of
post-processing sludge generated over a shorte-thomth period of operation of the
installation for physico-chemical pretreatment oéstewaters and they are a part of
a certain level of values recorded in real condgioln that period, the pretreated
wastewaters were generated as a result of wateniolg of usable surfaces of transport
railway rolling stock, mainly of classes: G, H ahdccording to the International Union of
Railways classification [1]. Therefore, the resutstained might be the derivatives of the
composition of residues left by the transported mmdities for a category referred to by
the International Union of Railways classificatiamly from this operational period of the
rail freight car wash. Therefore, the presentedehegsults should be treated as
an approximation of the inadequately describeditgrdture problem of assessment of
post-processing sludges generated as a resultysicohchemical treatment of effluents
from water cleaning of the surfaces of freight tygidway rolling stock.

Conclusions

Post-processing sludge generated from physico-a@mietreatment of wastewaters
from the water cleaning of freight railway rollingtock surfaces are particularly
characterised by:

a) comparable values of the results obtained ie @dsTCLP leaching procedure and
comparable fractional composition of the selecteaMy metals;

b) prevailing content of stable residual fracticgtedmined in accordance with Tessier's
procedure for each type of sludge;

€) nhon-toxic nature according to the criteria oteai from TCLP procedure.
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Mixed streams of post-processing sludge (MS) migghtlassified in accordance with
the risk assessment code, as not posing any rigidering Cu and Pb, and as carrying low
risk for aquatic ecosystems considering Ni and Zn.
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OCZYSZCZANIE SCIEKOW Z MYJNI WAGONOW TOWAROWYCH.
OCENA OSADOW PO FIZYKOCHEMICZNYM OCZYSZCZANIU

Wydziat Technologii i lizynierii Chemicznej, Uniwersytet Technologiczno-Rmniczy, Bydgoszcz

Abstrakt: Proces fizykochemicznego podczyszczauekéw wytwarzanych na myjni kolejowych wagonéw
towarowych byt prowadzony w warunkach przeptywowynh dwukomorowym reaktorze typu akcelator
z koacowym doczyszczaniem na wielowarstwowym filtragirowym. Osady poprocesowe byly generowane
w wyniku zastosowania koagulacji i flokulacji oraz minimalnym stopniu z woéd poptucznych w wyniku
stosowania okresowego, wstecznego ptukania filté@wrowych. Przedstawiono wyniki oceny odwodnionych
grawitacyjnie osadow pokoagulacyjnych i osadow zeemnego plukania filtowewirowych wydzielanych na
drodze sedymentacji oraz odwodnionej mieszaninl twoch rodzajéw osadéw. Przedmiotowe osady poddano
tugowaniu za pomeac procedury TCLP oraz ocenie ryzyka na podstawielianaskladu frakcyjnego
wytypowanych metali eikich. Stwierdzono,ze osady pochagte z procesu oczyszczania po zastosowaniu
dwustopniowej koagulacji kwiao-alkalicznej (PIR 116 - SAX 18) lub alkaliczno-kwénej
(SAX® 18 - PAX® 18) z kaicowy flokulacjy i separagj faz na ukladzie przeptywowym typu akcelator
charakteryzyj sie zdecydowanie mszymi poziomami wymywalriei metali cezkich niz wskpne osady
posedymentacyjne oraz wykazujiskie ryzyko wzgidem Cu, Ni, Pb i Zn okétone przygtym poziomem kodu
oceny ryzyka (RAC). Wedtug kryteriéw przgych dla klasyfikacji TCLP, analizowane osady niecslpadami
toksycznymi i niebezpiecznymi.

Stowa kluczowe:oczyszczanie sciekbw z myjni wagondéw towarowych, osady pokoagylee, osady
z wstecznego ptukania filtrowwirowych, test TCLP, sktad frakcyjny metali zawatty
w osadach, kod oceny ryzyka (RAC)
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ASSESSMENT OF HEAVY METAL CONTENT IN THE SOILS OF
INDUSTRIAL SITES IN SKARZYSKO-KAMIENNA AND KIELCE

OCENA KONCENTRACJI METALI CI EZKICH W GLEBACH U ZYTKOW
PRZEMYSLOWYCH NA PRZYKLADZIE KIELC | SKAR  ZYSKA-KAMIENNEJ

Abstract: This article presents the results of the analysietected heavy metal concentrations in the udwéls

of Skarzysko-Kamienna and Kielce. The studies werelucted on industrial soils. In the collected samples,
the total content of Cu, Zn, and Pb - after minisation inaqua regia- was determined by the flame atomic
absorption spectrometry (FAAS) method. A pH, imtuvas determined by the potentiometric method. Sdiks

of Skarzysko-Kamienna were characterised by tHeviihg concentrations of heavy metals: Cu - 2.0-8&jkg
d.m.; Zn - 9.0-352 mg/kgd.m.; Pb - 2.0-1600 mg/kg.dThe concentrations of heavy metals in the sdiksielce
were oscillating as follows: Cu: 2.40-134.2 mg/kaqnd Zn: 17.2-1646 mg/kg d.m, Pb: 10.4-1428 mg/kg.drhe
elevated concentrations were reported for all @®alyheavy metals in accordance with the valuesathgemical
background determined for each chemical element ®btained results indicated moderate values of
geoaccumulation indiceke, The soils of both cities were characterised hijeei slightly acidic or slightly
alkaline pH. However, the values observed for tits ©f Skarzysko-Kamienna were lower than thoseaddor
the soils of Kielce.

Keywords: urban soils, Kielce, Skarzysko-Kamienna, copper,Zead, geoaccumulation indgx, pH

Introduction

Urban soils, due to multiple transformations of tetural environment caused by
urbanisation, highly-developed transportation neks@and numerous existing branches of
industry, are particularly vulnerable to contamimat with heavy metals [1-3]. The
presence of many contamination factors concentiatadsmall area has a long-term impact
on the natural environment. Therefore, many urbaasaare excessively enriched in heavy
metals. Heavy metals are classified as persistahtt@xic inorganic contaminants which,
depending on environmental factors, are able taategwithin the water-soil environment
and are taken up by plants. This poses a realttbfgheir accumulation in the subsequent
levels of trophic chain [4-6]. The aim of this al#i is to assess a degree of contamination
of the industrial soils of Kielce and Skarzysko-KHamna with selected heavy metals. The
studies presented in the article are preliminany avay contribute to further multi-stage
works on the identification of soil environmenttinth these cities.

Study area and methods

The studies were conducted on the industrial sdilsielce and Skarzysko-Kamienna
(Swietokrzyskie Province, Poland). Kielce is the capiththe Province and has a total area
of 110 knf. Development of the city was mainly connected vifttustries operating in
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these areas in the past, which were based on &woi of mineral resources, such as:
iron, copper and lead ores, as well as sandst@iss. Skarzysko-Kamienna is a city of
chiefly industrial origins. In these areas, ther@balski Industrial District was being
developed. Nowadays, the city is the capital ofG@oenty, covers an area of 64 krand is
developing, just like Kielce, in the field of tradad services.

The studies were conducted in the areas performuhgstrial functions. According to
the size of the cities, 34 soil samples were ctdldrom the surface layers of urban soils
(depth up to 20 cm) - 24 soil samples in Kielce 28doil samples in Skarzysko-Kamienna
(Figs. 1 and 2). Each soil sample consisted ofreailerial collected from a 100 x 100 cm
plot with 10 punctures of Egner’s sampling stick.

‘‘‘‘‘‘‘‘‘‘
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Fig. 1. Location of soil sample collection in theas of Skarzysko-Kamienna

In the soil samples, such physicochemical propenvere determined, as: the total
content of Pb, Cu and Zn, after mineralisationaqua regia by the flame atomic
absorption spectrometry (FAAS) method with an atoafisorption spectrometer, as well
as pHc by the potentiometric method.

In order to assess the enrichment in heavy mdtasgeoaccumulation indey., was
calculated [7]

lge 100(CH/1.5By)
where:C, - content of a given heavy metal in the sBj,- geochemical background for

a given heavy metal, 1.5 - the natural variatioinhe content of a particular heavy metal in
the environment resulting from differences in alggwal structure.
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Fig. 2. Location of soil sample collection in theas of Kielce

Moreover, the obtained results were further analyaecording to the geochemical
background values determined for the areas of Kialtd Skarzysko-Kamienna [8].

Study results

Table 1 presents the content of heavy metals andvgHes determined for the
analysed soils.

In the industrial soils of Kielce, the mean pH \&alas oscillating at the level of 7.04
with a standard deviation equal to 0.76. Theses sedre characterised by either neutral or
slightly alkaline pH; only 12.5% of soil samplesdrelightly acidic pH. Significantly lower
pH value was reported for the industrial soils k&i@ysko-Kamienna - it was oscillating at
the level of 6.40 with a standard deviation equabDt49. These soils had either slightly
acidic (60%) or neutral pH (Fig. 3).

Urban areas (mainly in central parts of cities) asaally characterised by higher pH
values which result from dust falls due to localnsportation and industry [9]. Naturally,
the soils of Kielce are slightly acidic, while tiseils of Skarzysko-Kamienna are acidic.
The studies conducted on urban soils indicatethieat have elevated pH values.

Heavy metal concentrations in soils result from yntactors and depend mainly on the
geological structure of lands, types of land usssyell as impact of human activities. The
main factors influencing the concentrations of lyemetals in urban areas are: progressing
urbanisation, types of industries, density of tpotation routes, as well as traffic intensity.
Anthropogenic pressure has a long-lasting charastdrmay have a local or point range.
Heavy metals are non-biodegradable; therefore, tmumulate themselves in the soil
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environment and, if pH values are low, may occumagrating forms and thus migrate
within the water-soil environment [10].

Table 1
Content of heavy metals and pH values in the aadlysban soils of Kielce and Skarzysko-Kamienna
Soil sample No. Pb | Cu | Zn pH
[mg/kg d.m.] -
Kielce

1 36.4 12.20 72.7 6.42
2 56.78 12.90 65.4 7.85
3 25.8 9.70 67.0 7.54
4 18.9 6.00 42.4 6.57
5 27.9 12.40 120.1 6.54
6 120.3 41.00 210.3 6.62
7 39.13 8.60 57.5 6.97
8 156.8 38.70 240.45 7.88
9 120.11 9.70 238 7.69

10 10.4 4.40 22.2 7.18
11 57.8 6.70 96.3 7.97
12 25.6 7.80 55.5 7.93
13 33.6 6.90 90.6 7.68
14 101.1 13.40 46.7 6.03
15 45.3 12.50 60.78 6.80
16 36.5 15.20 68.5 7.90
17 26.4 13.60 78.3 7.05
18 112.0 13.60 100.8 6.05
19 49.8 20.11 150.7 5.66
20 67.9 17.10 140.11 7.77
21 12.5 2.40 24.4 5.99
22 44.7 10.07 17.16 6.55
23 1428 134.2 639.5 7.11
24 47.5 14.8 1646 8.33

Skarzysko-Kamienna

1 10 7.0 17.1 6.49
2 4.0 2.0 9.0 6.25
3 35 14 67.3 6.83
4 14 11 43.2 6.62
5 10 4.0 22.5 6.96
6 37 11 76.3 5.37
7 64 261 143 6.42
8 35 31 352 6.40
9 2.0 3.0 17.1 5.94
10 1600 215 304 6.97

The analysed soils of Kielce and Skarzysko-Kamienhad differentiated
concentrations of selected heavy metals (Tablegl, 3. The total content of copper in the
soils of Kielce was oscillating at the level of @434 mg/kg d.m.; while in
Skarzysko-Kamienna, these values were ranging f2otm 261 mg/kg d.m. The soils of
Kielce were characterised by higher concentratminzinc for which high extreme values
and high mean value were noted. In the case ofz8&lan-Kamienna, these values were
significantly lower and were oscillating at the ééwf 9.0-352 mg/kg d.m. Lead, in turn,
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had similar ranges of values in both cities. Howevithe values reported for
Skarzysko-Kamienna were highly differentiated asvah by the coefficient of variation
(Table 2).

9
8 6.97
7
6
x5
Emin
B4
Emax
3
2 mean
1
0 T g
Kielce Skarzysko-
Kamienna
location of soil sample collection
Fig. 3. Ranges in pH values in the industrial sofl&ielce and Skarzysko-Kamienna
Table 2
Statistical parameters of heavy metal concentratiothe soils of Kielce and Skarzysko-Kamienna/kggl.m.]
Statistical Cu Zn Pb
. Skarzysko- . Skarzysko- . Skarzysko-
parameters Kielce Kamienna Kielce Kamienna Kielce Kamienna
Minimum 24 2 17.16 9 104 2
Maximum 134.2 261 1646 352 1428 1600
Mean 14.8 14.78 92.93 53.74 50.65 235
Coefficient of 155 173 1.85 118 251 275
variation
Geochemical 3-9 5-9 35-64 35-64 25-128 13-25
background [8]
Number of soil
samples exceeding 7, o 60.0 66.7 50 8.3 50
geochemical
background [%]
Mean for pure
soils [11] 24 100 44

The degree of soil contamination with heavy meteds determined according to the
geoaccumulation indicdge, The method, elaborated by Muller (1969) [7], ésé&d on the
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comparison of heavy metal content in soils befand after being contaminated, with
respect to a seven-point grading scale (Table 3).

Table 3
Degree of soil contamination according to the geoawilation indeXgeo
| g0 SCale | geo Value Contamination degree
0 lgec< O non-existent
1 0 <l geo<1 weak
2 1 <Ilgeo<2 weak - moderate
3 2 <l geo<3 moderate
4 3 <l g4 strong
5 4 <l geo<5 strong - extreme
6 5 <l geo< 10 extreme
Table 4
Calculated values of the geoaccumulation inidex
City | o range
Cu Zn Pb
Kielce <0-2 <0-2 <0-2
Skarzysko-Kamienna <0-2 <0-1 <0-2

The calculated geoaccumulation indicég, demonstrated various origins of
determined heavy metals in the analysed soils.dnetpl, no values indicating heavy
contamination were recorded.

Conclusions

The studies show that the urban soils are chaisetety differing values of the
analysed heavy metals, i.e. Cu, Pb and Zn. Thep #@idlicate that heavy metal
concentrations depend on urban spatial developmemd, their extreme values are
connected with point sources of contamination. Mueg, the concentrations of heavy
metals are determined by the character of city vl of its development, but not
necessarily its size. Contamination emission hagjrn, an impact on the soil pH values -
urban soils are characterised by higher pH valasslting from alkaline dust falls due to
local industry and transportation.
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OCENA KONCENTRACJI METALI CI  EZKICH W GLEBACH U ZYTKOW
PRZEMYSLOWYCH NA PRZYKLADZIE KIELC | SKAR  ZYSKA-KAMIENNEJ

!Katedra Ochrony i Ksztattowangizodowiska, Uniwersytet Jana Kochanowskiego, Kielce
?Instytut Biologii, Uniwersytet Jana Kochanowskietfielce

Abstrakt: Przedstawiono wyniki badazawartéci wybranych metali ezkich w glebach miejskich Kielc oraz
Skaryska-Kamiennej. Badania prowadzono na glebach ezpeczeniu przemystowym. W pobranym materiale
glebowym wykonano oznaczenie Cu, Zn oraz Pb metatbmowe] spektrometrii absorpcyjnej ASA po
mineralizacji w wodzie krélewskiej oraz badania tefci odczynu metogd potencjonometryczn Gleby
Skaryska-Kamiennej cechaj sie zawartdcia metali cezkich na poziomie Cu: 2,0-261 mg/kg s.m.,
Zn: 9,0-352 mg/kg s.m, Pb: 2,0-1600 mg/kg s.m. Wabgch glebach Kielc zawafto metali oscylowata na
poziomie: Cu: 2,40-134,2 mg/kg s.m., Zn: 17,2-16#6/kg s.m, Pb: 10,4-1428 mg/kg s.m. Stwierdzono
podwyzszory zawartéé analizowanych metali w odniesieniu do wécidta geochemicznego wyznaczonego dla
kazdego z pierwiastkéw. Badania wskagojp umiarkowane wargoi wskanikéw geoakumulaciiqeo Gleby obu
miast charakteryzowaly siodczynem od lekko kviaego do lekko alkalicznego. Jednak wéctpjakie zostaty
zanotowane dla gleb Skaska-Kamiennej, byly sze nk te dla gleb Kielc.

Stowa kluczowe:gleby miejskie, Kielce, Skaysko-Kamienna, mieqd cynk, otéw, indeks geoakumulagji, pH
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PROPERTIES OF THE WASTE PRODUCTS
FROM THE HEAVY METAL CONTAMINATED ENERGY CROPS
GASIFICATION PROCESS

WELA SCIWO SCI PRODUKTOW ODPADOWYCH
ZE ZGAZOWANIA RO SLIN ENERGETYCZNYCH ZANIECZYSZCZONYCH
METALAMI Cl EZKIMI

Abstract: The phytoremediation ability of the energy cropsvidely known. Unfortunately, the possibility dfet
effective, safe and ecological way for treatmertghscontaminated plants is still unresolved. It éstplated that
one of such methods can be gasification - convergiocess of organic matter into a combustiblergagure.
This process is associated with the formation 6flsnd liquid waste products. The paper presd@gesults of
basic physico-chemical properties of solid (ashy Bguid (tar) waste products formed during theJyemetal
contaminated energy crops gasification. Plant \atittn was carried out with the modification: 1) R, K
fertilizer application and 2) inoculum made fronesjally selected microbial cultures applicationeTdasification
process was carried out in a laboratory fixed bedctor. Three types of energy crops were used:
Miscanths x giganteus, Sida hermaphrodita, Spartina pectindthe experimental plots were established on
heavy metal contaminated arable land located irofy{southern part of Poland, Silesian Voivodshifhe
influence of the type of additives on the liquiddasolid waste products quality was analyzed. Tiselte show
that the addition of fertilizer (N, P, K) to soibases that zinc content in ash is higher in corsparto control
samples (biomass cultivated on soil without feréition). The opposite situation is observed fordle@he
application of the inoculum promotes the migratidread into solid. In both cases, the cadmium e&ohin ash is
lower than detection limits. In the case of targré is no significant impact of the additive apgtion on the
heavy tars content.

Keywords: energy crops gasification, heavy metals, tars, ash

Introduction

Energy crops are in the area of interest becausmultiple ways of advantageous
utilization. They can be used for biofuels (soliquid and gaseous) and biocomponents
production. Examples of commonly used plants @adix L., Miscanthusx giganteus
Spartina pectinataPanicum virgatumSida hermaphroditaRosa multiflorg[1].

In Poland, agro-biomass is not widely used, whichcdmes a reason for
underdeveloped cultivation techniques, lack of mdthof preventing crop diseases and
other detrimental external factors. That has atgmepact on the volume of production and
the quality of fuel. Other factors that affect amafuel production are soil fertility, quality
of agricultural treatment and field preparatiorg(ewumber of weeds). However, the current
state of the Polish agro-energy sector gives nurmbepportunities for relatively easy and
quick progression.
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Energy crops utilization can be useful in more tbae field. Phytoremediation is one
of the techniques used for remediation of contatathareas. Soil contamination can be
found close to landfills, heavy-metal/oil industiyeas. There are energy crops which can
be grown on contaminated areas and have a potéatiatcumulate contaminants. The
reasonable method of contaminated biomass utibzasi gasification [2].

Gasification is a thermo-chemical conversion ofdsdtedstock into a gaseous fuel.
Because of the low amount of the oxidizer usedhégrocess and the reducing atmosphere,
gasification prevents sulphur and nitrogen oxidagsion, also it is possible to accumulate
part of the contaminants in the solid residuesifi@aton is a way to utilize contaminated
biomass while useful syngas is produced. Syngasesastly low-calorific gases (depends
on the feedstock and gasification agent) that canuged in power boilers, industrial
furnaces, gas turbines or piston engines [3]. Besmasification gases, as a fuel that might
be received from local energy sources shows a gatantial as fuel for CHP plants [4, 5].
Combined heat and electricity generation in distdd energy systems with internal
combustion piston engines is a good option for llcoanmunities due to a relatively low
investment cost and the high efficiency of elediproduction. What is more, the market
of commercial solutions for low-calorific value g&s(e.g. biogas, syngas) is constantly
growing [6].

Werle shows [7] that it is possible to obtain a bostible gas from the gasification of
sewage sludge at a relatively high process effigieand low environmental impact.
However, it was found, that still unsolved problésnsolid and liquid waste products
generated during the process [8]. These productsbeathe source of a variety of toxic
organic [9] and inorganic [10] substances. In thétudy the results of basic
physico-chemical properties of solid (ash) anditiqtar) waste products formed during the
heavy metal contaminated energy crops fixed beffiggtion process.

Feedstock and apparatus

In order to study the three plants were selectedcéthus liscanthusx giganteu},
Virginia mallow (Sida hermaphrodita and CordgrassSpartina pectinata The field
experimental options include:

* 3 control plots (no additives),

» 3 plots with standard NPK fertilization, specifiorfeach of the species - two weeks
before planting ammonium sulphate and Polifoskauf@rAzoty Zaklady Chemiczne
"Police" S.A., Poland) were applied,

e 3 plots with commercially available microbial indem solution (EmFarma Plus,
ProBiotics Magdalena Gorska, Poland) - inoculum applied on rhizomes before
planting and on the leaves as aerosol in the midflleach month of the growing
season.

The test site is located in Poland in the Uppeesiin Industrial Region, on the
outskirts of Bytom - an industrial city about 15 Knom Katowice, in the proximity of
a shutdown large lead/zinc/cadmium works consistihghe ore mining, enriching and
smelting facilities. This metallurgical complex wamsoperation for more than 100 years
and contributed significantly to the contaminatadrihe local soils. During the last 30 years
the area was used for agricultural purposes. Rigctnt land has been used for grain crop
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farming, especially for wheat production. Soil @mination with lead, cadmium and zinc
in this area exceeds permissible limits for agtigall soil in Poland. The feedstock samples
is presented in Figure 1.

Fig. 1. Samples of gasified energy crops

Proximate analysis of the studied plants are ptegein Table 1 and the proximate
analysis in Table 2. The heavy metal concentraifcthe analysed feedstock is presented in
Table 3.

Table 1
Ultimate analysis of the analysed feedstock
Plants Carbon |  Hydrogen | Nitrogen | Oxygen | Sulphur
[% d.m,]

SH 46.2 £2.3 6.69 +0.33 0.430 +0.020| 46.5 +2.3 020001
SHypk 46.4 £2.3 7.22 +0.36 0.380 +0.019 458 £2.3 020001
SHerr 47.0+2.4 7.06 +0.35 0.300 +0.016 454 +2.3 020001

MG 46.9+2.4 7.32 +0.37 1.380 +0.069 44.2 £2.2 0.20.001
MGnpx 455 +2.3 6.88 +0.34 1.130 +0.056 46.3 2.3 020001
MGere 46.5 £2.3 7.13 +0.36 1.490 +0.074 44.7 £2.2 020001

SP 46.7 £2.3 6.33 £0.32 0.320 +0.01§ 46.5 £2.3 @ZD001
PnpSc 46.3 2.3 6.77 +0.34 0.380 +0.019 46.4 £2.3 020001
SR 47.0£2.3 7.07 +0.35 0.590 +0.029 451 £2.3 020001

Legend: MG - Miscanthus x giganteus - control, MGpx - Miscanthus x giganteus - nutrients NPK,
MGerr - Miscanthusx giganteus- Em Farma Plus, SH Sida hermaphrodita- control, SHx - Sida
hermaphrodita- nutrients NPK, Sk - Sida hermaphrodita Em Farma Plus, SPSpartina pectinata control,
SRk - Spartina pectinata nutrients NPK, SR - Spartina pectinata Em Farma Plus

Table 2
Ultimate analysis of the analysed feedstock
Plants Moisture | Volatiles | Ash
[% d.m.]

SH 9.8 +0.5 75.8 £3.8 2.740.1
SHuex 9.1 +0.5 76.9 £3.8 24+0.1
SHeer 9.4 +0.5 76.6 £3.8 4.8 +0.2

MG 8.6 +0.4 74.9 £3.8 5.5+0.3
MGnpx 8.3+0.4 76.5 +3.8 4.2 +0.2
MGees 8.2 +0.4 75.3+3.8 4.9 +0.3

SP 8.3+0.4 77.9#3.9 3.7+0.2
PneSk 8.4 +0.4 77.5+3.9 3.4+0.2
SRre 9.5 +0.5 75.7 £3.8 3.4+0.2
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Table 3
Heavy metal concentration in analysed feedstock
Pb | cd | Zn
Plants fmg/kg d.m]

SH N/A 6.1 +0.3 747 £37
SHupk N/A” 4.0 £0.2 1024 +51
SHere 47.1+2.4 4.0 £0.2 543 +27

MG 232 +12 5.1 +0.3 571 +29
MGnpk 162.0 £8.1 3.9 £0.2 630 +32
MGers 192.8 +9.6 4.6 +0.2 638 +32

SP 111.3 +5.7 0.9 +0.05 287 +14
SRipk 111.6 5.7 1.0 +0.1 295 +15
SRre 115.2 #5.7 1.1+0.1 367 +18

"N/A - not available

The heavy metal content in solid biofuels is retpdan EU by the European Standard
[11]. According to this document, the limits estabéd for heavy metal content in solid
biofuels are as presented in Table 4.

Table 4
Heavy metal content in solid biofuels accordingtb]
Heavy metal [mg/kg d.m.] Limit
Lead <10
Cadmium <20
Zinc <100

Comparing the results from the lab tests for bisreemples with the limits from the
table above, results the following conclusions:
- the lead and the zinc content in all biomass sasngkeeeds the limits established in
the standard,
- the cadmium content in majority of biomass sampbeseeds the limits established in
the standard.
The experimental study was conducted using laboratale fixed-bed gasification
facility [12]. The scheme of the installation isogin in Figure 2.

as burner
fuel container A gas to analysis

gasifler

drop separator

scrubber

99998

tharmoelement /

fiowmeter / £
ressure fan

Fig. 2. Scheme of the gasification installation
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The main part of the system is a fixed-bed gasifigh the maximum weight of the
feedstock of 5 kg. The gasified material was few ithe reactor form the fuel container
above. Gasification agent (air) was fed from thé&tdo by pressure fan. Air flowmeter
allows to set the desirable air excess ratio ingasifier. Produced gas passes basic gas
cleaning equipment and the sample to analysiskentalhe internal temperature profile in
the reactor is measured by six thermoelementsddabng the vertical axis of the reactor.

There are four main zones in the reactor: dryingez(water is evaporated), pyrolysis
zone (thermal decomposition to volatiles and salidr), reduction zone (where main
combustible gas components are produced) and cdimbusone (where part of the
biomass is combusted to generate heat for endoithesactions).

Gasification process was carried out for six aicems ratios: 0.12, 0.14, 0.16, 0.18,
0.23, 0.27. The gas composition was measured. &hdts of this aspect was presented
earlier [2].

Additionally, after each gasification tests cometét ash and tar samples were
collected in order to performed analyses on heagtals content. In the Figure 3, example
of the tar samples is presented.

a) b)

~—=y =

Fig. 3. Analysed samples: a) ash, b) tar

Results of experimental investigation

The key findings demonstrate that gasification psscof heavy metal contaminated
biomass is characterized by a lower emission oé@as pollutants into the atmosphere
compared to combustion as most of the heavy métais biomass are moved into solid
products. Heavy metal content in tars was much laweomparison to ash. Taking into
consideration the results of the composition thkeas their potential land application
should be carefully analyseth Tables 5 and 6 the heavy metal concentratiothénash
and tar samples is presented.

Analyzing the content of metals in the ashes aftsification, we can see that the
maximum content of lead is for MG - 1342 mg/kg wh8H,px has the minimum value -
81 mg/kg. The cadmium concentration is less thah6<mg/kg for all ash samples. For
zinc, the maximum content was found for\gkl- 5805 mg/kg and the minimum content
was found for SRp- 1918.0 mg/kg.
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Table 5
Heavy metal content in ash samples
Pb Cd Zn
Plants fmg/kg d.m]

SH 171.0 +8.6 < 0.6 +0.03 2471 £124
SHupk 81.QL +4.0 < 0.6 £0.03 5805+290
SHere 296 +15 < 0.6 £0.03 2370 +118

MG 1342 +67 < 0.6 +0.03 3308 +165
MGnpk 947 +47 < 0.6 £0.03 3603 +180
MGegr 1164 +58 < 0.6 +0.03 2909 +145

SP 599 +30 < 0.6 £0.03 2511 £126
SRpk 584 +29 < 0.6 +0.03 3003 +150
SR 477 24 < 0.6 +0.03 1918:96

In case of tar analysis, the content of metalfinashes after gasification, we can see
that the maximum content of lead is for SP sam@lel( mg/kg), while for MG@p the lead
content is the lowest (12.4 mg/kg). The maximunugabf cadmium concentration was
registered foMGgrp (5.17 mg/kg), while the minimum values (< 0.6 ng)/kvere found
for SHeep, MG and MGypx Ssamples. For zinc, the maximum content was foundSP -

225 mg/kg and the minimum content was 19.2 mg/kdiGypx.

Analyzing results presented in both tables it stidu¢ concluded that most of the
heavy metals contained in the feedstock are tremesfeto solid products, not to liquid
phase.

In the case of Poland the first option is regulaited?oland by Decision of Polish
Ministry of Agriculture and Rural Development [13]he maximum level of heavy metals
in the fertilizers is 5 mg/kg d.m. for cadmium a0 mg/kg d.m. for lead. Analyzing the
content of lead in the ashes these requirements haen fulfilled only for ashes after

SHypk gasification.

Table 6
Heavy metal content in tar samples
Pb | cd Zn
Plants fmg/kg d.m]

SH 46.0 £2.3 2.910.2 100.0 5.0
SHuek 80.0 +4.0 3.6 +0.2 184.0 £9.2
SHeee 34.2+1.7 0.60 +0.03 138.0 +6.9

MG 51.2 2.6 0.60 +0.03 39.6 2.0
MGnex 12.4, +0.6 0.60 +0.03 19p2+1.0
MGees 64.4 £3.2 5.2 +0.3 221 +11

SP 91.1 +4.6 3.9+0.2 225+11
SRk 71.7 £3.6 1.6+0.1 174.0 #8.7
SRre 61.5 +3.1 3.8 0.2 177.0 £8.9

The other option considered is to use ashes aftsification as an amendment
improving soil quality at post-industrial areas.wver there is no direct regulation for
using ashes for improving post-industrial soil giyaBut in the case of Poland the quality
of the ashes (especially heavy metal content) canassessed using Decision of the
Ministry of the Environment on Sewage Sludge [T#e maximum permissible levels of
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metals in sewage sludge used for non-agricultanad Ireclamation are 25 mg/kg d.m. for
cadmium, 1000 mg/kg d.m. for lead and 3000 mg/kg. dor zinc. Majority of the tested
ashes after gasification process met the standards.

Conclusions

Based on the investigation following general cosida can be drawn:
Phytoremediation is one of the techniques usedeimediation of contaminated areas.
The group of energy crops has taken into consiterdhclude native and foreign
species such as perennial dicotyledonous plaitta(hermaphrodifaand perennial
grass speciediscanthis xgiganteusand Spartina pectinata

Gasification has many more advantages than theiclasmbustion. It is characterized
by a lower emission of gaseous pollutants intoatmeosphere. Heavy metals from the
biomass are moved to the solid (not liquid) ph&ancentration of heavy metals may
be reduced after recovery of heavy metals fromdsptioducts, which will help to
protect the environment.

Heavy metal content in tars was much lower in caispa to ash.

Analyzing the possibility of the use ash as alfeeli it should be emphasize that only
ashes after St gasification have been fulfilled the requirements.

Majority of the tested ashes after gasification cpgs met the standards as an
amendment improving soil quality at post-industeegas.

Acknowledgments

The paper has been prepared within the frame of RR&-People-2013-IAPP

(GA N0610797) Phyto2Energy Project.

References

(1
(2]
(3]

[4]
(5]

(6]
[7]
(8]
(9]
[10]
[11]
[12]

[13]

Stolarski MJ, Krzyaniak M, Snieg M, Stomhska E, Piérkowski M, Filipkowski R. Int Agrophys.
2014;28:201-211. DOI: 10.2478/intag-2014-0009.

Werle S, Bisorca D, Katelbach-\#uak A, Pogrzeba M, Krzk J, Ratman-Klosska |, et al. J Energy
Inst. 2017;3:408-417. DOI: 10.1016/j.joei.2016.@20

Chomiak J, Longwell JP, Sarofim AF. Prog Ener@ombust. 1989;15:109-129. DOI:
10.1016/0360-1285(89)90012-9.

Kalina J. Thermal Sci. 2012;16:827-848. DOI:2298/TSCI120126124K.

Skorek-Osikowska A, Bartela t, Kotowicz J, Stshaski A, lluk T, Remiorz L. Energy. 2014;67:32884
DOI: 10.1016/j.energy.2014.01.015.

Kalina J. App Therm Eng. 2011;31:2829-2840. bti.1016/j.applthermaleng.2011.05.008.

Werle S. Energies. 2015;8:8562-872. DOI: 10(B888088562.

Nilsson S, Gdmez-Barea A, Cano DF. Fuel. 202396-353. DOI: 10.1016/j.fuel.2011.07.031.

Aznar M, San Anselmo M, Manya JJ, Murilo MB. n&gy Fuels. 2009;23:3236-45. DOI:
10.1021/ef801108s.

Yang C, Wang J, Lei M, Xie G, Zeng G, Luo S. Bnviron Sci. 2010:22;675-680. DOI:
10.1016/S1001-0742(09)60162-5.

ISO 17225-2:2014 Solid biofuels -- Fuel spieeifions and classes. www.goo.gl/DyYPDD.

Werle S, Wilk RK. Patent nr P-397225 Inst@azgazowania biomasy, zwlaszcza osadoiekowych
(Patent P-397225. based on the application fror2.201L.1, Biomass gasification installation, maindy f
sewage sludge). www.goo.gl/49jUao.

Rozporadzenie MinistraSrodowiska z dnia 1 wraaia 2016 r. w sprawie sposobu prowadzenia oceny
zanieczyszczenia powierzchni ziedzU 2016. nr 0 poz.1395 (Regulation of the PolisinidMry of



112 S. Werle, . Ziotkowski, M. Pogrzeba, J. Kézk, |. Ratman-Kiosiska and D. Burnete

Environment on  procedure how to conduct land serfacpollution assessment).
<http://isap.sejm.gov.pl/DetailsServlet?id=WDU20060395+2016%2409%2405&min=1> accessed 2017-
05-09.

[14] Rozporadzenie MinistraSrodowiska z dnia 6 lutego 2015 r. w sprawie komoyeth osadéwiciekowych
(Regulation of the Minister of the Environment orunmitipal sewage sludge dated 25 February 2015).
Journal of Laws of Poland, No 2015, Item 257. <higap.sejm.gov.pl/
DetailsServlet?id=WDU20150000257> accessed 201@905-

WELA SCIWO SCI PRODUKTOW ODPADOWYCH
ZE ZGAZOWANIA RO SLIN ENERGETYCZNYCH ZANIECZYSZCZONYCH
METALAMI CI EZKIMI

Instytut Techniki Cieplnej, Politechnikélaska, Gliwice, Polska
2|nstytut Ekologii Terenéw Uprzemystowionych, Katawj Polska
3Instytut Bada Energetyki, Bukareszt, Rumunia

Abstrakt: Zdolng¢ fitoremediacyjna rdin energetycznych jest powszechnie znana. ag#cijednak
niedostatecznie rozpoznanym problemem jestzlimos¢ efektywnego, bezpiecznego i ekologicznego
wykorzystania energetycznego takich zanieczyszazonglin. Postuluje si, ze jednym z takich sposoboéw e
by¢ zgazowanie, poleggie na przeksztatcaniu substancji organicznej wapalieszanin gazow. Niestety proces
ten wize st z powstawaniem statych i cieklych produktéw odpagith. W pracy przedstawiono rezultaty bada
podstawowych wiciwosci fizyczno-chemicznych statych (popidt) i ciekty¢gemoty) produktow odpadowych
pochodzcych z procesu zgazowanialio energetycznych uprawianych na terenie zdegraagm ekologicznie.
Uprawa rdlin prowadzona byta z zastosowaniem modyfikacjegahcych na dodawaniu do gleby nawozéw (N,
P, K) oraz aplikowania szczepionki,¢dacej preparatem zimnym ze specjalnie dobranych kultur
mikroorganizméw. Proces zgazowania prowadzono wrktbryjnym reaktorze ze ztem statym. Wykorzystano
trzy rodzaje rélin energetycznych: miskanta olbrzymiedtazowca pensylweskiego i spartye grzebieniast
Raosliny pozyskano z gruntdw ornych zanieczyszczonycktatami cgzkimi zlokalizowanych w okolicach
Bytomia na Goérnynslasku. Zbadano wptyw rodzaju dodatku do gleby na jakmwstatego odpadu. Wyniki
pokazuy, ze dodatek nawozu (N, P, K) do gleby powodugew fazie statej po procesie zgazowania jestszs
zawartd¢ cynku w poréwnaniu z prgbkontrolrg. Odwrotna sytuacja obserwowana jest w przypadkwiot
Aplikacja szczepionki sprzyja z kolei azianiu otowiu, a utrudnia wzanie cynku. W obu przypadkach zawééto
kadmu w popiele jest poza gragioznaczalnéci. W przypadku smoét nie moa stwierdat istotnego wptywu
rodzaju dodatku do gleby na zawattonetali cizkich.

Stowa kluczowe:zgazowanie rédin energetycznych, metaleggkie, smoty, popi6t
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THE NUMBER OF KERATINOLYTIC MICROORGANISMS
IN FEATHERS AFTER SLAUGHTER POULTRY

LICZEBNO SC MIKROORGANIZMOW KERATYNOLITYCZNYCH
W PIORACH PO UBOJU DROBIU

Abstract: Due to demand, the industry is rapidly growing, grodiltry farms and slaughterhouses increase in
operation size. All kind of waste, also feather wwamust be properly managed and disposed of. Henvéhs is
not a simple process, since feathers contain kewvatich is resistant to biodegradation. Therefte, obtaining
microorganisms capable of degrading this proteind&ated. The number of microorganisms in redeasmnples
has importance in the isolation of strains whiah @raracterized by the desired properties suclgasshzymatic
activity. The aim of the research was to deterntireecolony size of microorganisms showing high teadytic
activity to degrade chicken, duck, goose and tufkeyher waste. Samples of bacteria were harvedtedrious
times in the period from March 2015 to January 2@i@oultry slaughterhouses located in the Lubusiid
West-Pomeranian provinces. Microorganisms were grawMandel's and Omelianski's mineral media, with
addition of keratin. The presence of keratinolyticroorganisms was confirmed in all feather sampiesugh
colony sizes varied. Turkey feather waste was thestmpopulated by Kkeratinolytic microorganisms
(5.810° CFUg™td.m.), followed by duck feather (410° CFU-g™*d.m.). The colony size was smaller in case of
goose feather (2.80' CFUg™d.m.), and definitely the smallest for chicken Feat Since the Mandel's medium
was more favourable for the cultivation of keralytic microorganisms, larger colonies were isolatexin this
substrate than from the Omelianski's medium. Whkahaoteworthy is that only in the case of chickeatHer
waste, the size of keratinolytic microorganism o@s grown on both substrates was similar, anchdidexceed
10° CFUg™ d.m. Contrary to what was expected, in the reseaamples bigger population of the said
microorganisms was identified in the autumn andeviseason.

Keywords: feathers, keratin, microorganisms, poultry industr

Introduction

More and more dynamically developing poultry indwyds struggling with problems
of a significant waste amount formation. Poultrgilites are facing a big challenge of
a proper management of this material type, inclgdéaratin protein [1]This is primarily
due to the large technological difficulties requdtifrom the keratin structure, that is a part
of this waste type, along with large financial aytd [2]. A major problem is the slow and
difficult biodegradation of feathers resulting fraimeir resistance to proteolytic enzymes
and water insolubility [3-5]. Feathers are popudaby microorganisms among which those
able to degrade keratin, are found [6-9]. This @sgible due to the production of
appropriate proteolytic enzymes [10, 11].

Therefore, it is necessary to recognize the natfinmicroflora inhabiting feathers to
select and isolate the active strains of microosgas that may form the basis of a vaccine
that would allow management of the waste containipgptein material. Such
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bio-preparation would be useful to optimize thapetyof a substrate used in methane
fermentation processes in the bio-gas plant or catipg facility [12, 13].

The aim of the study was to determine the numbemiufroorganisms capable of
degrading the keratin in different types of feashieom poultry slaughterhouse in Poland.

Materials and methods

The study was conducted using chicken, duck, tyrkey goose feathers taken from
different poultry processing plants in the Lubuskiad West-Pomeranian provinces.
Chicken feathers were collected 4 times (I - 5 Ma015, Il - 21 May 2015, Il - 25 June
2015, IV - 14 January 2016), duck’s 3 times (I -May 2015, Il - 20 June 2015, Il - 23
November 2015), turkey’s 2 times (I - 11 May 20Il5,23 November 2015), and goose’s
once (20 June 2015). Microbiological assays weréopeaed by means of plating dilutions.
To isolate the keratinolytic microorganisms wittfelient requirements in relation to the
culture medium, two modified mineral substrates evepplied Mandel's (MAN) and
Omelianski's (OM) [14, 15], to which powdered kématvas added. The cultures of
microorganisms were performed at 23-25°C for aquedf 7-14 days. Assays were carried
out in three replicates. Results were convertedrapdrted in colony forming units (CFU)
per one gram of dry mass.

Statistical analysis was performed using StatistZaoftware. The t-test was used for
the comparison of the mean keratinolytic microorgiaas number on the Mandel's and
Omelianski's substrate for any kind of researchemak

Results and discussions

Analysis of the results on microorganisms capabléegrading keratin and inhabiting
the protein waste in the form of feathers, revealadable number in the test feathers
grown on two different mineral substrates (Fig. 1).

The highest mean number of keratinolytic microoig@s was found in turkey
feathers (5.80° CFUg™ d.m.). Predominating group of microorganisms apgedo be
those grown on Mandel's substrate (I8 CFUg™ d.m.), that were more numerous by
46% than those grown on Omelianski’'s substratautamn, population of microorganisms
was the highest and on both substrates amoun&6&180° CFU- g™ d.m.

Smaller numbers of keratinolytic microorganismsaibited duck feathers. The average
number of microorganisms on the Mandel's substveds at the level of -60° CFU-g™,
while on Omelianski’'s substrate, they made up bgr@0% less. Like for turkey feathers,
in this case of both substrates, the most numeterainolytic microorganisms were found
in the autumn measurement (L@ CFUg™d.m.).

Smaller numbers of microorganisms capable of deggathe structural protein were
recorded in goose feathers, in which the averagelption was 2.40° CFU-g™ d.m. More
microorganisms were observed on Mandel's substfiaye54%) than on Omelianski's
substrate (1.80' CFU-g™ d.m.) (data were not presented on figures).

The lowest keratynolytic microorganisms populationsre observed in chicken
feathers. In this case, the number of these migeoisms dominated in winter (214°
CFU-g™ d.m.). For all measurement dates, average nunfldsasic microorganism group,
both on Mandel’s and Omielianski’s substrate, wasirailar levels of 1.a.0° CFUg™d.m.
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In the analyzed samples, keratinolytic microorgassismost frequently colonized
turkey feathers, by 18% less duck feather, and49 goose feathers. A small percentage
of the population of keratin-decomposing microoigens were found in chicken
feathers (Fig. 2).
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Fig. 2. The number of keratinolytic microorganisors various medium: a) chicken feathers, b) duckhfeaa,
c) turkey feathers, MAN - Mandel's medium, OM - draeski’'s medium

The number of microorganisms can be affected bynelogy applied in the
processing facility, the poultry species, and hggieonditions in livestock farms [16, 17].
Microorganisms frequently occurred on mineral sidiss, for which keratin as
a component, was a source of carbon and energy. adiity of environmental
microorganisms to produce keratinase and to ussikeas a carbon source was confirmed
on an example oBacillus subtilis bacteria [18, 19]. Isolated microorganisms were
characterized by different growth rate, which canalttributed to their generic or species
differences. The ability of keratin degradation aéften a feature of thermophilic
microorganisms, which [20] associated with the n@egupply large amounts of energy to
effectively degradation of the substrate. On averag all of the analyzed samples, 45%
less keratinolytic microorganisms was grown on Gamski’'s than on Mandel's substrate
(3.510° CFUg™ d.m.). Smaller number on Omelianski's substratefioms that it is the
substrate much poorer in nutrients. These differendemonstrate the need to ensure
appropriate conditions for growing microorganistmattcan be used in biodegradable waste
from, among others, the poultry industry.

Conclusions

1. Analyzed types of feathers were numerously colahizby keratinolytic
microorganisms. The poultry species, slaughterhdyse, and date of sampling had
a great impact on this fact.

2. Turkey feathers were the most often inhabited byrogrganisms capable of
degrading keratin, then duck and goose featherie wie lowest numbers were found
in chicken feathers.
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Mandel’s rather than Omelianski's appeared to leepiteferred mineral substrate with
keratin as the sole carbon source.

Keratinolytic microorganisms colonized feathersdifferent poultry kinds more in
autumn and winter than in other periods.
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LICZEBNO SC MIKROORGANIZMOW KERATYNOLITYCZNYCH
W PIORACH PO UBOJU DROBIU

Zaktad Chemii, Mikrobiologii i Biotechnologirodowiska
Zachodniopomorski Uniwersytet Technologiczny w $oizie

Abstrakt: Stale pow¢kszajca sé koncentracja produkcji réa drobiowego powoduje powstawanie ogromnych
ilosci produktow odpadowych. Jak #dy materiat odpadowy, réwniepierze musi zosta odpowiednio
zagospodarowane. Nie jest to jednak prosty mechangdy: w skiad piér wchodzi odporna na degragacj
keratyna. Z tego fewzgledu wskazane jest poszukiwanie drobnoustrojéw zdbingo degradacji tego biatka.
Liczebna¢ drobnoustrojow w badanych prébach ma istotne zraezw izolacji szczepéw cechuaych si
pozadanymi wigciwosciami, tj. wysok aktywndicia enzymatyczy. Celem bada bylo okrélenie liczebnéci
drobnoustrojéw zdolnych do rozktadu keratyny w padr kurzych, kaczych.egich oraz indyczych pozyskanych
w wyniku uboju. Zostaty one pobrane wzngch terminach badawczych w okresie od marca 2@l Stygtznia
2016 roku, w ubojniach drobiu zlokalizowanych w awpdztwach lubuskim i zachodniopomorskim. Hodowle
prowadzono w oparciu o mineralne padidVandela i Omeligskiego, uzupetnione o keratynWe wszystkich
analizowanych pi6rach stwierdzono wgmbwanie drobnoustrojow keratynolitycznych. Byly ome réznym
stopniu zasiedlone przez te mikroorganizmy. Pindyéze byty najliczniej reprezentowane przez mikgamizmy
zdolne do rozktadu keratyny (518f jtk-g™s.m.), nasipnie piéra kacze (4X¢fjtk-g™s.m.). Mniejsze liczebrioi
stwierdzono w piérachegich (2,810’ jtk-gs.m.), z kolei najmniejsze w piérach kurzych. Zegledu na lepsze
dostosowanie sktadu ppwki Mandela do potrzeb keratynolitycznych udate wsiyizolowat na tym podiau
wieksz ich liczebné¢ w poréwnaniu do podi@ Omeligiskiego. Jedynie w przypadku piér kurzych liczesgno
drobnoustrojéw keratynolicznych na obu pagich byla zbliona i nie przekraczata 1(tk-g™ s.m. Wbrew
oczekiwaniom w badanych materiatach w okresie feslezimowym stwierdzono wksz liczebna¢
analizowanej grupy drobnoustrojow.

Stowa kluczowe:pidra, keratyna, mikroorganizmy, przemyst drotkars






