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Roman ZARZYCK/, Zofia MODRZEJEWSKA and Katarzyna NAWROTEK

DRUG RELEASE FROM HYDROGEL MATRICES

UWALNIANIE LEKOW Z HYDRO ZELI

Abstract: Description of the kinetics of drug release fronttogels is a domain of steadily increasing academic
and industrial importance. The aim of this papetoigeview mathematical approaches to drug reléasa
hydrogel matrix devices. In the first section thargmeters of hydrogel structure are described. Then
phenomena that influencing resulting drug releasediscussed. Finally, mechanisms of physical seleand
release with chemical reaction are studied. In sleistion mathematical expression that predictingy delease
profiles are described.

Keywords: hydrogel, mathematical modelling, controlled rekgadrug delivery, diffusion, swelling, erosion

Introduction

Hydrogel is a hydrophilic mixture which has the pedies of both solid and liquid [1,
2]. Hydrogel structure consists of networks that &rmed from randomly cross-linked
macromolecules [3]. It contains three phases:

1) polymeric-network matrix solid phase,
2) interstitial fluid phase,
3) ionic phase.

The solid phase includes a network of cross-linkelymeric chains. Polymeric chains
create a three-dimensional matrix with interstitiplace filled up with water and often
biological fluids. The cross-linked polymeric netkacan be formed physico-chemically,
for example by van der Waals interactions, hydrdgemding, electrostatic interactions and
physical entanglements as well as by covalent hoFus fluid phase fills in the pores of the
polymeric matrix and makes that hydrogel has wet alastic properties. Due to these
properties structure of hydrogel resembles to ¢jvissue. The ionic phase consists of the
ionisable groups that are bounded to the polymainshand the mobile ions (counter-ions
and co-ions). This phase exists due to the pressfrelectrolytic solvent.

Hydrogels can be formed from both natural and stithpolymers [4-6]. Hydrogels
based on natural polymers can have insufficienthaeical properties, contain pathogens

1 Faculty of Process and Environmental Engineerimgz University of Technology, ul. Wélcaska 175,
90-924 t 6
* Corresponding author: katarzynanawrotek@onet.eu
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and evoke immune responses. On the other hand, hheg numerous advantageous
properties like inherent biocompatibility, biodedaility, bacteriostatic and wound-healing
properties. Synthetic hydrogels do not have thelserent bioactive properties.

Drugs can be incorporated into hydrogel matricesamyways [4]:

1) post-loading,
2) in-situ loading.

In the post-loading method a hydrogel matrix isxfed and than the drug is absorbed
to this matrix. For an inert hydrogel system diffusis the major force for drug uptake.
Drug release will be determined by diffusion andjet swelling. For hydrogel containing
drug-binding ligands the release will be determibgda drug-polymer interaction and drug
diffusion. In the in-situ loading a polymer preawrssolution is mixed with drugs
or drug-polymer conjugates. Hydrogel network foration and drug encapsulation are
accomplished simultaneously. The drug release wlidetermined by diffusion, hydrogel
swelling, reversible drug-polymer interactions egchdation of labile covalent bonds.

The device geometry significantly influences thsuténg drug release kinetics [1, 7].
The delivery device can be in the shape of:

1) thin film,
2) sphere,
3) cylinder,
4) irregular solid.

The nanostructure of hydrogel can be describethi®etparameters [4, 8]:

1) v, - polymer volume fraction in the swollen statengéirogel,

2) M, - average molecular weight between crosslinks,
3) & - network mesh size.

The mobility of molecules and their rates of diftusin swollen non-porous hydrogels
are determined by the amount of liquid which isaireed in the hydrogel, the distance
between polymer chains and flexibility of thoseioka

The polymer volume fraction in the swollen statehis amount of fluid which can be
absorbed and retained in the hydrogel matrix. lexpressed as a ratio of the polymer
volume (V) to the swollen gel volume )

V2,s :_p (1)

The average molecular weight between two consezutioss-links /) is a measure

of the degree of hydrogel cross-linking. The crirdss can be both chemical and physical
in nature. Due to the random nature of the polyragion process only an average value of
molecular weight is calculated. It can be describgthe Flory-Rehner equation:

(\jj[ln(l_ VZs)—'- Vst XlZVZZs]

1.2\ (2)
mc Mn 3 v2

where:
M, - average molecular weight of the polymer chains,
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v - specific volume of the polymer,
V;, - molar volume of water,
X1» - parameter of polymer-water interaction.

The network mesh size is a measure of space aokebsitween the macromolecular
chains (eg for the drug diffusion). This space essidered as molecular mesh or pores.
Hydrogels can be classified as:

1) macroporous,
2) microporous,
3) nonporous.

The size of pores is described by correlation lerggtThis structural parameter is

defined as a linear distance between two neighbgumiosslinks. It can be expressed by the

following equation:
1

e=va(e): 3)

1

In this expression(?oz)2 is the root-mean-squared end-to-end distance tfomk
chains between two neighbouring crosslinks in thellen state.

A B

Degree of crosslinking drug

cross-link

Chemical structure :
mesh size

(~-@

External stimuli polymer chain

Fig. 1. Schematic illustration of mesh size in toghl at (A) swollen state and (B) deswollen state
(adapted from [4])

The mash size in the swollen and deswollen stathds/n in Figure 1. This parameter
depends on several factors like the degree of gedsdinking, chemical structure of the
composing monomers and external stimuli (tempegafid and ionic strength).

These three paramete(s;zS,ﬁC and&) can be determined theoretically or through
experimental techniques.

The mechanism of release

Depending on the composition of hydrogel (type alymer, type of drug and
additives), geometry (size and shape), preparaéionnique and environmental conditions
during drug release, one or more of the followitnygical and chemical phenomena affect
the drug release kinetics [7, 9]:

1) Wetting of the drug delivery device surface witteese medium (water).
2) Release medium (water) penetration into the drligetg device (eg via pores).



12C Roman Zarzycki, Zofia Modrzejewska and Katarzynavitaek

3) Creation of pores filled with water.

4) Degradation of drug and/or polymer.

5) Diffusion of drug and/or products of polymer degatidn inside the hydrogel matrix.

6) Diffusion of drug and/or products of polymer degatidn in the fluid.

7) Dissolution and/or precipitation of drug and/or getation products.

8) Microenvironmental pH changes inside the hydrogetrix caused by the degradation
of polymer.

9) Autocatalytic effects during hydrogel matrix degatidn.

10) Swelling of polymer.

11) Closing of pores caused by polymer swelling.

12) Osmotic effects caused by creation of significaptirbstatic pressure in the drug
delivery device.

13) Creation of acidic or basic microenvironments ire tdosage forms caused by
degradation products.

14) Physical drug-products of polymer degradation #tgons (eg ion-ion
attraction/repulsion and van der Waals forces) wiuan significantly vary with time
and position caused by changes in microenvironrheatalitions.

15) Chemical reactions between the drugs and producmolgmer degradation and/or
water.

16) Convection processes caused by significant hydiosf@essure created in drug
delivery device.

17) Adsorption and/or desorption processes.

18) Changes in the drug delivery device geometry andiorensions caused by shear
forces.

It is not reasonable to take all the mentioned ph@ma into account. It is crucial for
a mathematical model to take into account only datmg physical and chemical
processes. Moreover, these phenomena concern amytchnsport in the model system,
not in the living organism. To describe the meckiamof drug transport in the living body
various additional phenomena must be taken intmwtds eg enzymatic degradation,
protein binding, active and passive drug uptake o#lls, interactions with compounds in
extra- and intracellular space [7].

From the process engineering point of view, thehmatsm of release consists of the
following phenomena:

1) exterior diffusion,

2) interior diffusion,

3) desorption,

4) chemical reactions.

Moreover, the processes of shape change (eg heteogs and homogeneous erosion)
and processes of surface change (desorption, itegotsn and reaction) can overlap to
above phenomena. These processes (diffusion, desgrphemical reactions and matrix
erosion) are studied below.

Exterior diffusion

The mechanism of release consists of exterior ateior processes of diffusion [10].
Exterior diffusion takes place when drug moleculéffuse from surface of the hydrogel
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matrix to bulk of the liquid phase (Fig. 2). Theer@f mass transfer can be described by the
following expressions:

NA = kL(C:-\L _C?-\L) (4)
or
GA = kLA(C:-\L - C,SAL) (5)

where:

Na - flux of the drug,

Ga - mass transfer rate,

k. - mass transfer coefficient,

*

C,_ - surface concentration of the drug,

CJ, - bulk concentration of the drug,

A - area of mass transfer.
The mass transfer coefficient jks expressed as:

k, = (DAB)L (6)
O
where (D,z), - drug diffusion coefficient.

Civ

CL
Surface of device

61
Bulk of liquid

Civ

N

~ic Ch
[ e
Mass transfer direction
Fig. 2. Exterior diffusion: ~ model concentration profile of drug, =™ real

concentration profile of drug
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Drug concentration is the highest close to theasarfof the hydrogel matrix and it
decreases with the length. When the bulk of ligigdwell stirred the value of drug
concentration is constant. Exterior diffusion camtcol the rate of drug release only in
exceptional cases. In general, the rate of drugasgl depends on interior phenomena,
especially on interior diffusion.

Interior diffusion

In general, the rate of drug release is contrddgchterior diffusion (Fig. 3).

Migration within pores
of delivery device

{\ } e dru
; g molecules
A

s adsorbed drug molecules

Fig. 3. Interior diffusion of drug molecules

Theories which are based on Fick's law of diffusaistinguish two types of systems
(1) reservoir and (2) monolithic devices (Fig. 4).

Reservoir device Matrix device

Fig. 4. Schematic illustration of two types of digfon-controlled spherical drug delivery devices
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In the reservoir system a polymer membrane surmunder bulk of dissolved,
suspended or neat drug [11, 12]. Diffusion of ace@sulated drug through the membrane is
the rate-limiting step in this delivery system. @nstant concentration gradient across the
polymer membrane is achieved by saturated cond¢amtraf the drug core. Drug is
absorbed from inner bulk by the membrane. Theiiffitsks through the membrane and is
desorbed from the membrane to the fluid which surds the reservoir device.

The drug release in a reservoir system where anpoig hydrogel membrane
surrounds the drug bulk can be described by Fialsslaw of diffusion [1, 4]:

__ndC,
N, =-D T @)
where:
Na - flux of the drug,
D - drug diffusion coefficient,
Ca - drug concentration.

For the reservoir device with initial drug conceibn smaller than drug solubility, the
drug concentration at inner surface of the membdweeases with time. The process runs
at the unsteady state conditions and the exacti@olgan be obtained by solving the
equations of mass balance for the membrane anddbihle liquid. For a short time in the
case of non-swelling or dissolving membrane andepersink conditions of release, the
drug release can be described by the first ordestkis. The drug release kinetics is not
dependent on the device geometry [7]:

dM, _ ADKC, _ ADK (M,-M,
dt | | Y,

(8)

where:

M; - absolute cumulative amount of drug releaseda tj

C: - concentration of drug in the release mediumna i,

Mg - initial amount of drug in the device,

V - volume of drug reservoir,

A - total surface area of the device,

I - thickness of the membrane,

K - partition coefficient of the drug between thembrane and the reservaoir,
D - diffusion coefficient of the drug within the mérane.

In the case of a system with initial drug conceidgra much bigger than the drug
solubility in the reservoir device, the releasedlenoles are replaced by the dissolution
molecules of drug crystals/amorphous aggregatese Timer membrane surface
concentration of drug is constant. If the membrériekness and drug permeability are
constant and perfect sink conditions are maintathethg the release, the drug release may
be described by zero order release kinetics. ilhidependent on the drug delivery device
geometry [7]:

dM, _ AJ,, _ ADKC,

a1 ©

where:

dm .
dtt - steady state release rate at time t,
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Jim - membrane-limiting flux,
Cs - solubility of the drug in the reservaoir.

In the matrix system the drug is equally dissoleedlispersed in the polymer matrix
[11, 12]. A disadvantage of this system is theasdewith a continuously decreasing release
rate. This is caused by an increase of diffusiop lwagth and decrease of drug area in the
polymer matrix as the drug release proceeds.

For a matrix system in which the drug is equallypgrsed throughout the polymeric
matrix, unsteady-state drug diffusion in a one-digienal slap-shaped matrix can be
described by Fick’s second law of diffusion [4, 13]

dCA d2
dx dx

In this equation the drug diffusion coefficientassumed to be constant. In the case in
which diffusivity is concentration-dependent thédwing equation can be used:

a&=3[D(CA)"C’*) (11)

(10)

ot  0ox 0X

For monolithic devices the system geometry stromdflgcts the resulting drug release
profile. In the case of the device with the initthlig concentration below drug solubility,
the drug molecules are dissolved in the hydrogein@tithic solution). Otherwise, the drug
molecules coexist with amorphous aggregates amtlay crystals (monolithic dispersion).
For monolithic solution with the following releasenditions:

1) the absence of significant changes in the hydrogetix during the release,

2) perfect sink conditions during the release,

3) the release of drug is mostly controlled by diffusthrough the hydrogel matrix,
different equations are used to calculate a reguteélease profile, depending on the system
geometry.

For example, an analytical solution of Eq. (10) dan obtained using separation
of variable technique [1]:

1) thin film with negligible edge effects:

1 8% - D(2n+1)n%t
M_ TR Z (2n+1f F{ L2 J (12)

where:
n - dummy variable,
L - thickness of the film.
2) spherical delivery device:
M 6 — 1 - Dn’zn’t
M—*l‘?Z?ex’{Tj a3
0 n=0

where R - sphere radius.
3) cylinders deIivery device:

e Z anth > ~ D2p+1)'x zt) (14)

S q = 2p+1 H?
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where:

p - dummy variable,

O, - the roots of the Bessel function of the firstckiof zero order,
R - cylinder radius,

H - cylinder height.

For monolithic dispersion the mathematical modelmsre complicated. Higuchi
developed a mathematical equation to predict delgase from a monolithic matrix system
with the simplest geometry of thin films with negble edge effects [1, 7, 14, 15]:

% = 2C,-C,)Ct for C,>>C, (15)

where:
M; - cumulative absolute amount of drug releaseda tj
A surface area of the controlled release dewp®msged to the release medium,
D - drug diffusivity in the polymer,
Co initial drug concentration,
Cs - drug solubility in the polymer.

Equation (15) can be simplified to the followinguatjon:

,\“/”I—;: Kt (16)

where:
M, - absolute cumulative amount of drug releasedna t that should be equal to the

initial amount of drug in the system at time t = 0,
K - system constant.
Higuchi developed this model using the pseudo-stetate assumptions. A controlled
drug delivery system must fulfil the following catidns:
1) The initial drug concentration must be much higtiean the solubility of the drug
(Co>>C).
2) The release is one-dimensional and thus the edget®tan be neglected.
3) The drug particles are much smaller than the thaskrof drug delivery device.
4) The polymer matrix does not swell or dissolve.
5) The drug diffusivity is constant with the time gnalsition.
6) Perfect sink conditions are maintained in the sgste
The simplicity of Higuchi’'s model is its importaatlivantage.
Peppas and co-workers developed another empiricalaten which assumes
a time-dependent power low function [8]:

M
—L=k0Q" (17)
MDO

where:

M, .

—= - fractional release,

MDO

k - structural/geometric constant for a particuggstem,

n - release exponent representing the release msoha

Table 1 gives values of n for delivery matriceshwdtifferent geometries and release
mechanisms.
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Table 1
Release exponent values (n) in the Peppas eqydlion
Exponent, n Drug release mechanism
Slab Cylinder Sphere
0.5 0.45 0.43 Controlled diffusion
05<n<1.0 0.45<n<0.89 0.43<n<0.85 Anloms transport
1.0 0.89 0.85 Controlled swelling

Fick's law equations cannot be solved analyticallen more complex geometries or
non-constant drug diffusivities are incorporatetb ithe model. Moreover, in the case of
swelling polymers diffusivities of encapsulated ewmlles will be strongly affected by the
degree of swelling and cross-linking density of . Thus D will be sensitive to
environmental changes or degradation polymer matrck might vary over the time-scale of
release. Theoretical models for calculation of roole diffusion coefficients can be
described by the following general form [4]:

D
o * (RS (18)
where:

Dy - drug diffusion coefficient in the swollen hydrégetwork,

Do - drug diffusion coefficient in pure solvent,

rs - size of the drug to be delivered.

This expression takes into account factors whidiecafdrug release, like the gel
structure, the polymer composition, water contant the size of molecules. In the case of
degradable polymer {xhanges with the degradation of polymer network wuan increase
in hydrogel mesh size and decrease in polymer velinaction over time.

Several expressions have been developed to degtibeclationship between drug
diffusivity in the hydrogels and in the solutiororFexample, Lusting and Peppas proposed
the following equation to correlate the relatiopsbietween drug diffusivity and network

structure [4]:
D, _ (1_ Ej ex{_ Y[&D (19)
D, & v,

where Y - ratio of the critical volume required toanslation movement of the encapsulated
drug molecule and the average free volume per sbivelecule.
Finally [10], the influence of pore size on diffasi coefficients should be mentioned.
If:
1) pore diameter is much bigger than average freghesigmolecules - effective diffusion
coefficient () can be calculated from the formula:

DezD% (20)
dc

N, =-D, = 21

A Sy (21)

2) pore diameter is lower than average free lengtmolecules - Knudsen’s diffusion
coefficient () govern the law:
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- /L
D, =9.701C°r ™ (22)

dC
N, =-D, —2 (23)

Simultaneous diffusion and desorption of drug

Drug molecules can be adsorbed either chemicallghysically on the pore surface
[16]. In chemisorptions, the electronic structuete€tronic density) of adsorbate molecule
is strongly modified. In physical adsorption theodshte is weakly adherent by secondary
interactions (eg van der Waals forces).

I
I
|
I N
1 )
= O AR
0 SR N %S
Cc : N :C‘-'dC
I I
I I
z | I
I I
I 1
‘
¥ 4 | xrdx X
— | | e—
[ il NN
I 1
1

Fig. 5. Desorption and diffusion

The rate of mass transfer can be controlled by iphysdsorption if the rate of
desorption is finite (or is comparable to the rateliffusion). In literature, a description of
such processes is lacking. A simple model of delgase with desorption is described in
the work [17]. The drug is desorbed from the hyetqepre surface and then diffuses within
the pore (Fig. 5). In the system with following dtions:

1) distribution of pores in the hydrogel is homogergou

2) movement of molecules is described by first Fid&is of diffusion,
3) diffusion coefficient is constant,

4) the release medium is ideally mixed - without egieresistance,
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the drug release can be described (Fig. 5) byalhenfing equation:

dv%:[(NA +dN,)-N, Ja-r,dv (24)

This equation describes the differential volumetltd medium that is in the pore
between x and x+dx. The final results of the madel be found in the paper [17].

Chemical reactions

In the case of release with a chemical reactiorggirand/or products of polymer
degradation can react with the released mediundeéngs pores. The released medium
molecules diffuse to hydrogel medium pores. Dutimg contact with drugs or products of
polymer degradation they undergo a chemical reacfithis reaction can be reversible or
irreversible, simple or complex and slow or fagheil, the products of chemical reactions
undergo interior and exterior processes of diffasio

Change of shape

Hydrogel matrix can change of its shape duringréiease. Change of shape can be
caused by following phenomena:
1) chain cleavage,
2) matrix swelling,
3) matrix erosion.
These processes are discussed below.

Chain cleavage

In the case of systems with pendant chain (prodrulge drug is covalently linked to
the polymer network and its release depends omratee of bond splitting [4]. The drug
release is not mediated by diffusion in this system

The prodrugs system is used to improve the thetapetficiency of the drug. In
general, the release of covalently bound drugs mitpdy the degradation rate of the
polymer-drug link. Most of these links are hydradglly degradable. This causes that the
rate of drug release is absolutely characterizesirople first-order kinetics.

Gopferich formulated [18-20] a theory of polymergdedation and erosion. He
assumed that the rate of polymer degradation istichd in the whole polymer matrix.
When the polymer is initially insoluble in waterdahydrolysis is the only mechanism of
polymer erosion, then erosion is controlled by:

1) rate of water diffusion into the bulk of polymegi},
2) rate of the polymer backbone degradation by wager (

Water velocity inside hydrogel matrix pores candescribed by diffusion. The rate of
water diffusion into the polymer matrix can be eeqeed by the following equation:

C_Gom
diff 4Deff

(25)

where:
X - mean distance,
D¢y - effective diffusion coefficient of water insidiee polymer matrix.
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The rate of chain cleavage by water can be exptdsséhe following equation:

1 M
t.\n)=={In{x)—In| s A 26
c()x[<> [NAN_lpJ (26)
where:
n - number of polymer bonds,
A - rate constant that takes into account differente the reactivity of hydrogel

functional groups,
M, - average molecular weight number,

Na - Avogadro’s number,
N - average degree of polymerization (the numben@fiomers per polymer chain),
p - polymer density.
Erosion number is used to predict the erosion nmasha It is a dimensionless number
expressed by the ratio of the rate of water diffnsd the rate of chain cleavage by water:

> =t (27)
t.(n)

The values of erosion number can be divided inteethranges. Far>>1 water reacts
with a polymer faster than the water diffuses. Tdyistem is controlled by surface erosion.
For e~1 the erosion mechanism is changed. d<arl water diffuses faster than it can react
with the polymer. This system is controlled by batksion.

Matrix swelling

The mechanism of hydrogel swelling is one of thestrimportant factors in drug
release phenomena. This mechanism of drug relees@sowhen diffusion of an active
agent is faster than hydrogel swelling [4, 15 arid. 2n swelling-controlled system
hydrogels may undergo a swelling-driven phase tiansfrom a glassy state to rubbery
state (Fig. 6). This transition occurs when therabieristic glass-rubber polymer transition
temperature is lower than temperature of fluid Wtsarrounds the drug delivery matrix. In
the glassy state, entrapped molecules remain imendhithe rubbery state dissolved drug
molecules rapidly diffuse to the fluid through theollen layer of polymer. Released fluid
molecules contact the external layer of hydrogélisTforms a moving front that divides
hydrogel matrix into a glassy and swollen regiam.these systems the rate of molecule
release depends on the rate of gel swelling.

In the swelling-controlled delivery system followiphenomena take places [7]:

1) The length of drug diffusion way increases. Thisuses a decrease of drug
concentration gradient (driving force of diffusicamd a decrease of drug release rates.
2) The mobility of drug molecules increases. This eawmn increase of drug release rates.

Drug diffusion time and polymer chain relaxatiomdi are two main parameters that
determine drug delivery from swelling polymeric niggs. In this system the time-scale for
polymer relaxation)) is the rate-limiting step. In the diffusion-cooited delivery system,
the time-scale of drug diffusion (t) is the rateniting step. The Deborah number (De) is
applied to compare these two time-scales:
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_h_ XDZ (28)
t o a(t)
wheres(t) - time-dependent thickness of the swollen phase
z
N
| -
Glassy state Rubbery state

Fig. 6. Schematic illustration of drug delivery @mvin glassy and rubbery state matrix (adapteohfro
[4)

In the case of diffusion-controlled systems (De<®igkian diffusion dominates the
molecule release process. In the case of sweltmiralled systems (De>>1) the rate of
molecule release depends on the swelling rate lgfrso networks.

In the swelling-controlled delivery systems to dése molecule release a modified
empirical power law can be used. Peppas and Sdaimloped such a model taking into
account the drug diffusion and polymer relaxatip®]|{

M, _ K t™ + K, tom (29)

where:

k; - constant that corresponds to the release ratdfosion,

ko, - constant that corresponds to the release rgielgimer relaxation,
m - constant.

The first term on the right-hand side represents dfifusion and the second term
represents polymer relaxation.

This empirical expression does not take into actguoving-boundary” conditions in
which the gel expands heterogeneously as watetna¢ee and swells the gels. For this case
Krosmeyer and Peppas introduced an equation toelater the moving boundary
phenomena with hydrogel swelling:

V()

where:
Sw - swelling interface number,
V - velocity of the hydrogel swelling front,
D - drug diffusion coefficient in the swollen state

In a slab system with Sw<<1 drug diffusion is muelster than the movement of
glassy-rubbery interface and a drug release hasoaarder release profile.

Siepmann and Peppas [23-25] developed a more tigarethod to predict molecule
release from SCDS, the so-called sequential lay&detn This model takes into account
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drug diffusion, polymer relaxation and dilution.rFexample, in the system with cylindrical
geometry and concentration-dependent diffusionfmeriits the following equation should

be solved:
& :i[Dkaij+&a& +i[Dk ackj (31)
ot or or r or 0z 0z

where G and L4 are the concentration and diffusivity of the dsifule species, respectively.

Matrix erosion
Surface erosion

In systems with surface erosion (heterogeneousiogrosirug release is caused by
degradation of the polymer surface (Fig. 7).

Surface erosion

Bulk erosion

Fig. 7. Schematic illustration of surface and berd&sion (adapted from [9])

The rate of bond hydrolysis of hydrophobic polymetworks is much faster than the
rate of water transport into the polymer bulk. Ewasoccurs mostly in the external layers of
the polymer matrix. The degradation takes placey am the surface (heterogeneous
process). This system of drug release occurs onbnhzymatic-degrading systems in which
the rate of enzymatic degradation is much fastan tthe transport of enzyme into the
hydrogel [9, 15].
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Most of the models with surface-erosion are based loydrolytic- and
enzymatic-degrading polymers.

Hopfenberg proposed a model for theoretical prémticof the molecule release from
surface-eroding matrix in which the release depemiison matrix erosion rates [1, 13]:

M, =1—[1— Kal j (32)
M Coag

In this equation kis the erosion-rate constang ia the initial dimension of drug
delivery device (radius for a spherical or cylimdti geometry and half-thickness for slab
geometry) and gis the initial concentration of drug in the polymmatrix. n is the
geometric shape factor (1 for a slab, 2 for a d@mand 3 for a sphere). In the case of slab
(n =1) drug release has a zero-order profile.

Katzhendler, Hoffman and co-workers described aegdnmathematical model for
heterogeneous eroding networks [26]. In this mdtlés assumed that swelling of the
polymer matrix is slower than its erosion. It cam dpplied for the hydrogel tablets with
different rates of erosion in the radial and agliabctions. The kinetics of drug release from
erodible polymer matrix with two coordinates a adial and b in axial directions can be
described by the following equation;

2
My _y (g Kat )[4 2kt (33)
M COaO C:ObO

0

3

In this equation:

ko - radial erosion-rate constant,
k, - axial erosion-rate constant,
& - initial radius of the tablet,

b, - initial thickness of the tablet.

Lee proposed another mathematical theory for sewémoding hydrogel systems [7].
This model can be applied to film geometry devieath different “drug loading/drug
solubility” ratios. Lee considered movements of tliusion front and erosion front (Fig.
8). This model assumes that the front of erosiomes@t constant velocity, edge effects can
be neglected and there are perfect sink conditimrmaighout the test. The drug release can
be expressed by the following equation:

M, _s, Ba . C(1 a (34)
M., D Al2 6
A ALY
=—+8h-,||—+8h| -1-26 h 35
& C. \/( C. ) (35)
2D C,
In the above equations:
& - relative separation between the diffusion amsien fronts,
B - constant of surface erosion front,

a - half-thickness of the film,
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D - drug diffusivity in the system,
T - dimensionless time,

Ba . I . et
D measure of relative contribution of erosion diftlision to drug release.

Undissolved
Solute R - the time-dependent position of the diffusion front

S - the time-dependent position of the erosion front

A- the initial drug concentration within the delivery system

Cs - the drug solubility

Cb - the drug concentration in the well stirred release medium

x - the position (x=0 the center and x=a the surface of the film)

Cs

Eroding Front

Initial Surface

Cb

N
7

0 R S a X

Fig. 8. Scheme of the drug concentration in théasereroding system (adapted from [7])

Bulk erosion

In bulk degrading systems the drug release is gextby degradation of the network
and molecule diffusion (Fig. 7). Bulk eroding polgra degrade slowly and water infusion
into the system is much faster than the degradatiqgrolymer [4, 9, 15]. Thus, the whole
drug delivery device is rapidly hydrated and polynehains break off throughout the
system. Erosion takes place in the entire system@lgeneous process).

Heller and Baker developed a mathematical theomdipting drug release from
waterinsoluble polymers that can be hydrolyticalnverted in water-soluble molecules
[9]. This model assumes that the degradation df budding polymers can be described by
first-order kinetics. Heller and Baker modified thkassical Higuchi equation (Eq. (15)).
They assumed that permeability of the drug in tloeldgradable polymeric matrix is not
constant and increases with time. In their modey wpplied the following ratio of the drug
permeability at time t (Pto the initial permeability (§:

P _ initial numberof bounds N

= = (37)
P, remainingnumberof bounds N-Z
where:
N - initial number of bonds,
Z - number of cleavage during time interval [0,t].
Polymer bonds are split with the first-order kinsti
% =Kk(N-2) (38)

where K - the first order rate constant.
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After integration and rearrangement one can gefdif@ving equation which describes
the drug release from thin slab with initial drugncentration above the drug solubility in

hydrogel:
aM, _A /Z%exaKt iCo (39)
dt 2 t

Charlier and his co-workers described another nmadiieal model predicting drug
release from bulk eroding polymer films [27]. Thessumed that the polymer degradation
and the drug diffusion are simultaneous. Experialergsults of mifepristone release from
poly(lactic-co-glycolic) (PLGA) matrices were compd with model predictions. They
developed this model by the pseudo-steady statemgs®ons, similar to classical Higuchi
equation (Eq. 15). Moreover, the model assumespblgmer chains split with first-order
kinetics and drug diffusion coefficients are expared functions of time:

D = D explkt) (40)
In this equation:
Do - drug diffusion coefficient at time t = 0,

k - polymer degradation rate.
They got the following expression for the cumulatimmount of drug release as

a function of time:
0= S\/ZCOCSDO[Exr(kt) -1 41)

where:

S - surface area of film contacted with the relehsd,
Co - initial drug concentration,

Cs - solubility of drug in the polymer.

Surface phenomena

The rate of drug delivery can be affected by s@rfpbenomena. Different surface
phenomena can be distinguished:

1) desorption of species from surface,
2) surface reconstruction,
3) surface reactions.

The above phenomena significantly influence theiltieg) drug release kinetics. The
species can be desorbed from the hydrogel surfaterelated to surface erosion and has
been discussed above.

In surface reconstruction atomic or molecular r@gement occurs on the surface
of the device, thus the surface/interfacial tensoneduced. Surface reactions take place
when drug molecules react with the release mediimaw substances are formed.

Conclusions

Mathematical modeling of drug release from the pwic matrix has big academic
and industrial importance. It is very difficult sccurately predict the mechanism of drug
release from the hydrogel device in living orgarisifhe drug transport in various organs
and in different cells should be described by défé models. In the future mathematical
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theories will attempt to take into account differes betweenn vitro and in vivo
conditions.
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UWALNIANIE LEKOW Z HYDRO ZELI
Wydziat Inzynierii Procesowej i Ochron§rodowiska, Politechnika £.6dzka

Abstrakt: Zaréwno z naukowego, jak i praktycznego punktu efda bardzo wany jest opis kinetyki uwalniania
lekéw z hydraeli. Celem tego artykulu jest przedlopisanych w literaturze modeli matematycznych Iniaaia
lekéw z matryc hydreelowych. W pierwszej e#ci omowiono parametry opisige struktug hydrazelu.
Nastpnie opisano zjawiska wptywgije na mechanizm uwalniania lekéw. W ostatniegcizprzeghdu literatury
zostaly przedstawione mechanizmy uwalniania. Wciefci zebrano wyrzenia matematyczne stosowane do
opisu profili uwalniania lekow.

Stowa kluczowe:hydrazel, modelowanie matematyczne, kontrolowane uwaiejapodawanie lekéw, dyfuzja,
pecznienie, erozja
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HYDRODYNAMIC DISINTEGRATION OF FOAM BIOMASS
TO UPGRADE OF WASTEWATER

DEZINTEGRACJA PIANY OSADU CZYNNEGO
W CELU POPRAWY OCZYSZCZANIA SCIEKOW

Abstract: Filamentous microorganisms are responsible for fdammation and activated sludge bulking.
Hydrodynamic disintegration process facility biodstption of organic matter included in scum biomass
Hydrodynamic disintegration results in destructéom disruption of the scum microorganisms as veeiharease
concentration of organic matter, phosphorus, Melddtty acids (VFA), ammonium nitrogen in liquithgse and
biogas production. It was demonstrated that dignatéon of foam biomass permits removal of a parnudrients

in the form of struvite. Disintegration by hydrodynic cavitation foam has a positive effect on waater
treatment.

Keywords: foam, hydrodynamic disintegration, fermentatidn)gte, volatile fatty acids (VFA)

Disintegration by hydrodynamic cavitation foam fegositive effect on wastewater

treatment. The literature defines 3 main objectvedisintegration of sewage sludge [1]:

- mechanical disintegration can be used for an aatel@ and improved anaerobic
digestion of excess sludge. The hydrolysis is timsitihg step of this process.
Mechanical disintegration can be used to disruptcl walls and to cause the release
of the organic material from the cells;

- the use of organic matter from disintegrated swraativated sludge as a source of
organic carbon for wastewater treatment processake(itrification);

- applied to disintegration for reduction of the gjadbulking in effluent treatment
processes;

- applied for destruction of activated sludge foain [2
The positive effect of sludge or foam disintegmatis possible to achieve by physical

(thermal), chemical (using eg acids; oxidation psses using ozone or hydrogen peroxide),

mechanical (ball mill, ultrasonic, hydrodynamic itation), as well as biological treatment

(using enzymes) [1-20].

Institute of Engineering and Environmental Prdtett Faculty of Materials and Environmental Sciesce
University of Bielsko-Biala, ul. Willowa 2, 43-3(Bielsko-Biata
* Corresponding author: kgrubel@ath.bielsko.pl
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Although the methods are different in nature, the af all disintegrated methods is
partial or complete bacteria cells disintegratidgm, destruction and release of organic
substances present inside cells to the liquid phBse disrupted cells of microorganisms
can be used to improve biodegradability of aeralricanaerobic biological wastewater
treatment processes.

The aim of carried out experiment was to show thesibilities of foam disintegration
by hydrodynamic cavitation and to achieve biolobwastewater treatment processes.

Hydrodynamic cavitation results in the formation edvities (bubbles) filled with
vapour - gas mixture inside the flowing liquid, atrthe boundary of a constrictive device
due to rapid local pressure drop. Downstream of dbistriction (valve or nozzle) the
pressure recovers and subsequently causes catdtiedllapse. The collapse of the
cavitation bubbles is defined as an implosion e#bociated forces causing mechanical and
physico-chemical effects [21]. The physical effeictslude the production of shear forces
and shock waves which in foam can change largeokflecs, ability of sedimentation,
form of water relate and surface load. Whereasligenical effects result in the generation
of radicals, eg formation of reactive hydrogen aand hydroxyl radicals. These radicals
can convert to the hydrogen peroxide and achieseC®D and BOD value in foam, and
concentration of two-valuable cations in a liquidape. Besides hydrodynamic cavitation
results biological changes in foam (eg decreasesuirvive of heterotrophic bacteria)
[22-26].

The new concept described in this paper is basedoarbining foam hydrodynamic
disintegration with own construction cavitation nlez The aim was to describe the effect of
hydrodynamic cavitation on organic matter releawt show the possibilities to improve the
aerobic and anaerobic process.

Materials and methods

The first phase of the study was related to conoStm of cavitation nozzles due to
their optimization with respect to cavitation phememon. Numeric simulation was
performed by means of TMG/MAYA Heat Transfer Tedgy, with is the element
of simulating package FEMAP finite Element and Postessing. During analysis
3 possibilities for solution of the reducer wereamined; those solutions for reducer are
admittedly characterized with the same number witation (c = 0.249), and as well with
total length, however, they differ in throat localiion, therefore in mutual dimensional
proportions of confusor and diffuser. On the bagistatic pressures distribution results of
the performed numeric simulations it was noticet the most efficient nozzle, with respect
to cavitation phenomenon development, was the exdi the configuration of the
shortened confusor, subsequently short throat iftiddle reducer in Figure 1). As the
consequence this configuration was chosen for tinthdr examination of the foam of
activated sludge disintegration by hydrodynamidtedion.

Foam samples were taken from an EBNHRI{ance Biological Nutrient Remoydilll
scale municipal sewage treatment plant. Mechaniisihtegration was executed with
a pressure pump (12 bar), which scums, from a 25cdmtainer, through a 1.2 mm nozzle
(Fig. 1). Disintegration was carried out for 15, 38, 60, 75 and 90 minutes, which mean
3, 6,9, 12, 15 and 18 multiplicity flow by cavitat nozzle. COD value was determined for
samples before and after each time of disintegraazording to [27].



Hydrodynamic disintegration of foam biomass to @uigr of wastewater 13¢

biogas  biogas  biogas

raw studge or 2
Foam

S
S
recireulation ‘
& = 3
chamber
i i
nozze ¥
N ; DF
(4 “r —
= — .- .
% @ HO | S - raw studge; DF - foam after dismtegration
pressure pump

Fig. 1. Scheme of 3D cavitation nozzles and irestiaih to foam disintegrations and fermentations

Samples of raw activated sludge and with a padisihtegrated foam taken directly
from the full scale treatment plant have been degkin 25 dm glass reactors at constant
temperature of 35 + 2°C. The disintegrated scunstitoited 20 and 40% in volume. During
22 days of digestion the amount of produced biegasdaily monitored.

Microscopic analyses were performed on samplesrbefmd after each time of
disintegration. Microscopic investigations wereria out using a microscope of bright
field and contrast phase coupled with a camera.

The microscope used - Nikon Alphaphot-2 YS2-H cedpWith camera Panasonic
GP-KR 222 allowed also for size measurements byogrammelLucia - ScMeas Version
4.51

Volatile Fatty Acids (VFA) were determined accomlito Standard methods for the
examination of water and wastewater [28].

Addition of magnesium oxide (150% concentratingdoke) was used in chemical
precipitation of magnesium-ammonium-phosphate (MAfruvite) processes. Magnesium
oxide increased pH to optimum value and implemententration of magnesium ions.

Results and discussion
Biological changes in foam

Hydrodynamic disintegration by cavitation results hiological changes in foam -
disruption, destruction and lysis of microorganissils.

The disintegration effect in connection with time shown in a series of
microphotographs (Fig. 2A-F). The microscopic olsagons confirm biological changes
during the disintegration process.
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Fig. 2. Biological changes in foam structure duritigme of disintegration: A) foam without
disintegration, B) foam after 15 min of hydrodynandisintegration, C) foam after 30 min of
hydrodynamic disintegration, D) foam after 45 minhgdrodynamic disintegration, E) foam

after 60 min of hydrodynamic disintegration, F) rfoaafter 90 min of hydrodynamic
disintegration

Physical changes in foam

Disruption microorganisms of foam during mechanickidintegration affects the
physical changes. The measurable effect of thigrtrent was ,selling” of foam (Fig. 3).

A)

Fig. 3. Physical changes in foam during time desynation: A) foam without disintegration, B) foam
after hydrodynamic disintegration
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Chemical changes in foam

The release of organic substances (expressed be@OB® and VFA) as an effect
of microorganisms foam disintegration and lysigiléma substantial increase of value COD
and VFA (Fig. 4).
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Hydrodynamic decomposition of scum by cavitatiomgasses and freed enzymes
results in cells compounds release to liquid phd3isintegrated by hydrodynamic
cavitation has a positive effect on the degreerata of excess sludge anaerobic digestion
and biogas production.

The biogas production and expense is a measurerofeftation effectiveness and
expresses amount biogas production from units acgaatter removed (Fig. 5).

Biogas expense (expressed in*fgus) from activated sludge with foam disintegrated
was major comparison to express biogas expense fagtivated sludge without
disintegration.

Significantly higher biogas expense was from thenénters fed with disintegrated
foam (20 or 40% volume of fermenter) - the biogapemse was 3.5 and 4 multiplicity
higher, respectively (Fig. 5).

The presented examination results and those obtairedore [29-31] regarding
disintegrated foam feeding into raw sludge couldidgate the further way for searching
possibilities of intensification and optimizatioorffermentation process concerning the
production of digested gas, as well as the amofusitidge developed.

In connection with the results obtained there wexgealed as well possibility to
implement disintegration to support the procegshafsphorus elimination from the sludge -
precipitation in the form of struvite [32, 33].

In result of phosphate tension increase and ammuoitiagen after the process of
disintegration (Fig. 6) conditions were created feasy chemical precipitation of
magnesium-ammonia phosphate (MAP) (Fig. 7).
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cavitation nozzle
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From the examination conducted it results thatyats possible to precipitate struvite
already after six - time (30 min) flow of the foahmough the cavitation nozzle.

ol e A Mg S g T |,

B iteo ) ) Ll .
Fig. 7. Struvite crystals created in the foam lejafter six-time flow through cavitation nozzle

The advantage was the possibility to control trecess by adding some (volumetric)
amount of disintegrated foam, so that the conctatraf freed phosphates and of ammonia
nitrogen would increase in the way to establishly#se formula of struvite. Utilization of
the part of disintegrated foam and/or activatedgtuhad as well the practical meaning with
respect to the technology of sludge purificationgess.

The results of the examination concerning the pdggifor phosphate accumulation
by filamentous bacteria show that microorganisns garticipate in the process of sludge
dephosphatation [34, 35]. Intentional use of thpabdity of phosphate assimilation by
filamentous microorganisms could be one of the way®liminate phosphate from its
circulation in the water environment.

Other possibilities of utilization of disintegratedfoam to improve
aerobic and anaerobic processes to purify wastewate

Wastewater introduced into water should not creatgsical, chemical and biological
changes, which would obstruct the proper operaiingater ecosystems and fulfillment of
waters defined for them quality standards, conmeutigh their utilization that is why, the
ways to enable requested effects during wastewatéfication are being searched.

The basic technological cycle of wastewater puatfan for complex biogenic and
organic coal elimination with application of actigd sludge is composed of anaerobic
chamber, denitrification chamber, aeration chambsrcondary sedimentation tank,
fermentation chamber (Fig. 8). In regards to waatewpurification cycle and to wastes
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management potential places to apply mechanicalintdgrated foam due to achieve
wastewater purification and sludge modificationsergs Figure 8.
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Disintegration
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-
>

Fig. 8. Potential places of adding disintegrateahfdo the process of wastewater

Foam Subject to destruction can be implementechénprocess of internal (D) or
external (E) recirculation together with the pdudge from secondary sedimentation tank
to anaerobic zone (A), anoxic (B) and aerobic (C).

Operating efficiency of anaerobic zone depends filoenspeed of creation of volatile
fatty acids by fermentative bacteria and VFA cdlme by bacteria accumulating
phosphorus in the aeration chamber.

The velocity to create volatile fatty acids is uguasufficient in comparision to high
speed consumption of VFA and phosphorus releadgabieria responsible for wastewater
dephosphatation. That is why introduction into aobi zone of additional, easily utilized
organic substrate in the form of disintegrated foaith contribute to increase digestion
activity of microorganisms, and in this way to iease the concentration of VFA (Fig. 4). In
the anoxic zone (B) disintegrated foam containifgh lconcentration of easily digestible
carbon compound will assure to the denitrificatiomcteria the intensity of the nitrate
reduction process in the situation of shortagerganic matter in wastewater flowing into
activated sludge reactor. On the other hand tobtmeria assimilate phosphorus in the
oxygen zone (C) it will guarantee easier survivaproduction and phosphorus(V)
collection. Aerobic zone by means of oxygen metiabw of heterotrophic microorganisms
decreases above all the concentration of non+sgtioluble and colloid carbon compounds
present in wastewater. Introduction of additionaamic substrate (Fig. 4, Fig. 2 A-F) will
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contribute to fast bacteria reproduction, increasezoogleal clusters and production of
flocks of activated sludge. Growth of bacteria dapan will favor the development of
feeding fauna. Continuous eating of the bacteriaPbgtista Rotifera Nematodaand
sporadically Oligohaeta will not allow the excessive growth, will stimutatconstant
population resorting, which will result in increasé utilization of organic substances
contained in wastewater. The effectiveness of bgmdisintegration - due to mechanical
disruption - will intensify microorganisms cellgydis; as a result intra- and extracellular
enzymes will be freed and introduced into environtrend resolubization of the created
organic compounds will contribute to intensificatiof biodegradation of reaching (with
wastewater) substrate. Furthermore, additional lofithe activated sludge with organic
charge will not stimulate the development of filartwais bacteria. The examination
performed (on the laboratory scale) has demonstrasewell that addition of disintegrated
sludge to activated sludge chamber does not ledd teappearance [2]. In connection with
that foam disintegration could be applied to lithié phenomenon of sludge foaming and
foam creating, and that is due to the possibilitfilamentous microorganisms destruction
and big flocks disruption. The occurring processesild contribute as well to accelerate
the sludge oxidation (endogenous respiration), vkignificant effect could be decrease of
its amount.

In the aerobic zone next mineralization of organatter nitrification processes occur.
One of the parameters controlling nitrificationsisdge charge. Introduction of additional
load in the form of disintegrated foam can limitrificators development, which on the
other hand would cause limitation or inhibition ammonium and nitrate(lll) oxidation.
That is why it is essential to convey to the oxygeme bioreactors limited amount of
disintegrated foam, which would not inhibit nitcéition processes. The amount of biomass
introduced into bioreactors zones (aerobic, anoaind anaerobic) would have to be
evaluated practically by control of processes peréal during activated sludge work.

Disintegrated foam introduced with condensed sgrpktivated sludge (F) or directly
(G) to fermenter could successfully improve effestiess of fermentation (Fig. 5). To
maintain certain life activity, bacteria requirdtable nutrients arriving to cells. That is why
introduction into chambers of the foam previousipmitted to destruction, would cause
growth of biogas production due to flowing of adutial organic substrate in the digestible
form for the bacteria population and/or throughrése of enzymatic activity of fermenting
process.

The condition for effective anaerobic disintegratiof organic compounds contained
in sludge is also proper mixing of the fermententeat to enable intensive exchange
between activated biomass and substrate at the Sameewithout disturbing bacterial
cometabolism and enabling elimination of metabolmaducts in the form of fermentative
gas, which by creation of the layer around bacteeh can inhibit diffusion of nutrient
inside the cell. Feeding of liquid foam could cdmite to more precise mixing of the
fermenter content, assurance of sludge uniforniétgk(of places overloaded with sludge)
and temperature of the process, which in conseguemaild influence the improvement
efficiency of biogas production.

Significant factors for the fermentation processhis amount of fed sludge during
twenty-four hours and its hydration, as they de@t#® about time of sludge deposition in
the fermenter, and so that about the fermentatioe. tOverloading hydraulic retention time
causes reduction of fermentation time, which insemuence could cause total collapse of
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anaerobic process. That is why the amount of sluUggeand its hydration should be
controlled and evaluated.

To conduct disintegration process of the foam inésessary to build a technical
installation plus energy, which is connected wittaficial cost. Economic effects could be
in this case compensated with higher productionfeofentative gas, which could be
modified into energy, savings on additional soun€&oal for denitrification, decrease of
operating costs by limitation of sludge foaming &wam creation. Disintegration process of
the foam would result in advantages for the envivent due to obtaining of digested sludge
with higher hydration level than raw sludge, whichuses their better vulnerability
dehydration, decrease amount of organic sludge usemt] possibilities to recycle
phosphorus in the form of struvite and its agrisat utilization, as well more effective
limitation of pathogenic microorganisms and heliné# eggs.

Conclusions

1. The results of physicochemical examination, micopgc observations have
demonstrated that, the process of hydrodynamidatam is an effective method of
activated sludge foam disintegration.

2. As a result of multiplicity of biomass foam flowrtugh cavitation nozzle, decrease of
organic matter hydration, which is evidenced by C@ilues changes in the liquid
accompanying the foam from the value 68 to 725 rdgn®. At the same time
followed the concentration growth of VFA by 29%.

3. Causing the fermentation process of disintegrad@dhfbiomass resulted in growth of
gas production and at the same time output of Bipgaduction. Comparing output of
trials with 20% and 40% volume disintegrated fodinere was an increase of output
respectively by 3.5 and 4 times.

4. In connection to results achieved of phosphaterdindgen ammonium release in the
hydrodynamic disintegration process appeared thssipidity of elimination and
recycling of phosphorus and nitrogen ammonium énftrm of struvite.

5. Introduction of disintegrated foam into technol@dicycle of wastewater purification
would efficiently influence the improvement of waseiter quality improvement.
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DEZINTEGRACJA PIANY OSADU CZYNNEGO
W CELU POPRAWY OCZYSZCZANIA SCIEKOW

Instytut Ochrony i laynierii Srodowiska, Wydziat Nauk o Materiatacl$iodowisku
Akademia Techniczno-Humanistyczna, Bielsko-Biata

Abstrakt: Mikroorganizmy nitkowatesa odpowiedzialne za tworzeniegspiany i pienienie osadu czynnego.
Hydrodynamiczna dezintegracja seow znacacy sposob wplymé na biodegradagjmaterii organicznej zawartej
w biomasie mikroorganizméw piany. Hydrodynamicznawkacja skutkuje zniszczeniem i destrukcj
drobnoustrojéw piany, a tym samym wzrostem koneejitiw cieczy otaczagej ChZT, fosforanéw, lotnych
kwasow tluszczowych (LKT) i azotu amonowego. Ponadtvickszajc dostpnas¢ materii organicznej, stajecsi
przyczyrmy wzrostu produkcji biogazu. W artykule zostala réinprzedstawiona mitiwos¢ dezintegraciji
biomasy piany, a naginie usunicia czs$ci substancji ogdywczych w formie struwitu.

Stowa kluczowe:piana, hydrodynamiczna dezintegracja, fermentatjawit, lotne kwasy ttuszczowe (LKT)
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POSSIBILITIES OF JOINT MANAGEMENT
OF SEWAGE SLUDGE AND DOLOMITE
POST-FLOTATION WASTE

MO ZLIWO SCI WSPOLNEGO ZAGOSPODAROWANIA OSADOW
SCIEKOWYCH | DOLOMITOWYCH ODPADOW POFLOTACYJNYCH

Abstract: At present, the basic method of sewage sludge neamet is storage, especially when the sludge
cannot be used for agricultural purposes due tgla ¢ontent of heavy metals. At the same time,drwdiation

of dolomite post-flotation waste which is permatestored in the environment is difficult. In thesearch the
possibilities of joint management of both wasteetyare examined. Five pot experiments were conduwati¢h
synthetic substrata for flora with different paigiEtion of sewage sludge and post-flotation wabhe content of

Zn and Pb was biggest in the materials applied.ithddlly, the pH value was measuretfgonagrass seeds
were used in the experiment. This particular gtgpe is resistant to high metal concentration. Taetent of
selected metals was measured in the collected piatter. In order to quantify the Zn and Pb mapiiit the
prepared ground, bioaccumulation coefficients wdetermined. The experiment was aimed at selecting
a proportion that would be most effective in blogkithe transfer of metals to flora. The experimesults
revealed that the ground composed of 75% posttitstavaste and 25% sewage sludge demonstrateswlestl
availability of heavy metals for grass ie low bicamulation coefficient. The joint management of agavsludge

by means of creating soil mixtures with chemicallitive dolomite post-flotation waste allows fomakating
nuisance and threats resulting from the specifiitjoth waste types.

Keywords: sewage sludge, post-flotation waste, heavy metatption, bioaccumulation coefficient, waste
management

In recent years, the water quality in points opdisal has considerably improved due to
the favourable changes in the Polish water and geveaonomy. The amount of sewage
sludge, formed in the process of sewage treatneas,substantially increased, which is
illustrated in Table 1.

Because of the specific properties of this of typaste, its utilisation and final
neutralisation constitute an ecological and econopnoblem for most sewage treatment
plants. The most popular methods of final sewagégd neutralisation include [3]:

Linstitute of Environmental Engineering, CzestaghoUniversity of Technology, ul. Brzeicka 60a,
42-200 Czstochowa, tel. 34 32 50 917 ext. 37
* Corresponding author: jszoltysek@is.pcz.czest.pl
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« natural use (including agricultural use);
e depositing at waste dumps;

e burning;
e under research: mineralisation of sludge and psiiegsnto construction materials and
oil.

Table 1
Amount of sewage sludge produced in Poland in #a#s/1999-2004 and the amount projected for thesyea
2010-2018 [1, 2]

Amount of produced sludge per year
[Gg s.s. (sludge solids)]

Projected amount of produced sludge
[Gg s.s. (sludge solids)]

1999 2002

2004

2010

2015

2018

354

435

476

612

640

> 700

The natural or agricultural use of the waste is niest justified method as regards

ecology and economy. It allows for:

e limitation of the consumption of mineral fertilizgr

e vegetable stabilisation of the surface of dust evaktmps and dumps with waste that
can be easily washed out;

e reclamation of non-soil ground and degraded sail;

* minimisation of costs of utilising waste which ctiiges an environmental nuisance.

The content of organic matter and mineral fertilizemponents (mainly N, P, K, Ca,
Mg, Fe and S) has a great influence on soil foorméind fertilizing properties of the sludge,
which are relatively well-known and used more aratereffectively. However, the content
of heavy metals and pathogenic microorganisms whicteeds the acceptable levels [4, 5]
often limits or even eliminates the non-industusé of the sludge.

The microorganisms can be removed from the sluggardiper treatment in sanitation
processes (fermentation, pasteurisation, dryingpposting), whereas the elimination of
heavy metals requires expensive technologies amat igsed in practice [6, 7].

The alternative management methods for sewage eslwith the high content of heavy
metals prevents the agricultural use are storagdetlarmal processing. Due to the social
opposition to thermal disposal of sewage sludgesage still remains one of the most
significant methods in managing this type of waste.

Sewage sludge is a material which effectively ctidates the surface of dust waste
dumps and dumps with a water erosion hazard. Ampbaof such sludge is post-flotation
waste from the processing of Zn-Pb ores, whichésmain permanently stored waste of this
industry. The total amount of post-flotation waggathered in three Polish Zn-Pb
exploitation regions reached almost 80 million Mgludge solids [8]. Such amount means
a considerable problem, both as regards economiand the effect on the environment.
The scope of the zinc-lead industry is limited teotregions: the Silesia province
and the Malopolska province. The distribution offpftotation waste dumps is presented
in Figure 1.

The advantage of flotation waste in terms of itmagement is homogeneity, defined
composition and “point” accumulation. Depositingspéiotation sludge in sludge ponds
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requires large spaces and there is a risk of pogjuhe surroundings as a result of erosion
of the surface of the settling tanks [10]. Heavytat® contained in the waste may be
introduced into the environment together with thistd This problem was observed [11-13]
eg in the Olkusz region of Zn-Pb ore exploitatidiat is why it is very important to
prevent erosion of the surface of the settling samk reclamation operations. Post-flotation
waste dumps belong to the post-industrial wastethatlis most difficult to reclaim, also
because they lack nutrients for plants, such ad\KNa and P [14]. This lack may be
compensated for by sludge. At the same time, thaliné character of dolomite
post-flotation waste and its good sorptive progsrtin relation to ions of heavy metals
(confirmed in the research projects by Sobik-Saalkyand Girczys [15-17]) allow for using
sewage sludge (which cannot be used for agriclljurgposes due to a high content of
heavy metals) to reclaim waste dumps.

(]

: 'scope of the Triassic > boundaries of the

period > deposit province
‘ 1 outcrops of the location of post-flotation
Paleozoic substratum waste dumps

O - liquidated ZGH ,Orzel Bialy” (regions of BytomB - ZGH ,Boleslaw” (regions of Olkusz),
T-ZG ,Trzebionka” (regions of Chrzanow)

Fig. 1. Distribution of post-flotation waste dumpshe Silesia-Krakow deposit region [9]

Storing sewage sludge with excessive amounts ofyhewetals on dust and eroded
post-flotation waste dumps may facilitate elimioati of nuisance for the natural
environment, arising from the specific propertiéstmse two waste types. Basing on the
above deliberations, the research focus was totdrgreate an optimum mixture of
post-flotation waste and sewage sludge in ordeokti@min ground that would effectively
block the migration of heavy metals to the testieahs.
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Materials and methods
Two waste materials were used in the experiments:
« dolomite post-flotation waste from the processifigZn-Pb ores, taken from an idle

settling tank of the former “Orzel Bialy” Mine inyBom;
« sewage sludge from the “Warta” S.A. Sewage Treattmt in Czestochowa.
The average chemical composition of post-flotati@ste is presented in Table 2.

Table 2
Average chemical composition of post-flotation veast

Component Contents
[mass %]
Zn 2.56
Pb 0.73
Fe 7.33
SiO; 2.90
Al>,03 0.62
SOF” 2.39
CaO 27.71
MgO 15.39
CO, 38.78

The main waste components are dolomite (up to 70%eototal composition), calcite
and kaolinite. Other components include: bassarsphalerite, smithsonite, marcasite,
hematite and goethite. This material is charaadriby high capacity of heavy metal
sorption. This capacity of dolomites, observedwnaesearch of one of us [15], was also
mentioned by other authors [18, 19]. The sorptivepprties of waste dolomite were
confirmed by research projects on changes of @ncconcentration in water infiltrating
into the post-flotation settling tank. The resuafshose studies are presented in Figure 2.

Fig. 2. Zinc concentration and infiltration depft5]
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The curve in Figure 2 can be described by the fonct
C =38.75 exp (—0.362 x)

where:
C - zinc concentration [mg/dip
x - filtration depth of solution in the settlingnta[m].
The fall of concentration with infiltration into ¢hstratum of post-flotation waste, which
is observed for zinc, was also seen in the casthef heavy metals [20].
The dolomite waste is characterised by the grampasition shown in Figure 3.

10— T 7 L—T—'r.*'.*.[ 10

sum [ %]
Share [20]

grain diameter [jum]

Fig. 3. Decomposition of grain categories for datenpost-flotation waste

The analysis of composition of grain categories w@asducted with the use of a laser
analyser LAU-10, the operation of which is basedaoalysis of laser light, diffracted on
the examined sample placed inside the apparattieiform of suspension. The examined
material is fine-grained - grains < 55 um of dianatonstitute almost 61%. The extent of
sorption depends on material graining, which isnemted with the active surface where
sorption processes take place [21].

Table 3 presents chemical composition of the sevehggge from the “Warta” S.A.
Sewage Treatment Plant.

The content of organic matter in the sludge wasiab6%. There was a lot of nitrogen
and phosphorus, whereas the content of magnesisrioma The content of some heavy
metals was exceeded the standards and is disedalifis material for the agricultural use.
It should be noted that the composition of the gdugroduced in treatment plants and the
content of heavy metals are much diversified armqbdd on [22]:
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« character of the inflowing sewage,
« manner of conducting the treatment process,
* methods of sludge processing.

Table 3
Chemical composition of sewage sludge
Component Unit Contents

Niot [% S.S.] 3.10
N, [% s.5.] 0.052

P [% s.s.] 3.6
Ca [% s.s.] 4.5
Mg [% s.s.] 0.49

Zn [mg Zn/kg s.5.] 240
Cu [mg Cu/kg s.5.] 7:40°7
Cd [mg Cd/kg s.s.] 5.6

Ni [mg Ni/kg s.5.] 5.210°7
Pb [mg Pb/kg s.s.] 99
Crorg, [mg Cr/kg s.5.] 510
Hg [mg Hg/kg s.s.] 2.1

In order to establish the degree to which plantdakep heavy metals from
the soil substratum, pot experiments were conducfedmixtures of sewage sludge
and post-flotation waste were prepared, with thievong mass [%]:

e ground A - 100 mass % of post-flotation waste

e ground B - 100 mass % of sewage sludge

e ground C - 50 mass % of post-flotation waste + 50 mass %¥ewfage sludge
e ground D - 75 mass % of post-flotation waste + 25 mass %¥ewfage sludge
e ground E - 25 mass % of post-flotation waste + 75 mass %ewfage sludge

Five containers with a capacity of 6 iemd a crops surface of 0.04 gach were filled
with the ground prepared in such a way. Grass seedigyjonatype in the amount of 10 g
per container were sown in the ground. The uséisftype of grass was connected with its
resistance to a high concentration of heavy metatswith other favourable features such
as a rapid growth and a possibility of sowing ity ae@ason of the vegetation period. The
same conditions for vegetation such as temperatgess of light and the same amount of
water were provided to all prepared samples. Deaiun water was used for feeding the
crops. After four weeks the plant matter was gattieirom all samples, weighed to
determine biomass growth and subjected to minetais in a microwave mineralisator;
the content of Zn and Pb in the obtained solutisas determined. Mineralisation of plant
matter was made by means of “Plasmatronic” micr@avanneralisator, by a wet method
under a higher pressure at the temperature of 400K€ content of metals in the solutions
obtained during the mineralisation, was determitigd means of an emission atomic
spectrometer with induced plasma (ICP). The twovhemetals were selected for the
analysis due to their high content in both waspesyused in the experiment.

The measure of mobility and availability of heavegtais for plants is bioaccumulation
coefficient which depends on plant species andrgtquroperties - particularly on pH value
and sorptive capacity. The bioaccumulation coeffitiis a quotient of content of a given



Possibilities of joint management of sewage sluaiy dolomite post-flotation waste 15E

metal in plant to its content in the ground [23]oidlity of heavy metals in soils and the
bioaccumulation coefficient diminishes in the feliag order: Cd > Zn > Ni > Cu > Pb.

Determining the content of heavy metals in synthgtiound used in pot experiments
was necessary to calculate the bioaccumulatiorficeeft. In order to do that, the samples
of initial materials (ground A and B) were takerdaubjected to mineralisation, and in the
obtained solutions the concentration of Zn and Ris wetermined. The content of the
metals in ground C, D and E was determined emfiiyjcasing proper proportions. For all
ground types, their pH value was also determined.

Results and discussion
Figure 4 presents biomass growth depending oryfieedf ground used.
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Fig. 4. Biomass growth depending on the type ofigtb

The highest biomass growth occurred in ground E ifT&ss % of liquid sludge
+ 25 mass % of post-flotation waste). A slightlwer but comparable biomass growth was
found in ground C and D. Yet, biomass obtained frground A (100 mass % of
post-flotation waste) and B (100 mass % of sewdgdge) was by over 11 and over
3 times smaller, respectively from the maximal giowbtained (ground E). Very weak
growth in grass in ground A was caused by the t#ckutrients and humus in waste, and
a fine-grained character of the ground caused #uik bf discharge of excess water
(colmatation), which could lead to the developmehtotting process and lack of seed
germination. Lower plants growth in ground B coblave been caused by the presence of
pathogens and a high content of zinc in waste.drtaysis of biomass growth allows us to
conclude that the use of mixtures of both wasteagissubstratum definitely improves test
plant vegetation conditions in comparison with rgpmponent ground.

In general, plants are resistant even to high aaraton of heavy metals in ground,
which results from a different type of defense naaibms of physiological or biochemical
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character. After a certain level has been exceedethxic effect of heavy metal is
noticeable, showing itself among others in theofeihg:

« disturbances in photosynthesis process;

« disturbances in protein metabolism;

« disturbances in the photosynthesis process;

« disturbances in protein metabolism;

» disturbances in absorbing, transporting and assiimg macro- and micro-components;
« disturbances in respiration;

« changes of properties of plasma membranes.

Small amounts of zinc are necessary for proper Idpmeent of plants.
15+30 mg Zn/kg of sludge solids suffice for coveriheir physiological needs. Excessive
amounts of zinc lead to limitation of growth andedegermination because of disturbed
activity of proteins and disturbed metabolism caubg binding necessary components,
ie Ca, Cu and Fe [25, 26]. Lead belongs to verjctelements, but plants’ tolerance to its
excess is great. This metal can cause disturbaimcése photosynthesis process and
degradation of RNA and DNA, which results in substd limitation of plant growth and
development. Table 4 presents the content of ZnPanth the applied substrata and in the
gathered biomass. It also includes the pH valueasured for different substrata and
bioaccumulation coefficients for Zn and Pb.

Table 4
Content of Zn and Pb in the substrata and in thmbss
Content of metal
[mg/kg s.s.]
pH
Ground ground Zn Pb
Ground | Biomass Bloaccu_m_ulatlon Ground | Biomass Bloaccum_ulaﬂon
coefficient coefficient

A 7.32 25600 4300.8 0.168 6100 414.8 0.068
B 7.11 2850 250.8 0.088 128 19.46 0.152
C 7.23 14225 753.93 0.053 3114 189.95 0.061
D 7.26 19913 856.26 0.043 4607 202.711 0.044
E 7.21 8537.5 435.41 0.051 3146 229.66 0.073

Figure 5 shows the relationship between the vafubeozinc and lead bioaccumulation
coefficient and the substratum.

The research results revealed that when the sbdtsaium is a mixture of both waste
types it contributes to the limitation of zinc atehd mobility and to the decrease of
availability of those metals to plants. The abogsults are confirmed by the calculated
bioaccumulation coefficients. Applying a mixturethvia mass proportion of 25% sewage
sludge and 75% post-flotation waste (ground D) edusearly a fourfold decrease in the
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bioaccumulation coefficient for zinc in comparisaith ground A (100% post-flotation
waste). The same relationships were observed in dase of lead, comparing
bioaccumulation coefficients for ground types B dbd An important role in blocking
migration of Zn and Pb compounds in the soil envinent is played by pH, for which the
optimum value is 6.9+7.2 [27]. When the pH valueeeds 6.5, it limits the amount of
easily soluble forms of Zn and Pb in the soil andos their uptake and accumulation by
plants. As a result, the bioaccumulation coeffitseof those metals are lower. Applying
dolomite waste in the soil leads to stabilisatiérihe pH value at an optimum level and to
limitation of the Zn and Pb mobility in the remaigisoil environment.
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Ozinc ®|ead

Fig. 5. Relationship between Zn and Pb bioaccunmnatoefficient and the substratum

Conclusion

At present, the basic method of sewage sludge neamanf is storage, especially when
the sludge cannot be used for agricultural purpdsesto a high content of heavy metals.
Excessive accumulation of heavy metals in plantsvigng in the ground composed of this
particular waste may cause their infiltration itih@ trophic chain, which poses a potential
threat for people and animals. At the same timereonediation of dolomite post-flotation
waste which is permanently stored in the envirortnieulifficult. The conducted research
proved that creating mixtures of sewage sludgedmhoimite post-flotation waste allows not
only for solving the problem of managing such watsgges but also helps stabilise the
surface of dust waste dumps, ie dumps composedsiffiptation waste. Sewage sludge
provides nutrients, improves vegetation conditiand facilitates biomass growth, whereas
post-flotation waste (thanks to its good sorptivel duffering properties) blocks heavy
metals contained in the sludge and limits theirlaldity to plants. Moreover, the mineral
character of dolomite waste is of great signifi@ror soil creation processes and for
forming permanent compounds with the organic matfethe sewage sludge. The pot
experiments revealed that the optimum ground isxéune with a weight proportion of 75%
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post-flotation waste and 25% sewage sludge. Suehngris characterised by the lowest
availability of heavy metals to the tested plamtd by biomass growth sufficient for proper
stabilisation of the surface of post-flotation veadtimps. The joint management of sewage
sludge by means of creating soil mixtures with cicalty active dolomite post-flotation
waste allows for eliminating nuisance and threatsulting from the specificity of both
waste types.
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MO ZLIWO $CI WSPOLNEGO ZAGOSPODAROWANIA OSADOW
SCIEKOWYCH | DOLOMITOWYCH ODPADOW POFLOTACYJNYCH

Instytut OchronySrodowiska, Politechnika Gstochowska

Abstrakt: Sktadowanie osaddéciekowych jest obecnie podstawpwnetod, ich zagospodarowania, zwlaszcza
gdy dwa zawarté¢ w nich metali ajzkich uniemdliwia ich wykorzystanie rolnicze. Dolomitowe odpady
poflotacyjne, trwale sktadowane éwodowisku, g trudne do rekultywacji biologicznej. Dlatego petdj badania
mozliwosci wspélnego zagospodarowania obu tych odpadéw.ongko 5 déwiadczér wazonowych, twore
syntetyczne podi@ dla rélinnosci z r&znym udzialem osadéciekowego i odpadu poflotacyjnego, w ktérych
oznaczono zawar§é Zn i Pb, poniewa ich koncentracja jest najgisza w stosowanych materiatach oraz
zmierzono wartéci pH. W ddwiadczeniu uyto nasion trawy z gatunkiArgona charakteryzujcej sk
odporndcia na due stzenia metali. W zebranej masieslionej oznaczono zawagé wybranych metali. Dla
okreslenia mobilndci Zn i Pb w przygotowanych podiach obliczono wspoétczynniki bioakumulacii.
Doswiadczenie miato na celu wytypowanie proporcji kajeczniej blokujcej przemieszczanie¢simetali do
roslinnosci. Uzyskane wyniki pozwolity stwierdgi ze podige ziazone z 75% odpadu poflotacyjnego
i 25% osadusciekowego ma mniejgzdostpnas¢ badanych metali eikich dla traw, tj. ma maty wspoétczynnik
bioakumulacji. Metoda wspdlnego zagospodarowaniadd@s $ciekowych poprzez tworzenie mieszanek
glebowych z aktywnymi chemicznie dolomitowymi odpad poflotacyjnymi umgliwia skojarzone
likwidowanie ucizliwosci i zagraen, wynikajacych ze specyfiki obu tych odpadéw.

Stowa kluczowe:osadysciekowe, odpady poflotacyjne, metalezie, sorpcja, wspoiczynnik bioakumulaciji,
zagospodarowanie odpadow
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Abstract: The relative contribution of reduced nitrogen itidaand eutrophic deposition in Europe has been
recently increasing as a result of S&hd NQ emissions abatements. For Poland, the main safrspatial
information on dry and wet deposition of Ni$ the EMEP model with a coarse 50 km x 50 km gifidich may

be insufficient for national scale studies, asN emissions, concentrations and depositions vargiderably
over a short distance. The FRAME model is usedaloutate the spatial patterns of annual average &lH
concentrations and depositions with a 5 km x 5 kid. d’he results correlate well with available measnent
and with spatial patterns of concentrations andosigpns of NH reported with the EMEP, but show higher
spatial variability. The differences in depositibndgets calculated with FRAME and EMEP are less th&b

for wet and 6% for dry deposition. The differendetween FRAME and the Polish Chief Inspectorate of
Environmental Protection interpolation based watadéion budget is 3%. Up to 93% of dry and 53%wet
deposition of NK comes from national activities. The western p&afPaand and the mountains in the south are
strongly influenced by the NHleposition from transboundary transport.

Keywords: ammonia, reduced nitrogen, deposition, FRAME, Rabla

Introduction

Emissions of reduced nitrogen in Poland have falgm1% since 1985, compared
with a 72% reduction of SGand 46% reduction of NGemissions [1]. While S©and NQ
emissions still show a downward trend, the ;N#ission level has stabilized at about
320 Gg since the year 2000. The substantial remtuct SQ and NQ emissions is a result
of the successful application of abatement strategn Poland [2]. The reduction of
emissions resulted not only in decreased nitrogehaid deposition but also the relative
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contribution of chemical species in acid and eutiopleposition has changed, with the NH
deposition gaining in importance [3, 4].

Reduced nitrogen air concentration and depositiomy mhave a number
of environmental impacts, including soil acidificat, eutrohpication of seminatural
ecosystems, biodiversity decrease and formatidimefparticulate matter in the atmosphere
[5, 6]. Therefore detailed information on reducétiogen air concentration and deposition
are necessary. Until recently, the main source patial information on atmospheric
pollutants depositions and concentrations in Polaad the Unified EMEP model [7, 8],
which works on a European scale with a 50 km x m0gkid size. These data were used for
the assessment of the critical loads exceedancktharenvironmental quality targets of the
NEC Directive in Poland [2, 9]. The coarse resolutiof the EMEP model is often
insufficient for regional scale analysis, whereailetl spatial information on atmospheric
concentrations and deposition are necessary egltolate the critical levels and loads
exceedances [10, 11]. This is especially importanteduced nitrogen, because of the very
high spatial variation of its emission sources,agmtrations and deposition [12, 13].

This study presents the results of applying a regiscale model, FRAME, to calculate

spatial patterns of Nfdand NH;, air concentrations and deposition of reduced génofor

Poland. The FRAME model and input data are desgrdoed modelled results of annual
average concentrations and annual depositions diiicesl nitrogen are presented and
compared with the available measurements. The FRABOsition budgets for Poland are
calculated and compared with EMEP data and CIERe{ Inspectorate of Environmental
Protection) measurement-based estimates. The results ofesoereptor analysis are also
presented, to assess the fraction of reduced eitraigposition from national sources and
the transboundary contribution.

Data and methods
Description of the FRAME model

A detailed description of the FRAME model can berfd in [14-16]. The model was
developed from an earlier European scale model, N ERransport over Europe
of Reduced Nitrogen [17]).

The FRAME model is a statistical Lagrangian atmesjghtransport model used to
assess the annual mean air concentration and tiepasii atmospheric pollutants. FRAME
simulates an air column moving along straight-kirsgectories. Trajectories are run at a 1°
resolution for all grid squares at the edge ofrttalel domain. The air column advection
speed and frequency for a given wind directiont&istically derived from radio-sonde
measurements [18]. The adoption of straight liagetitories was found to be successful in
reproducing annual average measurements of gaaeandol concentrations in air and wet
deposition in the UK [15, 19-21].

The atmosphere is divided into 33 separate vertagalrs extending from the ground to
an altitude of 2500 m. Layer thicknesses vary fiom at the surface to 100 m at the top of
the mixing layer. The high vertical resolution betmodel makes it especially useful for
reduced nitrogen assessment, as the anthropogemisien sources of NHare usually
located near the ground surface. In fact, FRAME waginally developed as thEine
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Resolution AMmonia Exchange model and was used to simulate transport and deposf
reduced nitrogen over the UK [14].

Vertical diffusion in the air column is calculateding K-theory eddy diffusivity and
solved with the Finite Volume Method. Point souerrissions are treated individually with
a plume rise model. Additional information on stdehght, temperature and velocity of the
outflow gases are used to calculate an effectiviesoms height [22]. The plume reaches its
maximum height when temperature is equal to theosading environment and its
momentum is dissipated. Buoyancy forces dominatgthme rise, which is parameterized
separately for stable conditions and for neutral anstable conditions according to the
Pasquill-Gifford stability classes. The depth of thoundary layer in FRAME is calculated
using a mixed boundary layer model with constarteptial temperature capped by an
inversion layer with a discontinuity in potentiainiperature. Solar irradiance is calculated
as a function of latitude, time of the year andetiof the day. Initial gas and aerosol
concentrations at the edge of the model domaincateulated with FRAME-Europe,
a European scale model working with a 50 km x 50 kasolution. Trajectories
in FRAME-Europe were initialised with global backgnd concentrations of gases and
aerosol based on measurements from remote sitesnidel was run over the EMEP
50 km x 50 km domain and the directionally depemdgas and aerosol concentrations
output to datafiles which, after performing a Gi®idransformation from the EMEP to the
Polish national grid, were used to initialise cartcations in a FRAME Poland simulation.

FRAME assumes constant Nlemissions over the year. Recent studies have shown
however that the application of the seasonally mgrgmissions of ammonia is of certain
importance, as a result of eg increased volatitinadue to high temperature in the summer,
manure spreading etc [12, 23]. Therefore developnoénthe seasonal version of the
FRAME model is needed and will be undertaken inftitere.

The chemical scheme used in FRAME is similar to dhe employed in the EMEP
Lagrangian model [24]. The model chemistry includgs phase and aqueous phase
reactions of oxidized sulphur and oxidized nitrogew conversion of NHto ammonium
sulphate and ammonium nitrate aerosol. The prognokemical variables calculated in

FRAME are: NH, NO, NO;,, HNG;, PAN, SQ, H,SO, as well asNH,, NO; andSOf[

aerosol.

Dry deposition velocities of SO NO, and NH are ecosystem specific and are
calculated individually to five different land caveategories (forest, grassland, moorland,
urban and arable). For ammonia, the depositioncitglis generated from the sum of the
aerodynamic resistance, the laminar boundary legsistance and the surface resistance
[14]. Information on wind speed needed for caldatatof dry deposition is derived from
climatological stations in Poland.

The model employs a constant drizzle approach ugmegipitation rates calculated
from a climatological map of annual precipitatioor fPoland [25]. Wet deposition of
chemical species is calculated using scavengingficieats based on those applied in the
EMEP model. An enhanced washout rate is assumed reantainous areas due to the
scavenging of cloud droplets by the seeder-feeffiecteo calculate local scale orographic
enhancement of precipitation and concentration.[Z8F washout rate for the orographic
component of rainfall is assumed to be twice thalcudated for the non-orographic
component. The factor of two for orographic enhammet is supported by the
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measurements performed in Poland by [26, 27]. Thmeasurements showed elevated
concentrations of dissolved ions in rain waterilhareas due to the scavenging of polluted
hill cloud droplets by precipitation.

The model code is written in High Performance Fort®0 and executed in parallel on
a Linux Beowulf cluster comprising of 60 dual presers. The run time for a simulation
employing 100 processors to calculate average &rtmrecentration and deposition is
25 minutes.

Emission data

Total emission of Nklfrom Poland was estimated to be 325.0 Gg in tler 2602,
which is the year of interest in this paper. Theiamal total emissions are given here
according to the national emission inventory [1dl dine year 2002 is chosen as a reference
because the detailed census data, necessary nmastpatial patterns of emissions, are
available for this year, therefore reducing undsties.

Agriculture contributed 96.5% (313.8 Gg of NHof the total emission of N{in
Poland in 2002, the remainder came from wastentrestt (2.5%) and production processes
(1.0%). The national totals of NHemissions from other sources, discussed by [28],
including catalytic converters are not availablénefle are also large discrepancies in
estimation of total agricultural emission of amn@m Poland. This stems from different
emissions factors that are in use. Recently [2%a$ suggested that emission factors for
Poland are generally lower than those that areentlyr in use for Western Europe, and
which are applied by [1]. This is because of dédfezes in agricultural practice. The total
ammonia emission from agriculture, estimated by, [29about 10% lower than calculated
by [1] with emission factors suitable for Westerarépe. The differences in the estimated
emission from fertilizer application are even highaed exceed 30% which means that the
spatial patterns of emissions from various agngalt sources can differ significantly if
different emission factors are used. In this patiex,emission factors proposed by [1] are
applied, as they are also used in official natiaeglbrts, including EMEP reports. Because
the FRAME model results are compared here withBREEP estimates, the application of
the emission factors used by [1] is justified.

Spatial patterns of N{Hagricultural emission from animal breeding andtilfeer
application for Poland were prepared with a 5 ki km spatial resolution (Fig. 1) using
the methodology similar to that proposed by [3G}m® modifications were necessary as
the input data for spatial estimation of emissiarse different from those used by [30].
Spatial data on the animal number and fertilizersoonption, provided by the [31], were
combined with the emission factors [1] and Corirandl Cover data [32] to calculate the
spatial patterns of yearly Ntemission from different agricultural sources foe threa of
Poland with 5 km x 5 km grid size. The data on alinumbers were available at commune
level (average size of 126 Km while fertilizer consumption was only obtainabde
province level. This should be considered as a blaal as the provinces are recognizable
on the emission maps, but no other data on festipplication were available (Fig. 1). The
emissions are gridded separately for cattle, pmmjltry, sheep, horses and fertilizer
consumption and mixed into the model lowest surfigers with a source-dependent
emissions height. The rest of the model domairontries bordering Poland, is covered
with data from the EMEP expert emission invent@¥][
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Spatial resolution of the Nfmission is set to 5 km x 5 km to be in accordanitie
the FRAME model grid size. The same spatial regmius, for example, used in the UK for
the regional scale modelling of the reduced nitrofgnd further for the critical levels and
loads assessment [30, 34]. The recent studiestiMtirFRAME model, performed by [35],
show the need for higher spatial resolution of tiedel and emissions data and suggest
400 m x 400 m resolution for ammonia emissions mweg [12, 13, 23]. But this is
certainly not at present a realistic propositionthie case of Poland because of lack on
necessary input data.

0 100 km 0 100 km

e
t3
L3

RoE

3
E

8 0% ] 4 ]
Fig. 1. Ammonia emission from three main source2®2 (units are kg(N-N# ha® y™): a) pigs

(95 Gg NH in 2002), b) cattle (80 Gg), c) fertilizer applica (84 Gg) and d) total agricultural
emission of NH (314 Gg of NH)

p2E
P4

The uncertainty related with the aerial Némissions inventories is usually higher than
for SO, or NQ,, as there is a large number of influencing fac{&s12, 23, 34]. The
emission factors may change according to the fgedimd animal management practices.
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Emission of ammonia depends also on meteorologmadiitions, that change both in space
and time and, due to the input data limitations;ew®t considered in this paper. The other
issue is related with the spatial allocation of ¢éingission sources within a commune, which
can be associated with considerable uncertaintynapping emissions, particularly for
intensively farmed livestock such as pigs and pgulthis issue has recently been discussed
in detail by [34]. Recent studies have shown howdvat the application of the seasonally
varying emissions of ammonia is of certain imporgnas a result of eg increased
volatilisation due to high temperature in the summeanure speeding etc [12, 23]. These
features are currently under development in FRAME awill be available in the
forthcoming version of the model.

Point source emissions data for the European Uniembers were taken from the
EPER database [36]. If available, additional infation is provided to calculate the
effective emission height. These include data om $tack height and diameter and
temperature and exit velocity of the outflow gadesr the non-EU countries the EMEP
expert emission data were used [33]. Exactly 48elgsoint sources from the area of the
model domain were used for simulations, emittingro# Gg of NH. The point source
emissions of NQ and SQ were also taken from the EPER database. The &fd SQ
emissions from area and line sources were spatialyibuted using the method proposed
by [37].

Meteorological data

Wind frequency and wind speed roses employed in MRAise 6-hourly operational
radiosonde data from the stations of Wroclaw, Legwo, Leba, Greifswald, Lindenberg,
Prague, Poprad and Kiev, spanning the whole 2082 period (Fig. 2). The wind roses
were calculated based on the methodology proposedl®], which was previously
successfully applied for the UK FRAME simulatiohigh resolution precipitation data for
year 2002 were developed based on the methodolagogped by [25]. The data are based
on the long-term precipitation measurements, dphatiaterpolated with the residual
kriging. This is one of the multidimensional intelation schemes, considering various
atmospheric processes influencing spatial patténorecipitation during the interpolation
procedure.

Fig. 2 Wind frequency rose (% per “1Badial band) (a) and wind speed rose used for FRAM
simulations for year 2002 (b)
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Model evaluation

FRAME calculated spatial patterns of annual averaigeconcentration and yearly
deposition (dry, wet and total) for reduced nitnogge compared with the EMEP model
results. Wet, dry and total national depositiondrid are calculated for the FRAME model
and compared with the estimates presented by EMERCS#EP (wet deposition only [38]).
It should be noticed that CIEP wet deposition budggimates are based on 25 point
measurements of ion concentrations in rainfall Whace spatially interpolated to produce
maps of wet deposition in Poland.

lon concentrations of atmospheric pollutants imfedl are measured at 25 stations in

Poland and are used here to validate the FRAME teatieet deposition olH; . Error

statistics proposed by [39, 40] are calculated dhase measured and modelled wet
deposition data. The error metrics are: mean bMB)( mean absolute gross error
(MAGE), root mean square error (RMSE), mean nomedli bias (MNB) and mean
normalized absolute error (MNAE).

There are four stations, all operating in the EMB&work, which measure air

concentrations of ammonia and ammonium (total mé$éH; + NH;) with the filter pack

samplers. A low number of sites that measure; Nifd NH; concentrations in air

is common also for other European countries, whielikes model validation difficult. The
EMEP measuring sites operating in Poland are JarqZ°49'N 21°59'E), Sniezka
(50°44’'N 15°44’E), Leba (54°45'N 17°32’E) and DiablGora (54°09’'N 22°04’E) and
these data are also used here as a complementasyief model performance. A recently
located fifth site has been running within the bEurope programme since the end of 2006
and therefore was not included.

It should be noticed that the FRAME model has balso extensively verified for the
UK including comparison with an extensive monitgrimetwork of over 90 sites for
ammonia concentrations [15].

Source-receptor analysis

The aim of the source-receptor analysis is to agseifluence of national emissions
and the transboundary contribution on depositiomediuced nitrogen in Poland in 2002.
Two FRAME simulations were undertaken, one (basmulsition) with the emissions data
from Poland and surrounding countries, as well a@sindary concentrations from
FRAME-Europe (50 km x 50 km) included. For the setsimulation (PL-only), only the
Polish-based emission sources were taken into at@wd boundary concentrations were
set to zero.

The transboundary contribution of reduced nitrogksposition was calculated by
subtracting the PL-only simulation results from these simulation. The resultant maps,
showing the differences between base and PL-omniylation as well as fraction of reduced
nitrogen deposition from transboundary contributoa presented.
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Results and discussion

The highest NHKlair concentrations are estimated by the FRAME rhfmtehe areas of
intensive agriculture production in central Polaiedin the vicinity of high emission from
fertilizer application and animal breeding. AlsoetiEMEP model predicts the high
concentrations for that area although the FRAMEWdated spatial pattern is more complex
due to the higher spatial resolution of the FRAMBdel. The highest estimated annual
average concentration of NHexceeds Tuig mi° of NH; for the few 5 km x 5 km grid
squares located in the area of high emission a&igig from pigs and cattle breeding
(16°58’E, 51°41'N). This means that the long-terntical level, suggested by [41] of
3 g m® of NH; might be exceeded there and cause shifts in speoi@position and also
species extinction. The recent findings, presertgd[35], show that in some cases
5 km x 5 km resolution of the FRAME model is shiibufficient and there might be strong
sub-grid variations in ammonia concentrations @itinity of emissions sources.

FRAME calculated spatial pattern of annual {\tit concentration is in general similar
to that estimated by the EMEP model. The largeftréince is located for the EMEP grid
west from the 22° meridian and north from 51° datalln this area a large fertilizer
production site is operating (Zaktady Azotowe “Rwd), with an annual NH emission
exceeding 600 Mg of NH[34]. This emission source was included into timaission
inventories used in FRAME (as a point source), thet EMEP emission inventory shows
the high emission in this area from the agriculti@sected Nomenclature for Air Pollution
- SNAP sector 10) ie close to the surface, not petdn processes (SNAP sector 4) and
this may be the cause of the observed discrepancies

Monitoring of reduced nitrogen air concentrationsHoland occurs only at a small

number of sites and provided as a total mass oftNMH; (gas + aerosol) nitrogen. One

station (Leba) is located on the sea shore whilezBa (1603 m a.s.l.) is on the mountain
top, therefore these stations are not optimal fodehvalidation. The FRAME modelled air

concentrations of N+ NH;, are however in reasonable agreement with the measuts,

with the MB of 0.32 and MAGE of 0.62 (error statistfor EMEP model are: 0.60 and
0.74, respectively).

Dry deposition, modelled with FRAME, is the high@stthe source areas of central
Poland, where large emission from animal breedmgcombined with relatively high
fertilizer consumption (Fig. 1). In contrary the EM model shows the highest dry
deposition close to the fertilizer production site south-east Poland. The possible
explanation of these differences was previouslgudised for concentrations. In general,
FRAME modelled dry depositions are locally highkarn those estimated by the EMEP
model. This can be attributed to the finer gricoteon of the FRAME model, resulting in
a larger spread in the range of modelled concéntraand depositions, particularly where
high emissions are concentrated in small areas.

Remote mountainous areas in the south have drysdepoof reduced nitrogen well
below 1 kg N hay™. In contrast, these areas suffer from high webdiion (Fig. 3). This
is due to higher precipitation and the influencetioé seeder-feeder effect, which is
represented in the FRAME model by an enhanced esgawg coefficient for orographic

precipitation. Wet deposition ofNH}, calculated by the FRAME model can exceed
15 kg N ha'y™ where the EMEP model estimates do not exceed tkg'y .
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In general, spatial patterns of wet deposition¢cwated with the FRAME and EMEP
model are similar. Both models estimate the highettdepositions over the mountainous
areas in the south, which is caused by high priatiph supported by the enhanced washout
rate in FRAME where the seeder-feeder effect isceored. Central Poland is the second
region of above average wet deposition, as thikassource region of emission, causing

large air concentrations of both NEind NH; .

The FRAME estimates of wet deposition are in gogeeement with the measurements
(Fig. 4), with a determination coefficient above/.0The FRAME model significantly
overestimates the wet deposition for the Kaspraagian (Tatra Mts., 1987 m a.s.l.) for the
year 2002. Simultaneously, for the other mountanomeasuring site (Sniezka,
1607 m a.s.l.) the model calculates the wet depasitorrectly. This might suggest that the
seeder-feeder process parameterization is notatecfar the whole of Poland and this will
be further investigated. In the more continentahate of the Tatra Mts., however, the air is
on average less humid than in a more maritime ¢ins that we would expect the
seeder-feeder effect to be less influential [24e problem might also be related to the
specific meteorological conditions in 2002, for ahia significant amount of yearly
precipitation in the Tatra Mts. area (where Kaspratation is located) was from summer
convective rain. lon concentrations in precipitatfoom convective clouds are usually low,
therefore resulting in low wet deposition [26]. Eefor the seeder-feeder parameterization
long-term climatological data were used.
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Table 1
Error statistics for wet deposition of reducedaggen (Kasprowy station excluded)
Metrics FRAME EMEP
MB —0.01 -0.77
MAGE 0.60 1.08
RMSE 0.73 1.46
MNB 0.01 -0.12
MNAE 0.13 0.21

Error statistics calculated for the wet depositioh the reduced nitrogen are
summarized in Table 1 for the FRAME and EMEP madelsase of the FRAME model,
all statistics suggest that the modelled wet dejoosis accurate, with relatively small mean
errors. MB is close to zero, therefore there isgeoeral under or overestimation of the
FRAME modelled wet deposition, which is importanot the critical loads assessment in
Poland. The error statistics, calculated for théAME and EMEP model suggest that the
former performs better and the estimated wet dépass more reliable. The EMEP model
tends to underestimate wet deposition of the retiniteogen, with the average error being
two times larger than calculated for the FRAME data

Total mass of reduced nitrogen deposited in the 682 in Poland, as estimated by
the FRAME model, is close to 227 Gg of N (Tablea)l this is about 40 Gg of N less than
was emitted. The FRAME estimated dry, wet and totgbosition budgets of reduced
nitrogen are in close agreement with the EMEP dite. FRAME dry deposition budget is
smaller than that estimated by the EMEP model, ewwtt deposition is larger. This is in
accordance with the error statistics described abahich suggest the EMEP model tends
to underestimate the wet deposition, while the Micalated for the FRAME model is
close to zero. According to the FRAME model estasatNH contributes to 86% of dry
deposition within the domain. Simultaneously, FRAMEt deposition budget is close to
the measurement-based estimates presented by G&Rid the differences are smaller
than 5%. The FRAME estimated wet deposition budtg&?% larger than estimated by the

EMEP model. The wet deposition budget is dominatedNH; , contributing 90%.

Table 2
Dry, wet and total deposition budget in Poland®2 (Gg of N)
FRAME EMEP CIEP
Dry 80.4 85.9 Not available
Wet 146.5 125.1 151.3
Total 226.9 211.1 Not available

The differences between the FRAME and EMEP depostilidgets can be considered
as small (approximately 6% for dry and 17% for wejposition), taking into account
different input data and model formulations. Thé@sdude the emissions inventory and
dissimilarities in models construction, particjadoncerning the grid size and vertical
resolution as well as chemical and physical paranzttions and the fundamental
difference between a Eulerian model driven by aemmtiogical model and a statistical
Lagrangian model employing simple representatiometeorological conditions. The effect
of different grid size on modelled concentrationd depositions is summarized in Figure 5.
While the mean concentrations and depositions,utatkd for the area of Poland, are
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similar for FRAME and EMEP, there are large disameges in the maximum values.
FRAME predicts higher maxima of concentrations aegositions, which are averaged
over the coarse grids of the EMEP model. The odifégrences between the FRAME and
EMEP model, which may be of special importance g odelling, are related with high

vertical resolution and assumed constant emissidiHy over the year for FRAME. The

first vertical layer of the FRAME model has 1 m,iletfor EMEP it is 90 m. This may be

important as the most NHemissions come from sources located near the driewel.
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Fig. 5. Boxplots calculated from FRAME and EMERiresttes of NH concentrationsyg NHs m™] and
dry and wet depositions of reduced nitrogen [kgaNyTY for the area of Poland. Statistics are:
minimum, £ quartile, mean, "3 quartile and maximum

The source attribution analysis, performed withFRAME model, shows that national
emission of NH is responsible for almost 64% of total depositarreduced nitrogen in
Poland, while the EMEP estimates suggest that 8% bf the total deposition is from
national emissions sources [42]. According to FRAMEImates, up to 93% of dry
deposition in Poland comes from national activitiehile the transboundary contribution
reaches 53% of wet deposition. This is in agreemétiit the deposition maps presented
earlier, where dry deposition is high close to¢h@ssion sources and wet deposition being
related, in general, to the areas of high predipitaand, to a lesser extend, with high
emission (central Poland).

The western part of Poland and the mountainoussaieahe south are strongly
influenced by the deposition of reduced nitrogenfrtransboundary transport (Fig. 6). In
the mountains over 80% (locally over 90%) of thaftdiH, deposition comes from sources
located outside of Poland. Very similar spatialtgrais, calculated with the EMEP model,
were presented by [42].
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Summary and conclusions

Spatial patterns of air concentrations of N\&hd dry and wet deposition of reduced
nitrogen were estimated at a 5 km x 5 km spatiabltgion using the Fine Resolution
Atmospheric Multi-pollutant Exchange model (FRAMEJhe model results show good
agreement with the available measurements of waisigon. For ammonia and ammonium
concentrations only four measuring sites were akbl for comparison so a detailed
verification of modelled concentrations could no¢ lindertaken, although FRAME
estimates were found to be in reasonable agreemitnthe measurements. As the reduced
nitrogen is an issue of raising importance, the lmemof air concentration measuring sites
should be increased.

Future improvements of the FRAME model should beused on the seeder-feeder
parameterization. The process is responsible foptiediction of high wet deposition over
the mountainous regions in the south of Polands Timy lead to exceedance of critical
loads for nitrogen deposition, therefore the rééabparameterization of the seeder-feeder
process in the model is of importance. The othald fof the future improvements is related
with development of the seasonal version of the MEAmModel. This may improve the
modelling results, as suggested by [12, 23], asathenonia emissions change within the
year considerably.

The spatial patterns of concentrations and depasiticalculated with the FRAME
model, are in general similar to those obtainedth®y Unified EMEP model. The high
resolution of the FRAME model results however ircdly higher concentrations and
depositions estimates then in case of the EMEP haoudkleads to a better estimation of the
wet deposition described by the error statistidss Tnight be crucial in critical levels and
loads assessment as the higher concentrationsepiogitdons calculated locally by FRAME
can result in exceedances over the areas whereutiently used EMEP deposition
estimates are below the critical load threshold.

High spatial and vertical resolution, good corrielas of results with measurements and
with other data sources (EMEP, CIEP) are amongntaé advantages of the FRAME
model. The short run time of the model, compareth womplex Eulerian ones, is also
a virtue especially if a large number of sourceeptor simulations or emission scenarios
have to be investigated. The Fine Resolution Atrhesp Multi-pollutant Exchange model,
FRAME, can therefore be considered as a useful $apborting government policy in
assessing the effects of abatement of pollutant ggaissions, critical loads and levels
exceedances and in Integrated Assessment Modallingland.
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MODELOWANIE ST EZEN | DEPOZYCJI AZOTU ZREDUKOWANEGO
| PRZYKLADY ZASTOSOWA N DLA POLSKI

Zaktad Klimatologii i Ochrony Atmosfery, InstytutgBgrafii i Rozwoju Regionalnego, Uniwersytet Wroeski
Centrum Ekologii i Hydrologii, Edynburg

Abstrakt: W wyniku skutecznej redukcji emisji SO NOx wzrasta wzgidny udziat azotu zredukowanego
w zakwaszaniu i eutrofizacjsrodowiska przyrodniczego w Polsce i calej Europ@odwnym zrodiem
przestrzennej informacji o suchej i mokrej depozitly w Polsce jest model EMEEropean Monitoring and
Evaluation Programme), pracujcy z przestrzenp rozdzielczécia 50 km x 50 km. Ze wzgtlu na dua
zmiennd¢ przestrzengp w emisji, koncentracji i depozycji NHaka informacja mige byt niewystarczajca dla
analiz w skali regionalnej. W pracy zastosowano ehétRAME (Fine Resolution Atmospheric Multi-pollutant
Exchange) do obliczeniasredniorocznych gten azotu zredukowanego oraz jego suchej i mokrej degio
w rozdzielczéci przestrzennej 5 km x 5 km. Uzyskane wyniki wyljazduza zgodnd¢ z dostpnymi danymi
pomiarowymi oraz z przestrzeqrinformach obliczory za pomog modelu EMEP, wykazag jednoczénie
znacznie wikszz zmiennd¢ przestrzenp R&nice w bilansie depozycji, obliczonym za pormpazacunkéw
FRAME i EMEP, nie przekraczaj17% dla depozycji mokrej i 6% dla suchej. ZRice mikdzy FRAME
a szacunkami polskiego Gléwnego Inspektoratu Oghfndowiska § na poziomie 3% w przypadku mokrej
depozycji. W pracy wykazano tad ze 93% suchej i 53% mokrej depozycji azotu zredukmga w Polsce

pochodzi z emisji zerddet krajowych. Transgraniczny naplyw zanieczysacma najwiksze znaczenie na
obszarze zachodniej Polski oraz w gérach na potukiraju.

Stowa kluczowe:amoniak, azot zredukowany, depozycja, FRAME, Polska
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EFFECT OF SELECTED NATURAL ESSENTIAL OILS
ON in vitro DEVELOPMENT OF FUNGUS Trichoderma harzianum
FOUND IN COMMON MUSHROOM
(Agaricus bisporus) CULTIVATION

WPLYW WYBRANYCH NATURALNYCH OLEJKOW ETERYCZNYCH
NA ROZWQOJ IN VITRO GRZYBA Trichoderma harzianum WYSTEPUJACEGO
W UPRAWIE PIECZARKI DWUZARODNIKOWEJ ( Agaricus bisporus)

Abstract: Investigations on the effect of selected naturaéesal oils on the development (mycelium growtd an
sporulation) of fungu§richoderma harzianunfiound in common mushroomi\@aricus bisporusgrowing were
conducted in 2008 at the Department of Plant PtiotedVlethods, the Poznan University of Live Scienckhe
following natural essential oils were analyzed:i@oder oil Coriandrum sativury) manuka oil Leptospermum
scopariun), lavender oil lavandula officinali}, peppermint oil entha piperitd applied at concentrations of
250, 500 and 1000 pg/érof potato dextrose agar (PDA medium produced byck€o.). All essential oils used
in the analyses were produced by “Pollena Aroma”i@&arsaw.The control combination was potato dextrose
agar with no oils added. A strong inhibitory actimducingin vitro growth of Trichoderma harzianumvas
recorded in case of manuka oil at a concentratidg06 and 1000 pg/chPDA. Inhibition of fungal growth was
statistically significant and 4 days after mediumodulation it amounted to 67.4 and 64.7% in refatio the
control, respectively. After application of all ted natural essential oils sporulation of the funguas
significantly reduced at 6 days after medium inatioh, by 50.2+99.9%.

Keywords: common mushroomAgaricus bisporus Trichoderma harzianupdevelopment, inhibition, natural
essential oils

Within the last twenty years the production of commnmushroom has been growing.
However, for several years now considerable lose® libeen recorded in the growing of
edible mushrooms, caused by the appearanciidfiodermafungi. In plant protection
these saprotrophic soil fungi were known beforeagents of biological control of
numerous pathogenic fungi [1-7]. They are usedéalypce biopreparations applied against
pathogenic fungi found on plants [8-11].
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* Corresponding author: rgorski@up.poznan.pl
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In edible mushroom crops fungrichodermaspp. cause green moulds attacking both
the substrate with the developing mycelium of commuwshroom, oyster mushroom and
shiitake, and their fruiting bodies [12-19].

So far, effective methods of protecting mushroomairsst green moulds have not
been developed. Available chemicals are not vdigieft and, at the same time, they pose
a risk of toxic substance accumulation in fruititgpdies. Studies aiming at the
development of an effective protection program olticated mushrooms using natural
preparations are gaining in importance.

The aim of this study was to evaluate the effectadécted natural essential oils on the
development ofTrichoderma harzianunfound in the common mushroonfdaricus
bisporug crop.

Materials and methods

Investigations on the effect of selected naturakee8al oils on the development of
Trichoderma harzianunwere conducted in 2008 at the Department of PlanteBtion
Methods, Poznan University of Live Sciences, Poland

Table 1
A list of major chemical compounds found in nat@ssential oils used
in the study and their contents (%) [36-40]
Essoe”n tial Monoterpenes MS::;?; Sesquiterpenes  Esters Cinnamate| Ketones Oxides
Alpha-selineng
7.7
Beta-
caryophyllene
Alpha-pinene S/
Manuka 4.9 . Alpha- Geranyl Trans 1.8 cineole
. Linalool 3.1 humulene 5.6 Methyl -
oil Myrcene 2.1 acetate 1.4| . | 2.1
; R Beta-elemene cinnamate %
Beta-pinene 1.6 59
Gamma-
ylangene
+Alpha-
copaene 2.6
Pepper-| Alpha-pinene Menthol Menthyl Menthone . |
mint oil 1-4 _ 30-45 - acetate - 17-31 |1.8 cineole §
Linalool 0-2| 2-10 Pulegone 1
Gamma-
terpinene
Coriande 0‘3'1.1'2 Linalool 58 Geranyl Camphor
oil Alpha-pinene 80.3 - acetate - 351 -
0.2-10.9 8-12
p-cymene
0.1-8.1
Myrcene 1-2
Beta-pinene | Linalool Beta
Lavender  0.8-2.6 18-42 caryophyllene Linyl acetate . ) 1.8 cineole
oil Alpha-pinene | Terpinen- 0.5-1.9 20-40 28-34.9
0.6-1.9 4-ol 3 T
Ocimene 0.5
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The following natural essential oils were analyzediriander oil Coriandrum
sativun), manuka oil Leptospermum scopariymavender oil Lavandula officinali¥ and
peppermint oil Kentha piperita, which were applied at concentrations of 250, 50d
1000 pg/cm of potato dextrose agar (PDA medium produced byck€o.). All essential
oils used in the analyses were produced by “Poll@nama” Co. in Warsaw. For
comparison, effectiveness of an organic fungicidavB 500 SC (50% chlorothalonil) at
a concentration of 2200 pg/énPDA was also estimated. Specified amounts of the
above-mentioned preparations were added to theumedihe control combination was
potato dextrose agar with no preparations addeeé. &xperiment was performed in six
replications. The strain dfrichoderma harzianunused in the experiment was isolated on
12.05.2005 from the substrate based on straw aaltrpalung, in the common mushroom
farm in Mikulice near Turek. For the inoculation media, 5-mm discs collected from the
margin of a 7-day-old culture of. harzianumwere used. Petri dishes (85 mm) were
incubated at 23°C in the dark. Fungal colonies weeasured after 2, 3 and 4 days in two
perpendicular directions and next their diametes walculated. Six days after medium
inoculation, the sporulation of fungiis harzianunwas determined using a hemocytometer,
and the recorded data were calculated using theafiolg formula:

_ X [1000
0.00¢

where: S - number of conidia in 1 €rsuspension, X - mean number of conidia in
suspension over one large area.

Efficiency of the preparations was determined an lthsis of a comparison of fungal
colony diameters and concentrations of conidialpsasions in relation to the control
combination. Results were analyzed statisticallgeldaon the t-Student’s test at the
significance level p = 0.05.

Results and discussion

In Poland such fungicides as Sporgon 50 WP (proah)p Bravo 500 SC
(chlorothalonil) and Bravo 75 WG (chlorothalonilearecommended in the protection of
common mushroom crops against diseases: wet bufleogene perniciogaand
verticillium spot and dry bubble Verticillium spp.) [20]. However, there are no
recommendations concerning chemical control of ifdrgnm genusTrichoderma,causing
cluster mould in common mushroom growing.

However, chemical protection agents, including faiugs, have a negative effect on
mycelium growth in common mushroom, they reduceeldgi and pose a risk of the
accumulation of toxic substances in fruiting bodigbis also pertains to preparations
recommended in common mushroom farming [19]. Tiésmpts researchers to search for
alternative methods to control fungi from gerfuschoderma as well as other pathogens
found in common mushroom growing. A promising optie connected with the application
of natural origin preparations, including essentitd, characterized by a complex chemical
composition (Tab. 1), with many of their compoumdibiting bactericidal and fungicidal
properties.

The natural manuka oil used in this study at a entration of 500 and 100@y/cnt
medium strongly inhibited the development of fundls harzianum similarly as the
compared organic fungicide Bravo 500 SC (Tab. e Thhibition of mycelium growth
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was statistically significant and at 4 days afterculation amounted in case of the essential
oil to 67.4 and 64.7%, while in the combinationhwihe applied fungicide it was 68.8% in
relation to the control.

Table 2
Growth of Trichodermaharzianumon PDA medium with an addition
of natural essential oils or agent Bravo 500 SC
. No. of days from the date of medium inoculation
Agents and their > 3 2
con(ﬁgéries?n n (_:olony % inhibition (_:olony % inhibition (_:olony [%
[Hglem?] diameter ' or diameter ' or diameter inhibition]
[mm] increase (+) [mm] increase (+) [mm]
Manuka oil
250 25.6 ¢ 38.8 452 ¢ 37.1 61l.2c 28.0
500 10.0a 76.1 189a 73.7 27.7a 67.4
1000 109 a 73.2 194 a 73.0 30.0 a 64.7
Peppermint oil
250 38.4¢e 8.1 71.5 ef 0.4 85.0d 0
500 38.8¢e 7.2 70.0e 2.5 85.0d 0
1000 18.6 b 55.5 34.9b 52.4 52.7b 38.0
Coriander oil
250 43.0h +2.8 75.2 9 +4.5 85.0d 0
500 40.6 efg 2.9 70.6 e 1.7 83.0d 2.4
1000 35.2d 15.8 63.2d 12.0 84.4d 0.7
Lavender oil
250 41.6 fgh 0.5 74.6 fg +3.8 85.0d 0
500 39.4 ef 5.7 71.8 efg 0 85.0d 0
1000 38.8¢e 7.2 69.4 e 3.3 85.0d 0
Bravo 500 SC
2200 9.0a 78.5 20.0 a 72.1 26.5a 68.8
Control 41.8 gh - 71.8 efg - 85.0d -

" Means in columns denoted with identical lettersndo differ significantly (p = 0.05) according t&Student’s
test

A significant, although much lower reduction of rejlam growth of the investigated
pathogen was observed also on media with an addiib manuka oil applied at
a concentration of 50@g/cnt and peppermint oil at 10Q@y/cn¥, which on the last day of
observations was 28 and 38%, respectively.

In all combinations of analyzed preparations aificant inhibition of sporulation in
T. harzianumwas found, amounting from 50.2% (coriander oil502ig/cn?) to 99.9%
(manuka oil - 500 and 10Q@/cnT and Bravo 500 SC - 22Q@/cnT) (Tab. 3).

The above results af vitro analyses conducted by the authors of this studigate
high efficiency of a natural origin preparation,essential manuka oil, in the reduction of
growth in fungusT. harzianum most frequently causing cluster mould in common
mushroom farming. The analyzed essential oil i® dikely to prove effective under
common mushroom farming conditions.

In other studies conducted by Gorski et al [23}dis found that essential oils, such as
geranium oil Pelargonum graveolefsand thyme oil Thymus vulgarls completely
inhibited growth and sporulation of funglis harzianumirrespective of their concentration
in the medium. A strong action limiting growth dietanalyzed pathogen was also found for
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basil oil Ocimum basilicur) applied at a concentration of 1006/cn?. Mycelium growth
inhibition at 6 days after medium inoculation wa3.36, while that of sporulation
amounted to 93.7%.

Table 3
Sporulation offrichodermaharzianumon PDA medium with an addition of natural essértiis
or agent Bravo 500 SC; observations at day 6 fieerdate of medium inoculation

Agents and their concentration Concentration of conidia [% sporulation
in medium [ug/cnT] [no./cn] inhibition]
Manuka oil
250 1.90x 16a 99.8
500 1.00 x 1ba 99.9
1000 1.00 x 1Da 99.9
Peppermint oil
250 2.41 x 16bc 70.0
500 1.46 x 1bab 81.8
1000 1.50 x 10a 98.1
Coriander all
250 4.00x16¢c 50.2
500 6.30 x 18ab 92.2
1000 6.70 x 1Dab 91,7
Lavender oil
250 3.78x16¢ 53.0
500 3.60 x 16¢c 55.2
1000 1.10 x 1bab 86.3
Bravo 500 SC
2200 1.00x16a 99.9
Control 8.04 x 16d -

" Means in columns denoted with identical lettersndo differ significantly (p = 0.05) according tétudent’s
test

There is no other information in literature condegnapplicability of natural essential
oils in the control of fungi from genus$richodermaoccurring in common mushroom
growing. However, literature sources give data ba toxic action of essential oils in
relation to other plant pathogens. It was showhdheaway oil Carvum carvj, peppermint
oil (Mentha piperitd and thyme oil Thymus vulgarjsunderin vitro conditions resulted in
a total growth inhibition oPythiumspp. andrusarium sulphureuni22]. Their activity is
similar to that observed in the combination witle thpplication of synthetic fungicides.
Strong toxic properties of thyme oil and its actigempounds, such as thymol and
carvacrol, against a wide spectrum of microorgagisvas found by Soliman and Badea
[23]. In in vitro studies this oil reduced growth d@fspergillus parasiticusA. flavus
A. versicolor, A. ochraceusaandFusariummoniliforme At the same time volatile substances
of thyme oil to a considerable degree reduced gextiain of spores of the above mentioned
fungi. In another study Dorna et al [24] observeat soaking of carrot seeds in a thyme oll
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solution to a considerable degree reduced thedstafion byAlternaria spp. in comparison
to untreated seeds. According to Reddy Bhaskat E254 a considerable effect on the
efficiency of natural essential oils, including thy oil, was observed not only for their
chemical composition, but also the level of chemicampounds they contain. In the
experiments conducted by the authors of this sasbential oil produced from clonal type
Laval 2 thyme exhibited a stronger action in relatio pathogens infecting strawberry, such
as Botritis cineraeand Rhizopus stoloniferthan oil produced from clonal type Laval 1
plants. It turned out that oil coming from thymertdl type Laval 2 had higher contents of
antimicrobial compounds, ip-cymene, linalool, terpine and thymol, in companigo oil
produced from Laval 1. Shakarami et al [26]im vitro studies observed a complete
inhibition of mycelium growth inFusarium oxysporumPythium ultimum Rhizoctonia
solaniandGaeumannomyces gramiragter the application of not only thyme oiffHymus
daenensis but also peppermint oiMentha aquatich Hadizadeh et al [27] reported that
equally strong fungicidal properties as those girté oil are exhibited by nettle olltica
dioica), which completely inhibited the mycelium develogmh of a pathogeilternaria
alternata isolated from infected tomato fruits. A complgt@wth inhibition ofAlternaria
alternatainfecting tomato fruits was reported by Feng aneér&h[28] after the application
of cassia oil Cinnamomum cassjaAlso Necha et al [29] showed a strong fungicalaion

of cinnamon oil Cinnamomum zeylanicynand at the same time clove ofyzygium
aromaticun), which reduced growth and sporulation of a fungslletotrichum
gleosporioides infecting papaya fruits. Analyses conducted by tBwmka and
Budzikur-Ramza [30] indicated high toxicity of elig#us oil Eucalyptus globulys
lavender oil Lavandula officinaliy and rosemary oil Rosmarinus officinaljs against
Fusariumspp. Oxenham et al [31] in vitro experiments observed the effect of basil oll
(Ocimum basilicummon growth inhibition ofBotrytis fabae while in field trials this oil
reduced the incidence of this pathogen &mdmyces faba@n broad bean. Burgiel and
Smaglowski [32] observed a complete growth inhilnitdf fungiFusarium culmorunand
Botrytiscinereaon media with a 0.5% addition of tea tree be(aleuca alternifolia. This

oil when sprayed on marigol€élendula officinali} reduced the development of powdery
mildew (Erysiphespp.). Applicability of Timorex, a preparation ¢aiming 60% tea tree oil,
in protection of tomatoes agairBhytophthora infestanwas shown by Sobolewski et al
[33].

Saniewska et al [34] stated that horseradish Ailmpracia rusticana strongly
inhibited mycelium growth of pathogenAlternaria alternata Botrytis cinerea and
Rhizoctonia solaniln turn, Soylu et al [35] showed strong fungidigeoperties of oil
produced from leaves ddrtemisia annuawhich in laboratory experiments inhibited the
growth and sporulation of common fungi, Botrytis cinerea Phytophtora infestans
Sclerotinia sclerotiorurrand Verticillium dahliae In the opinion of the authors, fungicidal
properties were probably exhibited by such chema@mahpounds as camphor (31.7%),
1,8-cineole (10.1%) and caryophyllene oxide (7.12#4)ich were found in large amounts.

Conclusions

1. Natural manuka essential olilefpptospermum scoparignmay be useful in the control
of Trichodermaharzianumin the common mushroomg@aricus bisporuscrop. Under
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laboratory conditions this oil strongly inhibited/aglium growth and sporulation of the
pathogen, similarly as the compared organic fudgi®ravo 500 SC.

2. Natural essential oils have an effect on sptinfeof Trichoderma harzianumAfter
the application of all tested natural essentiab aporulation of the fungus was
significantly reduced.
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WPLYW WYBRANYCH NATURALNYCH OLEJKOW ETERYCZNYCH
NA ROZWOJ IN VITRO GRZYBA Trichoderma harzianum WYSTEPUJACEGO
W UPRAWIE PIECZARKI DWUZARODNIKOWEJ ( Agaricus bisporus)

Katedra Metod Ochrony Riin, Uniwersytet Przyrodniczy w Poznaniu

Abstrakt: Badania nad wplywem wybranych naturalnych olejkéterycznych na rozwdj (wzrost grzybni
i zarodnikowanie) grzybalrichoderma harzianumwystpujacego w uprawie pieczarki dwuzarodnikowej
(Agaricus bisporus przeprowadzono w 2008 roku w Katedrze Metod OahrdRailin Uniwersytetu
Przyrodniczego w Poznaniu. Przetestowano ¢pagice olejki eteryczne: kolendrowyCoriandrum sativury
manuka (eptospermum scopariymlawendowy Kavandula officinali} migty pieprzowej Mentha piperita,
ktére dodawano do pgwki ziemniaczano-glukozowej (ggwka PDA firmy Merck), w sizeniach 250; 500
i 1000 pg/cm. Wszystkie badane olejki eteryczne byly produkosvarezez firne ,Pollena Aroma” z Warszawy.
Kombinacg kontrolmy stanowita paywka PDA bez dodatku olejkéw. Stwierdzono silneattnnie inhibujce
wzrost Trichoderma harzianunpo zastosowaniu olejku manuka w koncentracji 500000 pg/cr PDA.
Zahamowanie wzrostu grzybni bylo statystycznietistoi po 4 dniach od inokulacji ppwki wynosito ono
w stosunku do kontroli odpowiednio 67,4 i 64,7%.28stosowaniu wszystkich testowanych olejkéw etarych
zaobserwowano znagz redukcg zarodnikowania, wynogeza w 6 dniu od inokulacji pgywki 50,2+99,9%.

Stowa kluczowe:pieczarka dwuzarodnikowa A@aricus bisporus Trichoderma harzianum rozwdj,
zahamowanie, naturalne olejki eteryczne
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GENEROWANIE PAR RTECI I LOTNYCH WODORKOW
BEZPOSREDNIO Z ZAWIESIN W ANALITYCZNEJ
SPEKTROMETRII ATOMOWE] I SPEKTROMETRII MAS

COLD VAPOR AND HYDRIDE GENERATION WITH SLURRY SAMPLING
IN ATOMIC AND MASS SPECTROMETRY

Abstrakt: W pracy przedstawiono techniki analityczne (absorpcyjna spektrometri¢ atomowa, optyczna
spektrometri¢ emisyjna, atomowa spektrometri¢ fluorescencyjna oraz spektrometri¢ mas) stosowane w potaczeniu
z generowaniem par bezposrednio z zawiesin. Omoéwiono takze mozliwosci praktycznego zastosowania techniki
generowania par z zawiesin do oznaczania pierwiastkéw w probkach biologicznych, srodowiskowych i Zywnosci.

Stowa kluczowe: generowanie zimnych par, generowanie wodorkéw, generowanie par, absorpcyjna
spektrometria atomowa, optyczna spektrometria emisyjna, atomowa spektrometria
fluorescencyjna, spektrometria mas, analiza specjacyjna, zawiesiny, prébki $rodowiskowe,
probki biologiczne, zywnos¢

Wprowadzenie

Technika generowania par (chemical vapor generation) w polaczeniu z absorpcyjna
spektrometria atomowa w dwéch odmianach: generowania zimnych par (CV AAS) (Cold
Vapor Generation) do oznaczania Hg i Cd oraz generowania wodorkéw (HG AAS)
(Hydride Generation), a takze optyczna spektrometria emisyjna (OES) (optical emission
spectrometry), atomowa spektrometriag fluorescencyjna (AFS) (atomic fluorescence
spectrometry) 1 spektrometria mas (MS) (mass spectrometry) dla pierwiastkéw tworzacych
lotne wodorki (As, Bi, Ge, In, Pb, Sb, Se, Sn, Te, Tl) stala si¢ podstawowa technikg
analityczng do oznaczania wymienionych pierwiastkdw. Przeprowadzenie oznaczanych
pierwiastkéw w forme gazowa i ich wprowadzanie do Zrédet atomizacji, wzbudzania czy
jonizacji ma wiele zalet w poréwnaniu z konwencjonalnym, pneumatycznym rozpylaniem
prébki w postaci roztworu. Wéréd tych zalet nalezy wymieni¢ wzrost efektywnosci
transportu  (blisko 100%), wyeliminowanie konieczno$ci zastosowania ukladu
rozpylacz/komora mgielna, wigksza selektywno$¢ ze wzgledu na znaczne zmniejszenie

! Zaklad Chemii Analitycznej, Politechnika Poznanska, ul. Piotrowo 3, 60-965 Poznan, tel. 61 665 23 12,
fax 61 665 25 71, email: Henryk.Matusiewicz@put.poznan.pl
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interferencji, nizsze granice wykrywalnoéci (na poziomie pg dm™ lub nizszym),
automatyzacje metod, mozliwo$¢ badan specjacyjnych oraz mozliwos$¢ taczenia tej metody
z innymi technikami. Stale zainteresowanie tg technika jest odzwierciedlone w pracach
przegladowych [1-3], ksiazce [4] i w rozdzialach ksigzek [5-7]. Zazwyczaj techniki AAS,
OES, AFS i MS wymagaja catkowitej mineralizacji i/lub roztworzenia prébek przed analiza
oraz iloSciowego tworzenia pojedynczych, labilnych odmian specjacyjnych z oznaczanymi
pierwiastkami. Powoduje to wydtuzenie czasu analizy i ryzyko zanieczyszczenia i/lub strat
oznaczanego pierwiastka. Zastosowanie duzych ilosci odczynnikéw podczas wstepnego
przygotowania prébek prowadzi do zwigkszonych wartosci §lepej proby i wyzszych granic
wykrywalno$ci. Wstepne przygotowanie prébek stalych, poprzez utworzenie zawiesin
w osrodkach ciektych, a tym samym uniknigcie stosowania metod rozktadu na mokro lub na
sucho, ma nastgpujace zalety: skrocenie czasu analizy, obnizenie warto$ci §lepej proby
i uniknigcie strat oznaczanych pierwiastkow.

W ostatnich latach rozwigzanie wykorzystujace probki zawiesinowe w polaczeniu
z technikg absorpcyjnej spektrometrii atomowej z atomizacja elektrotermiczng (ET AAS)
i plomieniowa (FAAS), OES, AFS i MS bylo szeroko stosowane do analiz prébek w celu
uproszczenia metod przygotowania prébek do analizy i1 unikni¢cia niedogodnosci
zwigzanych z technikami rozktadu na mokro i/lub na sucho. Zaleta wprowadzania prébek
zawiesinowych jest bezposrednie wprowadzanie prébek statych (zmniejszenie czasu
przygotowania prébek, zmniejszenie zanieczyszczenia, zmniejszenie strat pierwiastka przed
analizg i/lub zwigzane z zatrzymywaniem w nierozpuszczalnych osadach) oraz mozliwos¢
wprowadzania probek cieklych (wprowadzanie prébek za pomoca konwencjonalnych
technik stosowanych dla prébek ciektych, latwa automatyzacja, tatwo$¢ dostosowania do
etapu przygotowania zawiesin oraz mozliwo$¢ wstepnego przygotowania zawiesin). Prace
przegladowe opublikowane w ostatnim dziesigcioleciu [8, 9] potwierdzily uzytecznosé
techniki ,,zawiesinowej”. Bezposrednie zastosowanie technik CV/HG AAS, HG OES, HG
AFS i HG MS dla prébek zawiesinowych zostalo ostatnio zaproponowane w celu
wyeliminowania etapu przygotowania probek z wykorzystaniem techniki rozktadu
z udzialem kwaséw. Ta technika analityczna polega na efektywnej ekstrakcji oznaczanego
pierwiastka do fazy ciekle;j.

Metoda generowania wodorkow w absorpcyjnej
spektrometrii atomowej (HG AAS)

Analiza utworzonych zawiesin (np. cialo stale w cieczy) jest znacznie prostsza niz
bezposrednia analiza cial statych. Metoda ta zostala zastosowana do oznaczania wielu
pierwiastkbw za pomoca FAAS i ET AAS. Podobnie rozwingta si¢ analiza zawiesin
metodami  emisyjnymi z wykorzystaniem Zrédet plazmowych. W  poréwnaniu
z konwencjonalnymi metodami zawiesiny umozliwiaja stosowanie techniki generowania
wodorkéw, ktéra umozliwia szybsze i tatwiejsze wstgpne przygotowanie probki. Technika
generowania wodorkéw jest wystarczajaco selektywna i czula do oznaczen matych ilosci
pierwiastkéw w ztozonych matrycach; jest tania i tatwa w obstudze.

Generowanie lotnych wodorkow bezposrednio z prébek zawiesinowych

Technike generowania lotnych wodorkéw bezposrednio z prébek zawiesinowych
1 nastgpujaca po niej atomizacj¢ opisano, po raz pierwszy, w pracy [10]. Zostala ona
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zastosowana do oznaczania arsenu w ztozonych matrycach, takich jak stale probki
Srodowiskowe. Prébki byly odwazane bezposrednio w naczyniach szklanych, w ktérych
generowane byty wodorki, dodawano 10 cm® 4 M HCI, a arsenowodér byt generowany
przez dodanie 1% (m/v) tetrahydroboranu sodu(IIl) (NaBH,). Badano wptyw rozmiaré6w
czastek, homogenno$ci matrycy i pierwiastkéw przeszkadzajacych na odtwarzalnos¢ i ilos¢
uwalnianego arsenu. Nastepne prace stanowia kontynuacj¢ pomystu opisanego w wyzej
wymienionej publikacji (Tabele).

Metoda zimnych par w absorpcyjnej spektrometrii atomowej (CV AAS)

W ostatnim czasie pojawito si¢ wiele publikacji po§wigeconych oznaczaniu As, Bi, Cd,
Ge, Hg i Se z wykorzystaniem techniki generowania zimnych par (Tabele). Technika ta
stosowana jest do oznaczania Hg metoda CV AAS w prébkach analitycznych,
a generowanie rteci odbywato si¢ w srodowisku HCI i NaBH, lub SnCl,.

Metoda generowania wodorkéw w optycznej spektrometrii emisyjnej
ze wzbudzeniem w zrédtach plazmowych (HG ICP/MIP OES)

Zastosowanie klasycznych rozpylaczy pneumatycznych w technice optycznej
spektrometrii emisyjnej ze wzbudzeniem w plazmie sprz¢zonej indukcyjnie (ICP OES)
(inductively coupled plasma optical emission spectrometry) pociaga za sobg mate
wydajnosci wprowadzania prébki (<10%). Dodatkowym problemem jest wystgpowanie
szeregu interferencji spektralnych przy oznaczaniu pierwiastkéw z zastosowaniem techniki
ICP OES (np. wpltyw pierwiastkow tatwo jonizujacych, powodujacych zmiany czulo$ci
oznaczanych pierwiastkéw poprzez naruszenie rownowagi jonizacji w plazmie).

W zwigzku z tym, Zze metoda generowania wodorkéw i par pozwala praktycznie
oddzieli¢ matryce prébki od pierwiastka, mozliwe jest uniknig¢cie wigkszosci interferencji.
Dodatkowo poprzez zwigkszenie wydajnos$ci wprowadzania prébki (ok. 90+100%) mozliwe
jest obnizenie uzyskiwanych granic wykrywalnosci o 1-2 rzedy wielko$ci.

Pierwsza prac¢ zwiazang z uzyciem metody generowania wodorkéw bezposrednio
z zawiesin w potgczeniu z detekcja ICP OES opublikowano w 2004 roku [11]. Uktad do
generowania wodorkéw, wykorzystujacy system przeplywowy ciaggly z rozdzielaczem faz
(gaz-ciecz), zastosowano do oznaczania rtgci.

Asfaw 1 Wibetoe [12] zaproponowali uklad do generowania wodorkéw bez
rozdzielania faz (system MSIS), ktéry zastosowano do jednoczesnego oznaczania
pierwiastkéw tworzacych (Se) i nietworzacych lotnych wodorkéw (Ca, Mg, K, P, S, Zn)
metoda ICP OES z dozowaniem zawiesiny. Metoda zostala uzyta do oznaczania wyzej
wymienionych pierwiastkéw w rzeczywistych prébkach: mleka, kawy i piwa.

Z powodzeniem powyzszy system MSIS zastosowano pdzniej do jednoczesnego
oznaczania pierwiastkow tworzacych (As, Bi, Ge, Sb, Se, Sn) oraz Hg i nietworzacych
lotnych wodorkéw (Ca, Fe, Mg, Mn, Zn) metoda OES ze wzbudzeniem w plazmie
mikrofalowej (MIP) (microwave induced plasma) z dozowaniem zawiesiny [13, 14].
Wodorki generowano w sposéb nieciagty [13] i ciaglty [14] w naczyniach reakcyjnych
spelniajacych jednocze$nie funkcj¢ rozdzielacza faz. Zastosowano kalibracj¢ z uzyciem
metody dodatku wzorca. Dokladno$¢ metody zostala potwierdzona przez poréwnanie
uzyskanych wynikéw z wynikami analizy certyfikowanych materiatéw odniesienia.
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Metoda generowania wodorkow w atomowej spektrometrii fluorescencyjnej
(HG AFS)

W metodzie AFS po wstgpnej atomizacji wodorku mierzy si¢ nat¢zenie emisji
okre$lonych  linii  pierwiastka, = wzbudzonych promieniowaniem pochodzacym
z pomocniczego zrédta §wiatta (fluorescencja atomowa).

Cava-Montesinos i wspdtprac. [15,16] opisali wykorzystanie AFS do oznaczania Hg
[15] oraz As, Sb, Se, Te, Bi [16], wydzielonych w postaci wodorkéw po redukcji NaBH,
i par rteci po redukcji SnCl, w prébkach zawiesinowych mleka.

Metoda generowania wodorkow w spektrometrii mas z jonizacja
w plazmie sprzezonej indukcyjnie (HG ICP MS)

W przypadku techniki ICP MS (inductively coupled plasma mass spectrometry)
stosowane uktady generowania wodorkéw sg analogiczne do tych wspétpracujagcych
w polaczeniu z technika ICP OES. Dzigki blisko 100% wydajnosci wprowadzania
pierwiastkbw do plazmy metoda generowania wodorkéw prowadzi do zwigkszenia
uzyskiwanej czulodci techniki ICP MS, umozliwiajac obnizenie granicy wykrywalnosci
pierwiastkéw do poziomu kilku ng dm™.

Ribeiro i wspétprac. [17] zastosowali plazme ICP spektrometru mas do jednoczesnego
oznaczania As, Sb, Se, Sn i Hg po wydzieleniu ich z zawiesin w postaci wodorkéw.
Wodorki generowali, stosujac uktad przeplywowy ciagly ze wstrzykiwaniem prébki (flow
injection), w naczyniu reakcyjnym spelniajacym funkcje rozdzielacza faz (gaz/ciecz)
1 system osuszajacy (wychwytywanie pary wodnej). Aby prawidlowo wykonaé analizg
zawiesiny, konieczna byla jej homogenizacja przed kazdorazowym pomiarem przez 30 s za
pomoca sondy ultradzwickowej. Sredni rozmiar czastek, mniejszy niz 50 um, umozliwia
osiagniecie odpowiedniej efektywnosci generowania wodorkéw pierwiastkéw i par rteci.
Dokonano kalibracji z uzyciem wodnych roztworéw standardowych. W celu sprawdzenia
metody zostaly uzyte certyfikowane materialy odniesienia.

Chemiczna analiza specjacyjna

Technika generowania wodorkéw w potaczeniu z metoda AAS umozliwia prowadzenie
analizy specjacyjnej (nieorganicznej i/lub organicznej) niektérych pierwiastkow tworzacych
lotne wodorki. Opublikowano niewiele prac dotyczacych zastosowania techniki
generowania wodorkéw i par w analizie specjacyjnej w potaczeniu z technikg AAS.

Analiz¢ specjacyjna Sb(IIl) i Sb(V) w zawiesinach prébek osadu morskiego
przeprowadzono, po raz pierwszy, oznaczajac catkowita zawarto§¢ antymonu i Sb(III) [18],
stosujac technike HG AAS. Wigkszos¢ Sb(II) jest uwalniana z prébki podczas
generowania wodorkdw, a utworzenie zawiesin jest obiecujaca technika oznaczania Sb(III)
i Sb(V).

Charakterystyka techniki

Mozliwosci analityczne techniki generowania wodorkéw z zawiesin w potaczeniu
z analityczng spektrometria atomowa i spektrometria mas s3 charakteryzowane przez:
granice wykrywalnosci i oznaczalnosci, zakres liniowosci, precyzje i doktadno$¢ pomiaréw.
Czesto cytuje si¢ granice wykrywalnosci odnoszace si¢ do danej techniki lub metody



Generowanie par rteci i lotnych wodorkéw bezposrednio z zawiesin w analitycznej spektrometrii ... 191

i poréwnuje si¢ granice wykrywalno$ci otrzymane w przypadku stosowania innych technik.
Ze wzgledu na réznorodnos¢ technik generowania wodorkéw, réznorodno$é zrddet
atomizacji, wzbudzenia i jonizacji i réznic optymalnych warunkéw do§wiadczen doktadne
poréwnanie analitycznych mozliwosci techniki SS HG AAS/OES/AFS/MS jest bardzo
trudne. Ponadto termin ,,granica wykrywalno$ci” wprowadza wiele nieporozumien, dlatego
tez analitycy powinni sprawdza¢ definicj¢ stosowang w oryginalnych pracach.

Akceptowalne wartosci precyzji, przedstawiane jako warto$¢ procentowa parametru
RSD, mieszczg si¢ w zakresie od 1% do nieznacznie powyzej 10%; najczesciej
powtarzajaca si¢ wartosciag jest ok. 5% RSD. Uogdlniajac, mozna przyjaé, ze pierwiastki,
ktére tworza lotne wodorki generowane bezpos$rednio z zawiesin, moga by¢ oznaczane
w zakresie stgzen ponizej 500 ng/g, a st¢zenia, ktére sa 10-krotnie (lub wiecej) wigksze niz
granica wykrywalnosci, moga by¢ oznaczane z precyzja mniejsza niz 10% RSD.

Doktadno$¢ prezentowanej metodyki analitycznej zostala sprawdzona na wiele
sposobéw: przez badanie odzysku i zastosowanie metody dodatku wzorca, uzycie
niezaleznych metod analitycznych o sprawdzonej charakterystyce oraz weryfikacje metody
z zastosowaniem wzorcOw lub certyfikowanych materialéw odniesienia, dwa podejscia sa
najczeSciej stosowane. W przypadku analizy prébek biologicznych i $rodowiskowych
istnieje duza réznorodno$¢ materialéw odniesienia produkowanych przez NIST, BCR
i IAEA. W konsekwencji doktadno$¢ omawianej techniki zostata gléwnie sprawdzona przez
zastosowanie materiatéw odniesienia. Z przegladu literatury wynika, ze doktadno$¢ techniki
generowania wodorkdéw z zawiesin jest poréwnywalna z dokladnos$cig innych technik
stosowanych dla prébek o podobnej matrycy.

Zakres liniowos$ci dla techniki SS HG AAS/OES/AFS/MS miesci si¢ w granicach od
dwoch do czterech rzgdéw wielkoSci w zaleznosci od rodzaju uzytej metody. Poniewaz
parametry techniki rozpylania roztworéw sa poréwnywalne z prostszymi w wykonaniu
technikami rozpylania zawiesin, mozna stwierdzi¢, ze metoda generowania wodorkéw
z zawiesin jest obecnie preferowana metoda wprowadzania prébek zawiesinowych w celu
oznaczania pierwiastkéw.

Zastosowania praktyczne, perspektywy i uwagi

Zastosowanie techniki SS HG AAS/OES/AFS/MS zostalo przedstawione w tabelach
1-5. W tabelach wymieniono rodzaje prébek (matrycy) i oznaczane pierwiastki, procedury
analityczne oraz odchylenie standardowe. Warto§¢ RSD jest jedynie warto$cia
informacyjng. Metodyka wykorzystujgca proces generowania wodorkéw i par z zawiesin
jest szeroko stosowana w analizie prébek biologicznych i Srodowiskowych oraz w analizie
zywno$ci. Roéznorodno$¢ i liczba probek wskazuje, ze przyszte badania technik
generowania wodorkOéw 1 par w zawiesinach znajdg zastosowanie w analizie bardziej
ztozonych prébek (matryc).

W ostatnim dziesigcioleciu przeprowadzono wiele badan w dziedzinie wykorzystania
wstepnie przygotowanych zawiesin w potaczeniu z technikg generowania wodorkdéw i par
w analitycznej spektrometrii atomowej i spektrometrii mas. Najwicksza zaleta tej metody
jest uzyskanie wiarygodnych wynikéw analitycznych i krétszy czas analizy ze wzgledu na
pominigcie etapu catkowitego rozktadu (mineralizacji/roztwarzania) probki.
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W konsekwencji przygotowanie prébki jest zredukowane do procedury przygotowania
zawiesiny. Tak wigc potaczona metoda wprowadzania prébek i oznaczania powinna
uzupetiaé ,konwencjonalne” generowanie wodorkéw z materiatéw statych, wstepnie
przygotowywanych za pomoca niebezpiecznych mieszanin kwaséw. Poniewaz technika ta
jest stosunkowo niedroga i obiecujaca, wymaga dalszych prac. Poddawanie prébek
dziataniu ultradzwigkéw jest najwazniejsza czg¢scia etapu wstepnego przygotowania prébek,
a dodatkowy etap ekstrakcji wspomaganej energia mikrofalowa byl wazny dla poprawy
efektywno$ci ekstrakcji oznaczanych pierwiastkéw. Chociaz jednorodno$¢ prébki jest
bardzo waznym parametrem wptywajacym na precyzje, nie jest najwazniejszym czynnikiem
okreslajacym doktadno$¢ metody. Dostepne sa wiarygodne procedury homogenizacji, takie
jak mieszanie magnetyczne i ultradzwigkowe, mieszanie z udzialem gazu i mieszanie
z rozdrabnianiem. Wigkszo$¢ podstawowych parametréw techniki generowania wodorkéw
zostala wcze$niej ustalona.

Opublikowano stosunkowo niewielka liczbg prac dotyczacych analizy specjacyjnej
probek zawiesinowych, dlatego tez utrudnione jest dokonanie podsumowania w tej
dziedzinie, pomimo tego otrzymano wstepne wyniki analizy specjacyjnej pierwiastkéw
w prébkach zawiesinowych.

Stosowanie omawianej techniki moze by¢ zwigzane z wystgpowaniem bledéw
systematycznych, ktére zalezg od stosowanej techniki AAS, OES, AFS, MS, sktadu matrycy
i innych czynnikéw. Na podstawie zebranych informacji (tabele 1-5) mozna stwierdzi¢, ze
metoda dodatku wzorca w celu wyeliminowania ewentualnych efektéw matrycowych
i zapewnienia dokladno$ci metody jest najczgéciej stosowang technika. Z przegladu
literatury wynika, ze technika generowania wodorkéw z zawiesin jest poréwnywalna (jesli
pod uwage wzigta bedzie dokladno$¢ metody) z innymi wariantami analitycznej
spektrometrii atomowej i spektrometrii mas w celu oznaczania pierwiastkéw $§ladowych
w prébkach analitycznych.

Technika generowania wodorkéw i par z zawiesin powinna zacheci¢ do jej dalszego
rozwijania i stosowania w praktyce. Wymagana jest kontynuacja badan dla poprawy
mozliwosci analitycznych technik, takich jak granice wykrywalnosci, precyzja i doktadno$é.

Ros$nie réwniez zainteresowanie specjacja pierwiastkdw, ktéra stanowi uzupelnienie
informacji dotyczacych catkowitej zawarto$ci pierwiastkbw w prébce. Procedury
wykorzystujace generowanie wodorkéw z etapem wzbogacania in situ sa odpowiednie
w celu uzyskania danych dotyczacych specjacji, poniewaz rozwigzania te umozliwiaja
bezposrednig analiz¢ prébek zawiesinowych z pominigciem etapu przygotowania prébki
(rozkltadu matrycy), a tym samym realizowana jest analiza specjacyjna pierwiastkow.
Byloby celowe wprowadzenie metod generowania wodorkéw z zawiesin w potaczeniu
z analityczng spektrometria atomowa i spektrometria mas do kontroli jakosci i/lub
monitoringu réznych proceséw (Srodowiskowych, biologicznych, dotyczacych zywnosci).
Nalezy zwrdci¢ uwage na zalety tej metody: mniejsza pracochtonnos¢, krétszy czas i maty
koszt jej zaadaptowania. Nalezy wspomnie¢ o zrealizowanym potaczeniu generowania
wodorkéw z probek zawiesinowych z technikami optycznej spektrometrii emisyjnej (ICP,
MIP); wprowadzenie tego rozwigzania w celu réwnoczesnego (jednoczesnego) oznaczania
pierwiastkéw tworzacych lotne wodorki wydaje si¢ proste i nieskomplikowane.
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COLD VAPOR AND HYDRIDE GENERATION WITH SLURRY SAMPLING
IN ATOMIC AND MASS SPECTROMETRY

Department of Analytical Chemistry, Poznan University of Technology, Poznan

Abstract: The evaluation of the analytical techniques (atomic absorption spectrometry, optical emission
spectrometry, atomic fluorescence spectrometry and mass spectrometry) for chemical vapor generation in slurry
samples was presented in the work. The practical application of the slurry chemical vapor generation to
biological, environmental and food samples was discussed.

Keywords: cold vapor generation, hydride generation, chemical vapor generation, atomic absorption
spectrometry, optical emission spectrometry, atomic fluorescence spectrometry, mass spectrometry,
speciation analysis, slurry samples, environmental samples, biological samples, food
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ZANIECZYSZCZENIA OBECNE W PROBKACH SNIEGU
POBRANEGO Z WARSTW JAKO ZRODLO INFORMACJI
O STANIE SRODOWISKA W DU ZEJ AGLOMERACJI MIEJSKIEJ

POLLUTANTS PRESENT IN SNOW SAMPLES COLLECTED FROM V ARIOUS
LAYERS OF SNOW COVER AS A SOURCE OF INFORMATION ABO UT
THE STATE OF ENVIRONMENT IN A BIG URBAN AGGLOMERATI ON

Abstrakt: Prébki sniegu pobierano przez okres okolo miesi z 12 miejsc zlokalizowanych na terenie
Tréjmiasta. Sz& z nich znajdowato giw poblizu drég komunikacyjnych o #ym natzeniu ruchu. Kade

z nich miato swoj punkt odniesienia oddalony odgpi® okoto 200 m. W prébkaciniegu oznaczano pH,
przewodné¢, zawarté¢ wybranych anionéw i kationéw. Wagim pH wyznaczono przyayciu elektrody szklanej
pofaczonej z pH/tlenomierzem mikrokomputerowym, a praémai¢ konduktometrycznie. Zawao wybranych
jonéw oznaczano przy zyciu metod chromatograficznych (chromatografia jeap W wyniku
przeprowadzonych badatwierdzono obecrdé ww. zwiazkéw w prébkacténiegu na rénych poziomach sten,
zaleznie od czasu oraz miejsca pobierania probek i warst

Stowa kluczowe:snieg, zanieczyszczenia, warstgniegu, korelacje

Wprowadzenie

Pokrywa $niegowa jest dynamicznym medium. Zaréwno fizyczjad, i chemiczne
procesy mog zmienigd jej skiad chemiczny, dlatego powinny dyprowadzone
wszechstronne badania skladu zanieczyszczawartych wséniegu. Skiad chemiczny
warstwsniegowych jest odbiciem skfadu ich rodzimych aeticatmosferycznych, suchego
opadu oraz powierzchni adsorbegj. Akumulacja atmosferycznych zasobow w pokrywie
$niegowej zaley od warunkéw pogodowych oraz od #dawvosci powierzchni, na ktorej ta
pokrywa ley. Na podstawie sktadu chemicznegniegu mana uzyska wiele przydatnych
informacji na temat poziomu zanieczyszczgmosfery i ich zmian w czasie, a takna
temat mechanizmu ich transportu i depozycji. Zmiakyadu chemicznego atmosfery

1 Katedra Chemii Analitycznej, Wydzial Chemiczny, limhnika Gdaska, ul. G. Narutowicza 11/12,
80-233 Gdask, tel. 58 347 21 10, fax 58 347 26 94
* Corresponding author: zaneta@chem.pg.gda.pl
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znajdup odbicie w zmianach sktadu chemicznegpegu i naley powiazat je z r&znymi
zrédtami isciezkami transportu.

W ostatnich latach bardzo ¢sto prowadzi & monitoring jakdci powietrza na
podstawie badaopadéw atmosferycznych, w tym faéniegu. Literatura paviecona temu
zagadnieniu jest bardzo obszerna.

Powstawaniesniegu i formy jego wysgpowania

Snieg jest to opad atmosferyczny w postaci krysaattodu. Maze on przybiera
rozne formy. Ré@norodnd¢ ptatkdw sniegu jest bardzo da i zaley przede wszystkim
od dwdch czynnikdw: temperatury i wilgotm. Podstawow postaci krysztatkdw jest
gwiazdka szé&cioramiennaSrednice padagych sniezynek maj na ogo6t kilka milimetrow.
Jesli temperatura powietrza jest wgza nk —5°C, pojedynczeé&niezynki czgsto hcza Sig
w dwe platy. Przy temperaturach zidhych do zera i wiszych od zeranieg jest
okreslany terminem ,mokregéniegu” lub stanowi mieszangriniegu z deszczerSnieg nie
pada, jéli temperatura jest wygsza n +3°C.

Snieg ziarnisty ma posta matych bialych, niepraiecapcych ziarenek lodu
0 srednicy mniejszej od 1 mmSnieg ziarnisty przypomina kaszmanr. Jest to
odpowiednik miawki wystpujacej w cieptej porze roku. Podczas bardzo silnycbzadw
powstaj stupki lodowe. % to krysztatki lodu w postaci s@Eokatnych
prostopadtéciandw. Stupki lodoweasdoskonale widoczne podczas stonecznej pogody, gdy
scianki ich knia, odbijapc promienie stoneczne. Ze stupkéw lodowych zbud@wan
chmury pierzaste (cirrus).

Krupa $niezna ma wygld kulistych ziarenek érednicy powyej 1 mm. Ziarenka krupy
$nieznej map budowe podobn do czsteksniegu ziarnistego (ziarenka krupy tatwo ulegaj
zgnieceniu). Jeeli takie ziarenko jest otoczone warstledu - méwimy o krupie lodowe;j.
Skorupka lodu jest na tyle twardag nie ulega zniszczeniu przy zderzeniu z zigmiarna
krupy odbijaj sie. Dlatego czasami krupa lodowa jest mylona z gradem

Deszcz lodowy ma posté przezroczystych ziaren lodu @wednicy od 1 do 3 mm.
Interesujcy jest sposGb powstawania deszczu lodowegptoSkrople deszczu, ktore
zamarzlty w powietrzu, zanim dotarty do powierzchi@mi. Dzieje sj to wtedy, gdy przy
powierzchni ziemi mamy ujemne temperatury, a narggwysokdci wyskpuje ciepta
warstwa powietrza o temperaturze dodatnie;j.

Badania sniezynek dowiodly, ze @ one duymi krysztatkami lodu lub zrostami
krysztatkbw. Proces ich powstawania nazywany jésiniez procesem zlodzenia chmur.
Poniewa jest on spowodowany wspotistnieniem krysztatkbwdulo i kropelek
przechtodzonej wody, przy temperaturze ujemnej Zeki rosr, kropelki za& parup.
Preznos¢ pary nasyconej nad wadest wiksza nk nad lodem przy tej samej temperaturze
ujemnej. Wskutek tego wygiuje sita dnienia przenosga molekuty pary wodnej
z kropelek na krysztatki. W atmosferze chmury phitedzone wysipuja dos¢ czsto.
Pojawienie si w takiej chmurze krysztatkdw lodu gwattownie naraistabilné¢ chmury.
Krysztatki lodu szybko rosp a kropelki paryj. Dwe krysztalkki po osgnigciu
odpowiednich rozmiaréw zaczymajvypad@& z chmur, zderzag sk z przechtodzonymi
kropelkami i innymi krysztatkami. Przez zetkeaiu sk z lodem kropelki mog zamarzé,

a krysztatki zlepié sig. W ten sposob twoszsie ptatki sniegu.
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Przy dostatecznie niskiej temperaturze powietraezynki mogy osihgat grunt. Czsto
jednak powietrze po drodze jest na tyle ciepisniezynki topniep, w rezultacie dag
opad deszczu. Dlatego w gérach nieraz obserwujémgg w ich wyszych partiach,
a deszcz w nbzych. Tworace sé ptatki mog mie¢, w zalenosci od temperatury
i wilgotnosci powietrza, réne ksztatty. Powietrze stanowi na ogét 90% ich maizjeki
czemu g one doskonatymi izolatoraméwietnie thumi dzwiek.

Zrodta zanieczyszcz wystepujacych wsniegu

Obserwowany poziom zanieczyszczenieodowiska jest powaaym problemem
w wielu pastwach. Rozwdj przemystu, komunikacji i rolnictwazyczynia st do
zwiekszania zanieczyszczenia wszystkich skladowsychowiska, w tym take atmosfery.
Poniewa najwaniejszz drogy usuwania zanieczyszazez atmosfery s opady
atmosferyczne, ich sklad jest odbiciem skladu afemgs Zanieczyszczenia zawarte
w $niegu mog pochodzt zaréwno zerrddet antropogennych, jak i naturalnych.

Podstawowym zageeniem dla srodowiska jest emisja substancji szkodliwych
zawartych w spalinach. Wzrost ruchu drogowego wyaneggwoju i modernizacji sieci
drogowej, gtéwnie ze wzgllu na konieczni@ oszczdnasci paliw i pozostatych kosztéw
eksploatacji pojazdéw, wzrost plyriwd ruchu i skracanie czasu jazdy, zkszanie si
bezpieczastwa ruchu drogowego. Te kokzy oshga st jednak z reguly kosztem
zajmowania terenu.

Catkowity poziom poszczegélnych rodzajow zamgfo jest uzaleniony od wielu
parametréw, takich jak wielké i struktura parku pojazdéw (w Polscezdyednorodné,
dwzy udziat samochodéw matolittawych), struktura wiekowo-jaksiowa parku pojazdow
(stosunkowo dtugi okreszyitkowania, diiszy niz w Europie Zachodniejfrednie przebiegi
poszczegolnych kategorii pojazdéw. Niestety nie ywsde z tych danych as objete
statystyk, dlatego wysipuja duze utrudnienia w oki&eniu poziomu emisji. Roéwnie
oszacowanie strat ekologicznych i ekonomicznychowgmlowanych niszczeniem
srodowiska przez transport, jest zagadnieniemarigm [1].

Techniki pobierania prébek sniegu

Pobieranie prébek warstimiegu pozwala zaréwno na uzupetnienie danych uzysita
z pobierania prébek mokrych opaddw, jak i na uzgekalanych na temat miejsc, gdzie
zebranie tych drugich jest utrudnione. Studiumrditerowe wskazuje na #dorodne
techniki pobierania prébeiiegu.

Aby otrzyma wiarygodne dane, muszy¢ zachowane specjalni@odki ostr@nosci
podczas catej procedury analitycznej oraz jest damnie stosowanie czutych metodyk
analitycznych.

Probniki stuzace do pobierania probeksniegu opisane w literaturze

W celu uzyskania reprezentatywnej prékkiiegu najczsciej stosuje & butelki
z szerol szyjka (rys. 1) wykonane z polietylenu oraz plastikopatke wzglednie linijke.
Przyrzdy te przed pobieraniem prébek w odpowiedni spos6b przygotowywane - myte
(najczsciej za pomog kwasu i wody dejonizowanej) i przechowywane w pagdowanych
torbach z tworzywa sztucznego [2-12].
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Rys. 1. Polietylenowa butelka gheca do pobierania prébékiegu [7]
Fig. 1. Polypropylene bottle for snow sample cditec[7]

Probki $niegu roéwnie maozna pobierd za pomog polipropylenowej rury
(rys. 2). Zawarté¢ rury przenosi s nastpnie do polietylenowego pojemnika,
w ktéryménieg sk topi. Wszystkie materialy myjecsdoktadnie kwasem azotowym i wed
dejonizowan [13, 14].

Rys. 2. Polipropylenowa rura gtca do pobierania prébékiegu [14]
Fig. 2. Polypropylene tube for snow sample colt{il4]

Kolejna technika pobierania probedniegu korzysta ze stkowatego probnika
wykonanego z chemicznie olgtijego materiatu. Przysd ten wyposzony jest w podziakk
i otwor osrednicy 1,7 cm, umieszczony na wységicokoto 0,65 m nad podiem [15].
Innym prébnikiem opisanym w literaturze jest cylipczny kolektor osrednicy 40 cm
wykonany z polichlorku winylu, wypogany w zbiorniczek nanieg [16].
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Prébkisniegu pobiera giréwniez za pomog probnika Aerochem Metrics, a ngshie
przenosi si je przy uyciu plastikowej topatki do butelek z polietylenti7].

W literaturze opisano tak pasywny prébnik z polietylenu (LDPE) wypasay w sito,
ktére ma otwory drednicy wewwtrznej 12 mm, a zewtrznej 14 mm, a jego catkowite
rozmiary wynosz 60x60 cm [18].

Innym sposobem pobierania probékiegu jest zastosowanie pojemnika ze stal
nierdzewnej o odpowiednich wymiarach, wypasgego czasem wegcznie zamykam
pokrywke, aby unikmé¢ suchej depozycji. Przedzyciem myje st go wody dejonizowan
i acetonem. Prébki umieszczae siw czystych szklanych butelkach, transportuje
do laboratorium i przechowuje w temperatur2€ 4z do czasu wykonania analizy [19-21].

Kolejne prébniki opisane w literaturze wykonanezsteflonu (d = 5 cm, ¢, = 4 cm,
diugas¢ 35 cm, przykecana pokrywa), przed pobieraniem prébki probnikijenge za
pomoa kwasu. Umieszcza esije poziomo wscianie zaspy na wymaganejehbkasci.
Przed przyspieniem do pobierania prébki usuwa siarstwe powierzchniow za pomog
szufli.

Prébki sniegu jako zrodto informacji o stanie srodowiska

Literatura péwiecona zagadnieniu pokryw$nieznej jest bardzo obszerna. Wyniki

bada wybranych parametréw zwikéw wystpujacych w probkachniegu przedstawiono
w tabeli 1.

Tabela 1
Wyniki bada wybranych parametrow w probkaghiegu na terenach wiejskich, miejskich i przemysickv
Table 1
Concentration levels of selected parameters detedrin snow samples collected
from rural, urban and industrial areas
Rok Opis tergnu V\_lokoi'punktow Oznaczany_ Stgier_ne l:xg(:iz' Literatura
pobierania probek parametr/analit przedziat siezen
Tereny wiejskie, miejskie i przemystowe
Estonia
Pétnocno-wschodnia ¢& Estonii ca [m‘%’d”ﬂ 05+225
1996 (niedaleko terenu wysoko Sl 2,2+30,7 [22]
uprzemystowionego) NO; 1,4+4,3
Japonia
Na [mg/dn¥] 4,44+6,09
K 1,35+5,92
Sapporo - teremysoko Mg 0,09+0,31
1981 uprzemystowiony Ca 0,21+0,80 [23]
i zurbanizowany Cl 0,25+1,26
Slo7y 2,24+11,0
pH 3,37+4,74
nss-SOZ™ [peq/dn] n.w. - 100
NO; 6,67+134
Mitoi - podmiejski teren _ 32:109.33
1992 i ; h nss - CI , [24]
w pétnocnej Japonii H* n.w. - 97,33
NH; 30,67+120
nss - C& 38,67+140
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Rok Opis terenu V\'/okc’)i,punktéw Oznaczany. Stgier_wie quz Literatura
pobierania prébek parametr/analit przedziat stezen
Tokio - Teren miejski, dach R
1992 uniwersytetu TOC [mg C/dn] 23,1+26,7 [21]
nss-SOZ™ [peq/dn] n.w. - 278
NO; 8+294
1993 Centrum Hokkaido nss - Ct 33,384 [25]
NH, n.w. - 160
nss - C&" 17,3+388
SO [mg/dni] 2,04
1995 | Yuzawa Heights, Niigata Prefektura NO; 0,97 [25]
CI 9,02
Pétwysep Kola
10986- Miasto Monchegorsk. Terenstey,
niedaleko otwartego morza, SO2™ [ug/dn?] 1000+8200 [26]
1989 - :
w poblizu zakladu metalurgicznedo
Rosja
1992- | Okolice Chernogolovki, Moskwa| Na [ng/cni] 214470 [27]
1994 Tereny przemystowe Mg 51045
] o K [pg/dnt] 149+226
1056 | FOnoora Sosia Pase o g aranss |
Na 922+2466
USA
ca’ [mezq/drﬁ] 10,2+20,0
Mg™* 2,4+3,9
N%J' 2,6+3,5
Colorado, okolice Leadville, rzeka K 1,3+1,8
Od 1983 Halfmoon, jezioro Ned Wilson NH, nw.-7,0 [12]
Tereny miejskie cr 30+31
NO; 11,4+14,4
SOz 11,8+14,1
Metodyki oznaczania wybranych analitow i ich paramédw
w prébkach $niegu
W tabeli 2 zestawiono aparagistosowan podczas bada
Tabela 2
Aparatura stosowana podczas hada
Table 2

Measurement apparatus used during the research stud

Analit lub parametr

Aparatura

pH

pH / tlenomierz mikrokomputerowy CX - 315 firmy Edtnon

Przewodndas¢ elektryczna

Konduktometr mikrokomputerowy CC - 317 firmy Elnmtr

Kationy

Chromatograf jonowy Dionex 500 firmy Dionex

Aniony

Chromatograf jonowy Dionex 500 firmy Dionex
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Pobieranie probeksniegu

Probki sniegu byly pobierane za pompclopatki wykonanej z polipropylenu
i umieszczane w szklanej butelce o pojegno250 cmi. Prébki przewaono do
laboratorium i przechowywano w temperaturze 4°C atasu analizy. Prébkéniegu

pobierano z trzech warstw (rys. 3):

- powierzchniowej
-z gkbokdsci okoto 5 cm
-z gkbokasci okoto 10 cm

Prébki pobierano z obszaru prosttzko wymiarach 5970 cm.

70 cm

Warstwa powierzchniowa

Rys. 3. Schemat pobierania prélseiegu

Fig. 3. Schematic presentation of the snow sangileation

Punkty pobierania prébek sniegu

Warstwa z gtebokosci 5 cm

Warstwa z gtebokosci 10 cm

Prébki sniegu pobierano z 12 miejsc zlokalizowanych narierélréjmiasta. Sz¢
punktéw pobierania prébek byto w pahli drég komunikacyjnych. Kale z nich mialo
swoj odndnik potazony z dala od szlakéw komunikacyjnych. Taka lokadja punktow
pobierania prébek miata utatéviocerr wpltywu transportu ulicznego na sktad i sido

zanieczyszczeobecnych wniegu.
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Rys. 4. Mapa Gdeska-Moreny z zaznaczonymi punktami pobierania gtpbe- miejsca pobierania

prébek

Fig. 4. Map of the sampling sites located in treaaof Gdask-Morena, * - sampling sites
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Rys. 5. Mapa Sopotu z zaznaczonymi punktami pobianarébek; - miejsca pobierania probek
Fig. 5. Map of the sampling sites located in treaasf Sopot, * - sampling sites

Tabela 3
Opis otoczenia punktéw pobierania proialegu

Table 3
Description of the surroundings of the samplingssit

Punkty pobierania
probek sniegu

Opis miejsca

Gdaisk-Morena - skrzgowanie ul. Buldaskiej i Mysliwskiej,

c

L przy przystanku autobusowym

2 Gdaisk-Morena - punkt polmny w odlegtdci okoto 200 m od punktu nr 1,
znajdujcy sk za czteropitrowym budynkiem

3 Gdaisk-Morena - ul. Buliska, przy przystanku autobusowym, niedaleko postoj

taksowek

4 Gdaisk-Morena - punkt polmny w odlegtdci okoto 200 m od punktu nr 3,
znajdujcy sk za czteropitrowym budynkiem

5 Gdaisk-Morena - ul. Rakoczego, pas zieleni pgiay dwiema dwupasmowymi

jezdniami, po obydwu stronach znajglsje przystanki autobusowe
6 Gdaisk-Morena - punkt polmny w odlegtdci okoto 200 m od punktu nr 5,
znajdupcy sk za dziesjciopigtrowym budynkiem
7 Sopot - ul. Moniuszki, przy ulicy naprzeciwko poika
8 Sopot - punkt poteony w odlegtéci okoto 200 m od punktu nr 7,
korty tenisowe
9 Sopot - ul. Armii Krajowej, przy ulicy naprzeciolJniwersytetu Gdaskiego
10 Sopot - punkt potmony w odlegtdci okoto 200 m od punktu nr 9, zaplecze
supermarketu Elea
11 Sopot - al. Niepodlegioi, pas zieleni nedzy dwiema jezdniami
12 Sopot - punkt poteony w odlegiéci okoto 200 m od punktu nr 11, naprzeciwko

hurtowni
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Prébki sniegu pobierano w grudniu 2003 r. i styczniu 20048zé¢ punktow byto
umiejscowionych na osiedlu Morena w Gdlu, a sz& pozostatych w centrum Sopotu.
Lokalizacg poszczegoélnych punktéw pobierania probékiegu przedstawiono na
rysunkach 4 i 5.

Opis otoczenia punktéw pobierania prolalegu przedstawiono w tabeli 3.

Lokalizacja punktow pobierania prébek nie byla pagkowa. Probki byly pobierane
Z miejsc, ktére umdiwity wyznaczenie zalenosci pomiedzy zawartécia zanieczyszcze
w $niegu a gtéwnyntrédiem tych zanieczyszcieto jest ruchem komunikacyjnym.

Wyniki oznaczen

Przeprowadzone prace obejmowaly oznaczenie przexoidn elektrycznej
(konduktanciji), pH, zawargi wybranych kationéw i anionéw. W tabeli 4 przedgiono
zakresy stzen i liczbe probek, w ktdrych wykryto dany analit we wszystkiwarstwach,
w ktérych pobierane byly prébki na wszystkich poaach stzef.

Tabela 4
Zestawienie zakresowegen i liczby prébek, w ktérych wykryto dany analit

Table 4
The concentration ranges of selected parameterthamumber of snow samples, in which a given deaigs
detected and determined

Analit lub oznaczan Gdanisk-Morena
y punkty pobierania prébek Nr 1-6
parametr
[mg dm3] Warstwa
powierzchniowa | n 5cm n 10 cm 1
pH 3,70+7,53(5,67) |120| 4,38+7,51(5,70) | 60 | 4,22+6,67(5,59) | 24
Przewodnéé [S/cm*10°7] 9+5000(167) |119| 15+850(107) | 60| 31,0+900(173) | 24
Na" 0,45+638(20,0) |113| 0,61+150(9,84) | 59 | 0,45+101(15,4) | 23
NH 0,38+4,60(1,21) | 61| 0,59+5,19(1,45) | 28 | 0,72+78,7(7,00) | 17
K* 0,15+9,09(1,02) |112| 0,12+9,84(1,25) | 52 | 0,27+3,67(0,82) | 20
Mg 0,13+3,27(0,56) | 68 | 0,11+1,090,39) | 24 | 0,24+0,270,26) 2
ca’ 0,84+25,7(4,14) | 73| 0,98+24,54,61) | 25 | 2,30+2,44(2,37) | 2
NO; 0,22+6,51(1,16) |112| 0,16+4,41(1,20) | 59 | 0,43+2,531,74) | 24
Sleo7a 0,12+51,53,63) [116| 0,53+9,29(3,18) | 60 | 1,22+21,7(3,75) | 24
F 0,01+0,29(0,04) | 35| 0,01+0,71(0,08) | 13 | 0,01+0,13(0,05) | 6
CI- 0,08+159840,8) |116| 0,98+309(21,0) | 60 | 0,88+207(27,9) | 24
Sopot
Analit lub oznaczany punkty pobierania prébek Nr 7-8
parametr Warstwa
powierzchniowa n 5cm n
pH 3,82+7,33(6,22) 24 4,00+6,95(6,01) 6
Przewodné [S/cm*10°] 13+2780(479) 24 19+1270(281) 6
Na" 0,96+251(45,7) 22 0,77+410(82,8) 6
NH; 0,73+964(234) 8 0,73+0,94(0,85) 2
K* 0,20+9,7(2,40) 24 0,77+5,18(2,01) 6
Mg 0,18+0,790,37) 10 0,19+0,490,37) 3
ce’ 0,78+15,6(4,42) 10 0,95+5,01(2,75) 3
NO; 0,37+4,43(1,23) 24 0,47+2,891,81) 6
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Sopot
Analit lub oznaczany punkty pobierania prébek Nr 7-8
parametr Warstwa
powierzchniowa n 5cm n
Slo7e 1,08+52,8(11,5) 24 2,01+30,2(8,77) 6
F 0,01+1,02(0,14) 8 0,01+0,03(0,02) 2
CI 1,76+2250(268) 24 2,74+902(177) 6
Sopot
Analit lub oznaczany punkty pobierania prébek Nr 9-10
parametr Warstwa
powierzchniowa n 5cm n
pH 5,47+7,21(6,41) 24 3,99+6,75(5,83) 4
Przewodné [S/cm*10°] 13,5+1420(199) 24 17+800(251) 4
Na' 1,52+485(39,9) 24 1,96+216(67,0) 4
NH, 0,88+1,70(1,28) 9 0,95+1,38(1,16) 2
K* 0,37+7,74(2,02) 24 1,39+3,91(2,16) 4
Mg?* 0,20+1,00(0,52) 13 0,22+0,46(0,38) 3
ce’ 1,78+30,3(6,70) 13 1,03+13,5(6,13) 3
NO; 0,32+4,86(1,53) 24 2,18+2,912,56) 4
Sleo7a 1,48+54,1(9,64) 24 3,00+31,9(11,4) 4
F 0,01 5 0,46 1
CI 3,91+1152(117) 24 3,30+506(150) 4
Sopot
Analit lub oznaczany parametr punkty pobierania probek Nr 11-12
Warstwa
powierzchniowa n 5cm n
pH 3,12+8,02(6,03) 24 4,61+7,93(6,18) 6
Przewodnéé [S/cm*10°] 0,20+480(141) 24 22,5+600(170) 6
Na" 1,87+67,2(18,8) 24 2,29+16,1(10,0) 6
NH, 0,85+3,13(1,35) 10 0,61+0,98(0,79) 2
K* 0,15+3,12(1,24) 24 0,48+2,44(1,13) 6
Mg?* 0,21+0,78(0,42) 11 0,70 1
ca* 1,70+7,06(4,09) 11 7,51 1
NO; 0,37+14,4(1,74) 23 0,50+2,741,62) 6
Sleo7a 1,10+43,3(9,29) 24 2,78+7,40(5,07) 6
F 0,01 4
ClI 2,73+1036(70,2) 24 4,34+32,2(17,9) 6

Wyniki pomiaréw przewodnosci

Przyktadowe wyniki pomiaréw przewodéw dla probeksniegu zebranych w punktach
pobierania prébek zlokalizowanych na terenie 3#a-Moreny zamieszczono na rysunku
6.

Gdarisk-Morena

W dniu 19.01.2004 najwksze wartéci przewodnéci mialy probkisniegu zebrane
w punkcie pobierania probek Nr 1 i wynosity one odgednio 4000 i 500Q:S/cm dla
warstwy powierzchniowej zebranej po 6 h z miejsbaloi dla warstwy powierzchniowej
zebranej po 6 h. Wardoi przewodnéci dla prébeksniegu zebranych z pozostalych
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punktéw pobierania probek wykazywaly ztdhe wartéci i byly duzo mniejsze od tych
dwéch wymienionych powaej. Natomiast w dniu 20.01.2004 nagkéze wartéci
przewodnéci odnotowano dla probedniegu zebranych z punktu pobierania prébek Nr 1
i wynosity one odpowiednio 345, 450, 650 i 908/cm dla warstwy powierzchniowej
$niegu (opad bezpeedni), dla warstwy powierzchniowgpiegu zebranej po 4 h z miejsca
obok, dla warstwy z gbokasci 5 cm (opad bezpeedni) i dla warstwy powierzchniowej
zebranej po 4 h z miejsca obok. W prébkaokegu zebranych z pozostatych punktow
pobierania prébek wardoi przewodnéci byly poréwnywalne i wahaty siw zakresie od
17 do 13%uS/cm.

‘ NOpad bezposredni mOopad zebrany po 6h B0pad zebrany po 6h z miejsca obok
5000 4000

500

400

300

200

Przewodnictwo [S/cm * 10 ]

100

1 2 3 4 5 6
Punkt pobierania probki

Rys. 6. Przewodrié probeksniegu zebranych w dniu 19.01.2004 w punktach pabierprobek Nr 1-6
zlokalizowanych na terenie Gikka-Moreny

Fig. 6. The conductivity values of snow sampledectéd on 19 January 2004 from the sampling sites
numbered 1-6 located in the area of @skaMorena

Wartcsci przewodnéci zarébwno dla probeksniegu zebranych z  warstwy
powierzchniowejsniegu, jak i tych z gbokasci 5 i 10 cm wahaly si w zakresach
odpowiednio 9+5000, 15+850, 31+90(4S/cm. Spowodowane bylo to zawddia
poszczegolnych jondw gniegu.

Sopot

Najwiekszy wartas¢ przewodnéci odnotowano dnia 08.01.2004 dla prokskiegu
zebranej z warstwy powierzchniowej z punktu polegrébeksniegu 7 i wynosita ona
2850 uS/cm. Najwiksze wartéci przewodnéci dla punktu pobierania prébek najbardziej
oddalonego od dziataldo ludzkiej odnotowano dla préblkéniegu zebranej z warstwy
powierzchniowejsniegu 08.01.2004 i wynosity one 1305/cm, a dla prébkisniegu
zebranej z warstwy z ghokasci 5 cm 20.01.2004 i wynosity one odpowiednio&¥cm.

Najwicksze wartéci przewodnéci dla punktu pobierania prébek potmego na
terenie najbardziej naranym na antropoprespdnotowano 09.01.2004 dla prébkkiegu
zebranej z warstwy powierzchniow&@jiegu i z warstwy z gbokasci 5 cm i wynosity one
odpowiednio 480 i 60QS/cm.

W wiekszaici przypadkéw przewodré byta wieksza w probkackniegu zebranych
Z punktéw pobierania prébekiegu zlokalizowanych na terenie miasta Sopot iieeia
sie w przedziale od 0,20 do 278&/cm.
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Wyniki pomiaréw pH

Wartcsci pH dla probeksniegu zebranych z punktéw pobierania probek Nr 1-12
z dnia 20.01.2004 dla Ghiska-Moreny i Sopotu przedstawiono w formie grafgjzna
rysunku 7.

Gdarisk-Morena

Wartas¢ pH prébek sniegu zebranych z warstwy powierzchniowej z punktéw
pobierania prébek Nr 1-6 wykazywata tendenoplepca (wzrastata kwasowsd sniegu).

W dniu 19.01.2004 najwksze pH odnotowano dla prébddiegu zebranej w punkcie
pobierania prébek Nr 4 z warstwy powierzchniowepra@ej po 6 h i wynosito ono 6,87.
Tego dnia pH prébek zebranych ze wszystkich waidiav punktéw pobierania prébek
Nr 1-6 zlokalizowanych na osiedlu Morena w @Gsku miato warté¢ wieksz niz 5,00.
Natomiast w dniu 20.01.2004 napksze pH odnotowano dla prébkniegu zebranej
w punkcie pobierania probek Nr 4 z warstwy powiriowej (opad bezpoedni)

i wynosito ono 7,15. Tego dnia pH prébé&kiegu zebranych z warstwy powierzchniowej
$niegu bylo zazwyczaj nsze nk probeksniegu zebranych z warstwy zefbkasci 5 cm
zaréwno dla opadu bezfredniego, jak i opadu zebranego po 4 h.

E - Opad bezpwedni, H. Opad zebrany po 4 E - Opad bezpwedni - warstwa pobierana na

glebokasci 5 cm, E - Opad zebrany po 4 h z miejsca obok - warstwaepaba na gbokasci 5 cm
A)

pH

= —~ r3 3 = oom oo - oo
q‘

i
7
64
54
4
3
2
1
i

—
7
N

1 2 3 4 5 b 7 8 9 10 1 12
Punkt pobierania probki
Rys. 7. Wartéci pH prébeksniegu zebranych dnia 20.01.2004 w punktach pobigrandbek 1-12
zlokalizowanych: A) na osiedlu Morena w Gd&iu B) na terenie miasta Sopot

Fig. 7. The pH values of snow samples collecte@@hJanuary 2004 from the sampling sites numbered
1-12 located in the area of: A) Gdk-Morena, B) Sopot

Sopot

Wartas¢ pH probek sniegu zebranych z warstwy powierzchniowej z punktow
pobierania prébeksniegu zlokalizowanych na terenach bardziej mamgch na
antropopresj miata wartéci bardziej zasadowe, a dla probek pobieranych kigw
potozonych na terenie oddalonym od dziatglrio ludzkiej miata wartéci bardziej
kwasowe. Na terenie oddalonym od dziatatdudzkiej pH prébeksniegu zebranych
z warstwy powierzchnioweniegu byto bardziej zasadowe, a z warstwygbgkasci 5 cm -
bardziej kwasowe. Dla terenu najbardziej aareego na antropoprespH probeksniegu
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zebranych z warstwy powierzchniowa@jiegu i warstwy z gokasci 5 cm byto bardziej
zasadowe, jednak dla prébékiegu zebranych z warstwy powierzchniowej tendenaja
byta bardziej wyrana.

Wyniki pomiaréw zawarto §ci wybranych anionéw i kationéw

Zmiany sredniego stzenia jonéw Cl i SO dla catego okresu pobierania probek
$niegu dla probekniegu zebranych na terenie Gdka-Moreny i na terenie miasta Sopot
przedstawiono w formie graficznej odpowiednio nsurykach 8 i 9.

—#— - Warstwa powierzchniowa, - - Warstwa z gibokdci 5 cm,
-k - - Warstwa z gibokasci 10 cm
A)

B)

STEZENIE Cl~[meg/dm?]

S W > g g > > > o 2 >
S & ¢ &
P N
DATA

Rys. 8. Zmianysredniego stzenia jonu chlorkowego w probkaghiegu pobieranych w calym okresie
badawczym w punktach zlokalizowanych na terenieGAgska-Moreny; B) Sopotu

Fig. 8. Average chloride concentration determinedriow samples collected during the whole sampling
period from the sampling sites located in the afed) Gdaisk-Morena; B) Sopot
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STEZENIE SO,2 [meg/dn?]

—¥— Warstwa powierzchniow™— lF— Warstwa z gthokaici 5 cm
- -k - warstwaz gtbokasci 10 cm
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Rys. 9. Zmianyredniego stzenia jonu siarczanowego w probkagtiegu pobieranych w calym okresie
badawczym w punktach zlokalizowanych na terenieGAgska-Moreny; B) Sopotu

Fig. 9. Average sulphate concentration determineshow samples collected during the whole sampling
period from the sampling sites located in the afed) Gdaisk-Morena; B) Sopot

Stezenia jonéwNO; , SO; i CI dla prébeksniegu zebranych z punktéw pobierania

prébek Nr 1-6 z dnia 19.01.2004 na terenie 3&aMoreny i dla prébekniegu zebranych
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z punktow pobierania probek 1-12 z dnia 20.01.2684erenie Gdaska-Moreny i Sopotu
przedstawiono odpowiednio na rysunkach 10 11.

E Warstwa powierzchniow H Warstwa powierzchniowa po 6 E Warstwa powierzchniowa po 6 h
Z miejsca obok

A 153450384
P s

1.2

0.8

0.4
s it e 2 I
g I . . . . . .
= I I ll It Y Yl
o
.g (al Warstwa powierzchniowa - opad bezgaini H warstwa z gibokdsci 5 cm - opad bezgeedni
E, E Warstwa powierzchniowa po 4 h z miejsca o E Warstwa z gibokasci 5 cm po 4 h z miejsca obok
CZ)) 280 468 .95 189

0.84

0.5 4

0.4

Ty
¥
X

0.24
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=
—
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=
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Punkt pobierania probki

Rys. 10. Szenie jonu chlorkowego dla probekniegu zebranych w dniu: A) 19.01.2004
i B) 20.01.2004 w punktach pobierania probek :zlizkabanych na terenie osiedla
Gdaisk-Morena

Fig. 10. Chloride concentration determined in snsamples collected on: A) Y9January 2004
and B) 28" January 2004 from the sampling sites located iratka of Gdask-Morena
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Punkt pobierania probki
Rys. 11. Szenie jonu siarczanowego dla prébekiegu zebranych w dniu: A) 19.01.2004

i B) 20.01.2004 w punktach pobierania probek :zlizkabanych na terenie osiedla
Gdaisk-Morena

Fig. 11. Sulphate concentration determined in seamples collected on: A) YPanuary 2004 and B)
20" January 2004 from the sampling sites located iratea of Gdéask-Morena

Gdarisk-Morena

Najwicksze srednie stzenie jondw chlorkowych dla probekniegu zebranych
z warstwy powierzchniowegniegu wynosito 1,99 meq/dm(24.01.2004), a dla tych
z warstwy z gthokaici 5 cm - 1,67 meq/din(22.01.2004), natomiast dla prébgiiegu
zebranych z warstwy z @okasci 10 cm - 1,24 meq/di(23.01.2004). W dniu 19.01.2004
najwicksze stzenia jonéw chlorkowych odnotowano dla prdébékiegu zebranych
w punkcie pobierania prébek Nr 1 i wynosity one®538,4 meg/drhodpowiednio dla
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warstwy powierzchniowej zebranej po 6 h i dla wayspowierzchniowej zebranej po 6 h
Z miejsca obok. Natomiast w dniu 20.01.2004 ngfsze sizenia jondw chlorkowych
odnotowano dla prébedniegu zebranych w punkcie pobierania probek Nmwgrosity one
6,95; 4,69; 2,90 i 2,69 meqg/dradpowiednio dla warstwy powierzchniowégjiegu zebranej
po 4 h z miejsca obok, dla warstwy zlgbkasci 5 cm (opad bezgoedni), dla warstwy
powierzchniowej (opad bezgedni) oraz dla warstwy z gdokasci 5 cm zebranej po 4 h
Z miejsca obok.

Najwieksze srednie stzenie jondéw siarczanowych dla probekiegu zebranych
z warstwy powierzchniowejniegu wynosito 0,11 meq/dh(30.01.2004), a dla prébek
zebranych z warstwy z gokaici 5 cm - 0,10 meq/di(19.01.2004), natomiast dla prébek
sniegu zebranych z warstwy zebbkaici 10 cm - 0,13 meq/d(24.01.2004). W dniu
19.01.2004 najwksze stzenia jonéw siarczanowych odnotowano dla proldeiegu
zebranych w punkcie pobierania prébek Nr 1 i wyiyosine 1,07 i 0,73 meg/din
odpowiednio dla warstwy powierzchniowej zebranejéplo i dla warstwy powierzchniowej
zebranej po 6 h z miejsca obok. Natomiast w dni®2Q@004 najwiksze stzenie jondw
siarczanowych odnotowano dla prébki zebranej w pignkpobierania prébek Nr 1
i wynosito ono 0,31 meg/dina w pozostatych punktactesenie jonéw siarczanowych byto
w zakresie 0,04+0,19 meqg/dm

Najwieksze srednie stzenie jonéw azotanowych dla prébedniegu zebranych
z warstwy powierzchniowejniegu wynosito 0,13 meq/dh(08.01.2004), a dla prébek
zebranych z warstwy z gokaici 5 cm - 0,08 meq/din(22.01.2004), natomiast dla prébek
sniegu zebranych z warstwy zebbkasci 10 cm - 0,03 meq/d(30.01.2004). W dniu
19.01.2004 najwksze stzenia jonow azotanowych odnotowano dla prébaiegu
zebranych w punkcie pobierania probek Nr 1 dla twgrpowierzchniowej zebranej po 6 h
oraz w punkcie pobierania prébek Nr 5 dla warstwglebokasci 5 cm i wynosity one
odpowiednio 0,27 i 0,13 meg/dniNatomiast w dniu 20.01.2004 nagkize stzenie jondw
azotanowych odnotowano dla préskiegu zebranej w punkcie pobierania prébek Nr 4 dla
warstwy powierzchniowej (opad bezpedni) i miato ono wart@& 0,07 meqg/drh

Sopot

Najwicksze $rednie stzenie jondéw chlorkowych dla probek zebranych z wayst
powierzchniowejsniegu wynosito 16,1 meq/dn(23.12.2003), a dla prébek zebranych
z warstwy z gibokdici 5 cm - 0,84 meq/di(20.01.2004). W dniu 20.01.2004 najkéze
stezenie jondw chlorkowych odnotowano dla probkiegu zebranej w punkcie pobierania
probek Nr 9 dla warstwy powierzchniowej zebranej4pd z miejsca obok i miato ono
wartas¢ 32,5 meg/drh W prébkachéniegu zebranych w punktach pobierania prébek Nr 7
i 9 skzenie jondw chlorkowych byto do wicksze nk w pozostatych zebranych tego dnia
prébkach.

Najwicksze srednie stzenie jondw siarczanowych dla probekiegu zebranych
z warstwy powierzchniowejniegu wynosito 0,44 meq/dh(08.01.2004), a dla prébek
zebranych z warstwy z @dokaici 5 cm - 0,28 meq/di(20.01.2004). W dniu 20.01.2004
najwicksze sgzenie jondw siarczanowych odnotowano dla prébki aebr w punkcie
pobierania prébek Nr 9 dla warstwy powierzchniowepranej po 4 h z miejsca obok
i miato ono warté¢ 1,13 meg/drh W prébkach zebranych w punktach pobierania probek
Nr 7, 9 i 11 we wszystkich warstwadhiegu s¢zenie jonéw siarczanowych byto zu
wigksze ni w pozostatych zebranych tego dnia probkach.
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Punkt pobierania prébki
Rys. 12Srednie stzenie jonu sodowego dla prébelniegu zebranych w dniu: A) 19.01.2004
w punktach pobierania prébek zlokalizowanych naerter osiedla Gdek-Morena;
B) 20.01.2004 w punktach pobierania prébek zlokaanych na terenie osiedla

Gdaisk-Morena; C) 20.01.2004 w punktach pobierania gkéblokalizowanych na terenie
miasta Sopot

Fig. 12. Average sodium concentration determinedniow samples collected on: A)"anuary 2004
from the sampling sites located in the area ofBkaviorena; B) 28 January 2004 from the

sampling sites located in the area of @gkaMorena; C) 26 January 2004 from the sampling
sites located in the area of Sopot
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Punkt pobierania probki
Rys. 13Srednie sgzenie jonu amonowego dla probekiegu zebranych w dniu: A) 19.01.2004
w punktach pobierania probek zlokalizowanych naerter osiedla Gdesk-Morena;
B) 20.01.2004 w punktach pobierania prébek zlokaanych na terenie osiedla
Gdaisk-Morena; C) 20.01.2004 w punktach pobierania gkoblokalizowanych na terenie
miasta Sopot

Fig. 13. Average ammonium concentration determiimesnow samples collected on: A)"™9anuary
2004 from the sampling sites located in the are@adsk-Morena; B) 28 January 2004 from
the sampling sites located in the area of i@éeMorena; C) 26 January 2004 from the
sampling sites located in the area of Sopot
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Punkt pobierania probki
Rys. 14Srednie sgzenie jonu potasowego dla probeékiegu zebranych w dniu: A) 19.01.2004
w punktach pobierania probek zlokalizowanych naerter osiedla Gdek-Morena;
B) 20.01.2004 w punktach pobierania prébek zlokaanych na terenie osiedla
Gdaisk-Morena; C) 20.01.2004 w punktach pobierania gkoblokalizowanych na terenie
miasta Sopot

o
=

Fig. 14. Average potassium concentration determineshow samples collected on: A)8anuary 2004
from the sampling sites located in the area offSkaviorena; B) 28 January 2004 from the
sampling sites located in the area of @daMorena; C) 20 January 2004 from the sampling
sites located in the area of Sopot
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Najwieksze srednie stzenie jonéw azotanowych dla prébedniegu zebranych
z warstwy powierzchniowsniegu wynosito 0,05 meq/dh§04.01.2004 i 20.01.2004), a dla
probek zebranych z warstwy zebbkasci 5 cm - 0,04 meq/din(20.01.2004). W dniu
20.01.2004 najwksze stzenie jondw azotanowych odnotowano dla préimkégu zebranej
w punkcie pobierania prébek Nr 7 z warstwy powiariowej (opad bezpoedni)
i wynosito ono 0,07 meg/din

Stezenia jonow N3& NH,” i K* obecnych w probkachkniegu zebranych dnia
19.01.2004 z punktéw pobierania prébek Nr 1-6 Ziakaanych na terenie osiedla
Gdaisk-Morena oraz dla probekiegu zebranych dnia 20.01.2004 z punktdéw pobiarani
prébek Nr 1-12 zlokalizowanych na terenie @sl@-Moreny i Sopotu przedstawiono na
rysunkach 12-14.

Gdarisk-Morena

Najwickszerednie stzenie jondw sodowych dla prébékiegu zebranych z warstwy
powierzchniowejsniegu wynosito 0,99 meq/dn(24.12.2003), a dla probek zebranych
z warstwy z gihokaici 5 cm - 1,30 meq/din(22.01.2004), natomiast dla prébgiiegu
zebranych z warstwy z @okasci 10 cm - 1,55 meq/di(30.01.2004). W dniu 19.01.2004
najwicksze stzenia jondéw sodowych odnotowano dla préalegu zebranych w punkcie
pobierania prébek 1 i wynosity one 22,7 i 25,1 rdet/ odpowiednio dla warstwy
powierzchniowej zebranej po 6 h i dla warstwy ponthniowej zebranej po 6 h z miejsca
obok. Natomiast w dniu 20.01.2004 najksze stzenie jonow sodowych odnotowano dla
probki sniegu zebranej w punkcie pobierania probek Nr 1astwie powierzchniowej
zebranej po 4 h z miejsca obok i miato ono warts,37 meg/drh W prébkachsniegu
zebranych tego dnia w punkcie pobierania prébek1Nmwniez odnotowano wiksze
stezenia sodu w poréwnaniu do prébek pobranych w inmpafiktach.

Najwickszesrednie stzenie jondéw potasowych dla préb&kiegu zebranych z warstwy
powierzchniowejsniegu wynosito 0,07 meq/dh{24.12.2003), a dla zebranych z warstwy
z gkbokdici 5 cm - 0,09 meq/di(09.01.2004), natomiast dla prébek zebranych ztwgr
z gkbokdici 10 cm - 0,03 meq/dr(23.01.2004). W prébkacimiegu zebranych z warstwy
powierzchniowej jonow potasowych byto najmniej. Wiud19.01.2004 najwksze stzenia
jonéw potasowych odnotowano dla prokiegu zebranej w punkcie pobierania prébek 2
dla warstwy powierzchniowej zebranej po 6 h i miatm wartéé¢ 0,20 meqg/drh Natomiast
w dniu 20.01.2004 najwksze stzenie jondw potasowych odnotowano dla profrkiegu
zebranej w punkcie pobierania prébek Nr 1 dla wargiowierzchniowej zebranej po 4 h
z miejsca obok i miato ono wak©0,05 meqg/drh

Najwickszesrednie stzenie jonéw amonowych dla probékiegu zebranych z warstwy
powierzchniowejsniegu wynosito 0,11 meq/dn(19.01.2004), a dla prébek zebranych
z warstwy z gthokaici 5 cm - 0,14 meq/di(09.01.2004), natomiast dla prébgiiegu
zebranych z warstwy z @okasci 10 cm - 0,93 meq/di(23.01.2004). W dniu 19.01.2004
najwicksze stzenie jonéw amonowych odnotowano dla profikiegu zebranej w punkcie
pobierania probek Nr 6 w warstwie powierzchniowepdd bezpéredni) i wynosito ono
0,16 meg/dm Natomiast w dniu 20.01.2004 nagksze stzenie jondw amonowych
odnotowano dla probkéniegu zebranej w punkcie pobierania probek Nr 5 arsiwie
powierzchniowej zebranej po 4 h i miato ono wait,10 meqg/drh W tym dniu s¢zenie
jonéw amonowych byto wksze w prébkackiniegu zebranych z warstwy powierzchniowej
we wszystkich punktach pobierania probek, a dlabgk&niegu zebranych z warstwy
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Z gkbokasici 5 cm w niektérych punktach pobierania probedzestie to bylo poriej
granicy oznaczalrii.

Sopot

Najwicksze srednie stzenie jondéw sodowych dla probekniegu zebranych
z warstwy powierzchniowejniegu wynosito 4,05 meq/dh(20.01.2004), a dla probek
zebranych z warstwy z @dokaici 5 cm - 4,69 meq/di(20.01.2004). W dniu 20.01.2004
najwicksze stzenie jondéw sodowych odnotowano dla prébkiegu zebranej w punkcie
pobierania prébek Nr 9 w warstwie powierzchniowepmanej po 4 h z miejsc obok
i wynosito ono 21,1 meq/dmW prébkachéniegu zebranych w punktach pobierania probek
Nr 7 i 9 zawarté jonu sodowego we wszystkich warstwaéhiegu byta wgksza
w poréwnaniu z prébkami zebranymi w pozostatychipaich pobierania probek.

Najwickszesrednie stzenie jondw potasowych dla prob&kiegu zebranych z warstwy
powierzchniowejsniegu wynosito 0,09 meq/d(08.01.2004), a dla prébek zebranych
z warstwy z gibokdici 5 cm - 0,07 meq/di(20.01.2004). W dniu 20.01.2004 najkéze
stezenie jonow potasowych odnotowano dla profkiegu zebranej w punkcie pobierania
probek Nr 9 w warstwie powierzchniowej zebranej4pb z miejsca obok i wynosito ono
0,14 meg/dri W prébkachsniegu zebranych w punktach pobierania probek Nr & i
zawartg¢ jonu sodowego we wszystkich warstwaghiegu byta wiksza w porownaniu
z prébkamigniegu zebranymi w pozostatych punktach pobierarddek.

Najwickszesrednie stzenie jonéw amonowych dla probéhiegu zebranych z warstwy
powierzchniowejsniegu wynosito 16,7 meq/dn(09.01.2004), a dla prébek zebranych
z warstwy z gibokdici 5 cm - 0,08 meq/di(20.01.2004). W dniu 20.01.2004 najkéze
stezenie jonéw amonowych odnotowano dla prébé@kegu zebranych w punktach
pobierania probek Nr 8, 10 i 12 odpowiednio w waist powierzchniowejsniegu,

w warstwie z gibokasci 5 cm zebranej po 4 h z miejsca obok oraz w waest
powierzchniowej i wynosito ono 0,08 meq/éim

Na podstawie poréwnania wynikéw otrzymanych podcbasl@a stwierdzono,ze
stezenie jonéw azotanowych, siarczanowych, chlorkowyatgowych i potasowych byto
wicksze w prébkackniegu zebranych z punktéw pobierania probek zlakaianych na
terenie Sopotu; natomiastestnie jonéw amonowych bylo wkisze w probkachsniegu
zebranych z punktow pobierania probek zlokalizowehnya terenie Gdaka-Moreny.

Korelacje pomigdzy wybranymi jonami

W tabeli 5 przedstawiono wzajemne zal@ci pomidzy poszczegdlnymi jonami
wchodzcymi w sklad zanieczyszcizenvyskpujacych w warstwie powierzchniowgpiegu
na terenie Sopotu.

W tabeli 6 przedstawiono wzajemne zal@ci pomidzy poszczegdlnymi jonami
wchodzcymi w sklad zanieczyszcizenvyskpujacych w warstwie powierzchniowgpiegu
na terenie Gdsska-Moreny.

W tabeli 7 przedstawiono wzajemne zal@ci pomidzy poszczegdlnymi jonami
wchodzcymi w skfad zanieczyszcizewyskpujacych w warstwie sniegu pobieranej
z gkbokadici 5 cm na terenie Sopotu.
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Tabela 5

Wartasci wspdtczynnikéw korelacji dla analitow oznaczanye probkachiniegu pobranych z warstwy
powierzchniowej na terenie Sopotu

Table 5

The values of correlation coefficients between yealdetermined in snow samples collected fromeserfayer
in the area of Sopot

Korelacje (Sopot warstwa powierzchniowa)
Zmienna Oznaczone wspo6iczynniki korelaciji g istotne z p < 0,05
NO; SO% SO F cr Na* NH; K* | mg* | c&
NO; 1,00
SO% 0,16 1,00
Sl 0,60 0,66 | 1,00
F -0,12 -0,06 -0,10 1,00
Cr 0,26 0,66 0,90 -0,14 1,00
Na" 0,43 -0,22 0,35 0,29 0,12 1,00
NH -0,02 0,56 0,58 -0,22 | 0,83 | -0,41 1,00
K* 0,31 0,64 0,81 0,33 0,83 0,32 0,58 1,00
Mg2+ 0,47 -0,09 0,55 -0,49 | 0,53 0,29 0,39 0,26 1,00
ce* 0,70 -0,07 0,60 -0,12 0,33| 0,86 -0,16 0,29 | 0,61 1,00
Tabela 6

Wartasci wspotczynnikéw korelacji dla analitbw oznaczahye probkachiniegu pobranych z warstwy
powierzchniowej na terenie Gakka-Moreny

Table 6

The values of correlation coefficients between yealdetermined in snow samples collected fromaserfayer
from in the area of Gdak-Morena

Korelacje (Gdansk-Morena warstwa powierzchniowa)
Zmienna Oznaczone wspotczynniki korelacii g istotne z p < 0,05
NO; SO SOz F cr Na' NH; K* | Mg? | c&*
NO; 1,00
Slo7y -0,28 1,00
Slo7a 0,88 | —0,52 1,00
F -0,58 0,69 -0,67 1,00
CI- 1,00 -0,27 0,89 -0,59 1,00
Na" 1,00 -0,22 0,88 -0,57 1,00 1,00
NH, 0,07 —-0,29 0,30 -0,7¢ 0,09 0,1 1,00
K* 0,52 0,65 0,26 0,04 0,54 0,58 | -0,01 1,00
Mg?* -0,30 0,95 -0,42 0,56 | 0,28 | -0,23 -0,01| 0,64 | 1,00
ce* 0,11 0,88 -0,08 0,34 0,13 0,18 -0,00 0,90 0,91 | 1,00
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Tabela 7

Wartasci wspdtczynnikéw korelacji dla analitow oznaczanye probkachiniegu pobranych z warstwy
z gkkbokasci 5 cm na terenie Sopotu

Table 7
The values of correlation coefficients between yealdetermined in snow samples collected fromdéyh
of 5 cm in the area of Sopot

Korelacje (Sopot warstwa z g¢bokosci 5 cm)
Zmienna Oznaczone wspoétczynniki korelaciji g istotne z p < 0,05
NO; Slore cr Na* NH; K*

NO; 1,00
SOz 0,80 1,00

(o 0,79 1,00 1,00

Na* 0,81 1,00 1,00 1,00
NH 0,25 0,78 0,79 0,77 1,00

K* 0,33 0,83 0,84 0,82 1,00 1,00

W tabeli 8 przedstawiono wzajemne zal@ci pomidzy poszczegdlnymi jonami
wchodzcymi w skfad zanieczyszczewyskpujacych w warstwie sniegu pobieranej
z gkbokadsci 5 cm na terenie Gdaka-Moreny.

Tabela 8
Wartasci wspotczynnikéw korelacji dla analitbw oznaczahye probkachniegu pobranych z warstwy
z gkebokasci 5 cm na terenie Gdaka-Moreny

Table 8

The values of correlation coefficients between ytealdetermined in snow samples collected frondégh
of 5 cm in the area of Gdak-Morena

Korelacje (Gdansk-Morena warstwa z gébokosci 5 cm)
Zmienna Oznaczone wspotczynniki korelacii g istotne z p < 0,05
NO; | sof F cr Na" NH} K* Mg®t | c&
NO; 1,00
Sle7a 0,57 | 1,00
F -0,64 | -0,67 1,00
CI- 0,94 0,65 -0,51 1,00
Na" —-0,45 -0,45| 0,89 —-0,39 1,00
NH; -0,01| 0,70 | —0,20 0,24 -0,27 1,00
K* -0,03 0,75 -0,32 0,17 -0,34| 0,97 1,00
Mg?* -0,01 0,52 —0,43 0,17 -0,66| 0,84 0,85 1,00
(of: 0,14 0,38 -0,23 0,38 -0,54 0,75 0,65 0,89 1,00

W tabeli 9 przedstawiono wzajemne zaleci pomidzy poszczegélnymi jonami
wchodzcymi w sktad zanieczyszczewyskpujacych w warstwie sniegu pobieranej
Z glebokasci 10 cm na terenie Gdska-Moreny.
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Tabela 9
Wartasci wspdtczynnikéw korelacji dla analitow oznaczanye probkachiniegu pobranych z warstwy
z gkkbokasci 10 cm na terenie Gdaka-Moreny

Table 9
The values of correlation coefficients between yealdetermined in snow samples collected fromdéph of
10 cm in the area of Gflsk-Morena

Korelacje (Gdansk-Morena warstwa z gébokosci 10 cm)
Zmienna Oznaczone wspotczynniki korelacji g istotne z p < 0,05
NO; | SO F cr Na* NH; K*
NO; 1,00
Slory -0,11 | 1,00
F -0,79 0,70 1,00
cr 045 | -0,23| -0,49] 1,00
Na* 0,48 -0,18 -0,47 1,00 1,00
NH, -0,85 -0,36 0,40 —0,53 -0,5Y 1,00
K* -0,81 -0,46 0,31 -0,43 -0,48 0,99 1,00

Whnioski

Prébki $niegu pobierano przez okres od 22.12.2003 do 3®004. Badania
przeprowadzono dla 272 prébekiegu i wartéci pH, przewodnéci oraz zawartci
wybranych jonéw. Otrzymane wynikiegen i wartasci oznaczanych parametrow pozwalaj
na sformutowanie nagtujacych wnioskow:

Przewodnasé

Przewodné¢ zmieniata si w zaleznosci od zawartéci poszczegoélnych jonow wniegu
i przewanie byla ona mniejsza dléwiezego sniegu. Im dhiej $nieg utrzymywat si
na powierzchni ziemi, tym wksza byta jego przewodiy co wynikalo z absorpcji
zanieczyszczepochodzacych z procesOw spalania paliw. Zales¢ te potwierdza réwnie
fakt, ze dla prébeksniegu zebranych z warstwy powierzchniowej przewddnbyta
mniejsza nt dla prébek zebranych z warstw zlgbkasci 5 i 10 cm. Wyjtkiem od tej
reguly byty dni, podczas ktorych wysgity bardzo intensywne opadyiegu. Dla tych dni
w probkachsniegu zebranych w punktach pobierania prébek ziotatanych przy ulicach
przewodné¢ byta wieksza w warstwie powierzchniowépiegu. Spowodowane byto to
wzrostem zawartei jondw chlorkowych w warstwie powierzchniowgjiegu, co zwizane
bytlo ze stosowaniem NaCl, CaCub MgChL do usuwania lodu z ulic i chodnikéw.
Przewodné¢ byta wigksza dla prébeléniegu zebranych w punktach pobierania prébek
zlokalizowanych na terenie Sopotu w poréwnaniu éabgami zebranymi w punktach
pobierania prébek zlokalizowanymi na terenie f&#a-Moreny. Spowodowane to byto
wieksz zawartdcia prawie wszystkich oznaczanych jonéw w probkactegu zebranych
na terenie Sopotu.

Warto §¢ pH

Wartdsci pH dla probeksniegu zebranych z warstwy powierzchniowej w puntktac
pobierania prébek zlokalizowanych na terenie f3#a-Moreny wykazywaly tendercj
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malepca, czyli zwiekszata si kwasowd¢ sniegu. Spowodowane bylo to wzrostem
zawartdci kwasnych tlenkéw pochodych z proceséw spalania i z transportu. Na terenie
Sopotu tendenej malepca zaobserwowano dla prébek zebranych z  warstwy
powierzchniowej w punkcie pobierania prébek zlakalvanym przy ulicy o najmniejszym
nakzeniu ruchu komunikacyjnego. Mogto dyto wynikiem zaréwno gorszej wymiany
powietrza na tym terenie, jak i wzrostem zawsnitdkwasnych tlenkéw pochodzych

z emisji z palenisk domowych. Dla préb@kegu zebranych w punktach pobierania prébek
zlokalizowanych przy ulicach o wkszym na¢zeniu ruchu zaobserwowano wzrost wécto
pH, co mana wyttumaczy tym, ze na tych terenach byla lepsza cyrkulacja powietrza
i wicksza zawart& substancji zobejniajacych kwdane tlenki.

Dla prébeksniegu zebranych z warstwy powierzchniowej w punktgmbierania
prébek zlokalizowanych na terenie osiedla f&ttaMorena i na terenie Sopotu wadtqH
wykazywata tendenejdo przybierania wartgi bardziej kwdnych, a dla prébekniegu
zebranych z warstwy z gflokasci 5 cm wykazywata tendenrcjdo przybierania wartai
bardziej zasadowych.

Dla prébeksniegu zebranych z warstwy zehbkasci 10 cm zlokalizowanych na terenie
osiedla Morena w Gaaku pH wykazywato tendengcijdo przybierania wartgi bardziej
kwasnych w przeciwiéstwie do prébelsniegu zebranych z warstwy zefbkasci 5 cm
i z warstwy powierzchniowej. Tak jak w poprzednimeypadku mana to wyttumaczy
wieksz zawartdcia kwasnych tlenkéw w tych warstwacimiegu.

Aniony
Jony chlorkowe

Podobnie jak dla jonu sodowego zauwmao wikksz zawarté¢ jonu chlorkowego
w probkachsniegu zebranych w punktach pobierania prébek zio&alanych na terenie
Sopotu. Jest to wynikiem wplywu atmosfery at@one] aerozolami unogzymi sk
nad Zatok Gdaiska. Zawart@¢ jonu chlorkowego w probkachniegu zebranych
Zz poszczegllnych warstw zmieniatae siv analogiczny spos6b jak zawaidojonu
sodowego.

Jony siarczanowe i azotanowe

Zawart@¢ jonu siarczanowego i azotanowego bytagksza w probkachsniegu
zebranych w punktach pdionych w poblku drég komunikacyjnych, co wynikalo ze
zwickszonej emisji tych jonow zwtanej z ruchem pojazdow samochodowych.
W probkach sniegu zebranych na terenie Sopotu zawdértgonu siarczanowego
i azotanowego byla znaczniegkza nk w probkachsniegu zebranych na terenie osiedla
Morena w Gdasku. Spowodowane bylo to giiszym natzeniem ruchu komunikacyjnego
na terenie Sopotu oraz gogseyrkulach powietrza wynikajca z ggstszej zabudowy tego
obszaru. W prébkaciniegu zebranych w punktach pobierania probek zin&atnych na
terenie Sopotu zawal® jonu siarczanowedo i azotanowego malata wraz zeostem
gicbokdici. Dla prébeksniegu zebranych w punktach pobierania probek zip&aknych
na terenie Gdska-Moreny zaobserwowano zates¢ odwrotra. Wynikat to mogto
zaréwno z migracji tych jonow w g warstwy, jak réwnie z lepszej cyrkulacji powietrza
na terenie Gdsska-Moreny.
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Kationy
Jony sodowe

W prébkach $niegu zebranych w punktach pobierania probek zio&atnych
na terenie Gdska-Moreny zawartg jonéw sodowych byta mniejszazniw probkach
$niegu zebranych w punktach zlokalizowanych na fer8opotu. Jest to wynikiem tegae
na terenie Sopotu dal role odgrywa wptyw atmosfery naszonej aerozolami unogzymi
sig nad Zatok Gdaiska. Na terenie Sopotu zawagto sodu byla zazwyczaj wksza
w prébkachsniegu zebranych z warstwy powierzchniowej w porédmma prébkaméniegu
zebranymi z warstwy z gbokasci 5 cm. Bylo to wynikiem stosowania NaCl do usuigan
lodu z drég komunikacyjnych, co wptywato na zkszenie zawartei obydwu tych jonéw
w probkachsniegu zebranych z warstwy powierzchniowej. Dla giddniegu zebranych na
terenie Gdaska-Moreny meéna zauway¢ taka zaleznos¢, ze wraz ze wzrostem @okasci
wzrastala zawarté sodu w probkachéniegu. Wyttlumacz§ to mazna migraci jonu
sodowego w ghb warstwy $niegu. W dniach, podczas ktorych vaysty obfite opady
$niegu, zawart& jonu sodowego byta najeksza w probkach zebranych z warstwy
powierzchniowej, co wynikalo z zastosowania NaCl dsuwania lodu z drég
komunikacyjnych.

Jony potasowe

Zawart@g¢ jondéw potasowych byta do wicksza w prébkachsniegu zebranych
w punktach pobierania prébek zlokalizowanych nart&r Sopotu, co wyttumac&ynazna
wplywem aerozoli morskich i poleniem geograficznym tego miasta.

Jony amonowe

Zawartg¢ tego jonu byla zazwyczaj do wicksza w probkachéniegu zebranych
w punktach pobierania probek paémych w pewnym oddaleniu od drég komunikacyjnych.
Wazny wplyw na to miata lokalizacja tych punktéw pataieia prébek. Byly to tereny
rekreacyjno-sportowe, wsiedztwie ktdrych znajdowalyestciezki spacerowe ueszczane
gtownie przez wicicieli wraz z psami. W prébkackniegu zebranych w punktach
potozonych w pobliu drog komunikacyjnych stenie jonu amonowego znajdowal; si
Czesto ponkej granicy oznaczalsoi.

Jony magnezowe i wapniowe

Zwiekszone zawarf@i jonu magnezowego i wapniowego zaobserwowangquoiaek
zebranych podczas dni, gdy temperatury powietraa gy tyle niskieze do usuwania lodu
z drég komunikacyjnych zastosowano GaGb MgCh.

Korelacje pomiedzy poszczegdlnymi jonami

Korelacje pomgdzy kwanymi anionami: azotanowym i siarczanowym a katiomam
amonowym, wapniowym, magnezowym i potasowym wskatywe kwasowéé sniegu
byta zobogtniana. Due wartdgci wspétczynnikow korelacji poreizy jonem azotanowym
i siarczcanowym a chlorkowym i sodowym potwierdzibpleznosé pomidzy sktadem
zanieczyszczew sniegu a poteeniem geograficznym Tréjmiasta (Zatoka Gska).
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POLLUTANTS PRESENT IN SNOW SAMPLES COLLECTED FROM V ARIOUS
LAYERS OF SNOW COVER AS A SOURCE OF INFORMATION ABO UT
THE STATE OF ENVIRONMENT IN A BIG URBAN AGGLOMERATI ON

Chemical Faculty, Gdansk University of Technology

Abstract: Snow samples were collected within one month froth shmpling sites located in the area
of Gdansk-Sopot. Six of them were in the vicinifycommunication arteries characterized by differeaffic
intensity. Each sampling site had its referencatpeihich was located within a distance of abold 20from the
road. pH, conductivity, selected anions and catwese determined in snow samples. pH measuremesrs w
carried out by means of a pH glass electrode, valsemnductivity by applying conductometric methods.
The concentration levels of selected ions were rodeted by means of chromatographic techniques (ion
chromatography). The conducted research studie§irmea presence of the above-mentioned compounds
in snow samples at different concentration levelgehding on time, sampling site, layer of snow carel type

of compound.

Keywords: snow, pollution, layers of snow cover, correlatioatrices
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15" INTERNATIONAL CONFERENCE
ON HEAVY METALS IN THE ENVIRONMENT

SEPTEMBER 19-23, 2010
GDANSK, POLAND

ORGANIZED BY
CHEMICAL FACULTY, GDANSK UNIVERSITY OF TECHNOLOGY ( GUT)
TOGETHER WITH
COMMITTEE ON ANALYTICAL CHEMISTRY
OF THE POLISH ACADEMY OF SCIENCES (PAS)

15" ICHMET- is a continuation of a series of highlycsassful conferences that have
been held in major cities of the world since 19These conferences typically draw
500-1000 participants from countries in many paftthe world. Well over 5000 scientists
have taken part in this series of conferences diefumost leaders in the field. Apart from
the city’s natural beauty, Gfisk is logical choice for the ¥5Conference to highlight the
outstanding work that is being done on heavy metals Central Europe.
The venue for the meeting will be the Gdansk Umitgrof Technology (GUT) which
features many tourist attractions.

The Conference will include a number of invited tlges treating frontier topics
prepared by specialist with international reputatioral presentation and poster sessions.
ICHMET welcomes contributions on all aspects of hagvy metal in the environment. All
presentation will be connected with such topics as:
= Risk assessment and risk management pertainimgiormetals in the environment
Susceptibility and protection of children from toxnetals in their environment
Measurement and exposure assessment
Biomarkers of exposure and effects of heavy metals
Gene-environment-metal interactions
Trend tracking/analysis of heavy metal data - spatmd temporal
Risk communication pertaining to heavy metals
Life cycle analysis for metalliferous consumer prois
Soil quality criteria
Remediation technologies
Control strategies for heavy metal emissions anbsidon
Metal mixtures - mechanistic and epidemiologicatists
Nutrient-metal interactions
Advancements in analytical tools (procedures andsmement devices)

Toxicology of heavy metals, from cellular and geimoto ecosystem levels



23¢€

= Heavy metals in foods
= Impact of global change on heavy metal cycle

For further information on the conference, pleassact:
Professor Jacek Nandigk (Conference Chairman)
Gdansk University of Technology, Chemical Faculty
Department of Analytical Chemistry

G. Narutowicza 11/12, 80-233 Gk (Poland)

email: chemanal@pg.gda.pl

homepage: http://www.pg.gda.pl/chem/ichmet/



INVITATION FOR ECOpole’20 CONFERENCE

CHEMICAL SUBSTANCES IN ENVIRONMENT

We have the honour to invite you to take part ia i®th annual Central European
Conference ECOpole’10, which will be held @8-16 X 2010 (Thursday-Saturday)
on Wilhelms Hill at Uroczysko in Piechowice, thedgty Mts., Lower Silesia, PL.

The Conference Programme includes oral presentaind posters and will be divided
into five sections:

e Sl Chemical Pollution of Natural Environment and its Monitoring
e Sl Environment Friendly Production and Use of Enegy

« Slll Risk, Crisis and Security Management

« SIV Forum of Young Scientists and Environmental Edaation

e SV Impact of Environment Pollution on Food and Human Health

The Conference language is English.

Contributions to the Conference will be published a
« abstracts on the CD-ROM (0.5 page of A4 paper doeiat)

« extended Abstracts (4-6 pages) in the semi-anouah@l Proceedings of ECOpole

o full papers will be published in successive issw#sthe Ecological Chemistry
and Engineering/Chemia i fgnieria EkologiczngEcol. Chem. Eng.) ser. Aand S.
Additional information one could find on the Cordace website:

ecopole.uni.opole.pl

The deadline for sending the Abstractsl$07.2010and for the Extended Abstracts:
1.10.2010 The actualised list (and the Abstracts) of th@f€ence contributions accepted
for presentation by the Scientific Board, one cand f(starting from 15.07.2010)
on the Conference website.

The papers must be prepared according to the GiasideAuthors on Submission
of Manuscripts to the Journals.

The Conference fee is 300 € (covering hotel, meaisl transportation during
the Conference). It could be reduced (to 170 €)yimung people actively participating
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in the Forum of Young Scientists. But the colleaghas to deliver earlier
the Extended Abstract (4-6 pages) of his/her coution (deadline is ori5.08.201),
and a recommendation of his/her Professor.

At the Reception Desk each participant will obtaan CD-ROM with abstracts
of the Conference contributions as well as ConfegdProgramme (the Programme will be
also published on the Conference website).

Maria Wactawek

Further information is available from:

Prof. dr hab. in. Maria Wactawek

Chairperson of the Organising Committee

of ECOpole’10 Conference

Opole University

email: Maria.Waclawek@o2.pl

and mrajfur@o?2.pl

phone +48 77 455 91 49 and +48 77 401 60 42
fax +48 77 401 60 51

Conference series

1992 Monitoring’92 Opole

1993 Monitoring’93 Turawa

1994 Monitoring’94 Pokrzywna

1995 EKO-Opole’95 Turawa

1996 EKO-Opole’'96 Kdzierzyn Kdle
1997 EKO-Opole’'97 Duszniki Zdroj
1998 CEC ECOpole’98 &dzierzyn Kale
1999 CEC ECOpole’99 Duszniki Zdroj
2000 CEC ECOpole 2000 Duszniki zZdrgj
10. 2001 CEC ECOpole’01 Duszniki Zdrgj
11. 2002 CEC ECOpole’02 Duszniki Zdrgj
12. 2003 CEC ECOpole’03 Duszniki zdrgj
13. 2004 CEC ECOpole’04 Duszniki Zdrgj
14. 2005 CEC ECOpole’05 Duszniki Zdrgj
15. 2006 CEC ECOpole’06 Duszniki Zdrgj
16. 2007 CEC ECOpole’07 Duszniki Zdrgj
17. 2008 CEC ECOpole’08 Piechowice
18. 2009 CEC ECOpole’09 Piechowice

CoNoO~WNE



ZAPRASZAMY
DO UDZIALU W SRODKOWOEUROPEJSKIEJ KONFERENCJI
ECOpole’10
W DNIACH 13-16 X 2010

SUBSTANCJE CHEMICZNE W SRODOWISKU PRZYRODNICZYM

Bedzie to dziewgtnasta z rgdu konferencja pawiccona badaniom podstawowym oraz
dziataniom praktycznym dotyaea r&nych aspektéw ochron§rodowiska przyrodniczego.
Odhkedzie sé ona w d&rodku ,Uroczysko” na Wzgérzu Wilhelma w Piechowibakoto
Szklarskiej Pagby. Doroczne konferencje ECOpole magharakter midzynarodowy
i za takie g uznane przez Ministerstwo Nauki i Szkolnictwa 28ego. Obrady konferenc;ji
ECOpole’10 lgda zgrupowane w gciu Sekcjach:

* Sl Chemiczne substancje wrodowisku przyrodniczym oraz ich monitoring
» Sl Odnawialne zrodta energii i jej oszczdne pozyskiwanie oraz aytkowanie
» Sl Zarz adzanie$rodowiskiem w warunkach kryzysowych
e SIV Forum Miodych (FM) i Edukacja pro srodowiskowa
* SV Wplyw zanieczyszcz srodowiska oraz zywnosci na zdrowie ludzi
Materialy konferencyjnedula opublikowane w postaci:
« abstraktow (0,5 strony formatu A4) na CD-ROM:-ie;
* rozszerzonych streszaze objtosci 4-6 stron w pétrocznikroceedings of ECOpole;
e artykuldw: w abstraktowanych czasopismaEkological Chemistry and Engineering/

Chemia i Inzynieria Ekologiczna (Ecol. Chem. Eng.) ser. A i S oraz niektérych

w poétrocznikuChemia-Dydaktyka-Ekologia-Metrologia.

Termin nadsylania angielskiego i polskiego streszemia o obgtosci 0,5-1,0 strony
(wersja cyfrowa + wydruk) planowanych wystpien uptywa w dniu 15 lipca 2010 r.
Lista prac zakwalifikowanych przez RadNaukowa Konferencji do prezentacjiedzie
sukcesywnie publikowana od 15 lipca 2010 r. nanséravebowej

ecopole.uni.opole.pl

Aby praca (dotyczy to tale streszczenia, ktére powinno khigytul, trei¢ i stowa
kluczowe w gzyku angielskim) przedstawiona w czasie konferencjogta by
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opublikowana, jej tekst winien Byprzygotowany zgodnie z wymaganiami stawianymi
artykutom drukowanym w czasopismaietological Chemistry and Engineering ser. A oraz

S, ktére g dostpne w wielu bibliotekach naukowych w Polsce i zanim. Sa one takie
same dla prac drukowanych w p6troczniBoemia-Dydaktyka-Ekologia-Metrologia.

Koszt uczestnictwa w catej konferencji wynosi 1G00pokrywa optat za udziat, koszt
noclegow i wyywienia oraz rocznej prenumeraty Ecol. Chem. Erazgm blisko 2000 ss.)
tacznie z materiatami Konferencji. Jest tiwos¢ udziatu tylko w jednym wybranym przez
siebie dniu, wéwczas opfata wyniesie 650 z¢ddie upowaniata do uzyskania wszystkich
materialéw konferencyjnych, jednego noclegu i threpositkdw §niadanie, obiad, kolacja),
natomiast osoby zainteresowane udziatem w dwochctiniti. w pierwszym i drugim
lub drugim i trzecim, winny wni€ optat w wysokaci 800 zt. Optata dla magistrantéw
i doktorantéw oraz mtodych doktoréw bigych aktywny udziat w Forum Miodych me
by¢ zmniejszona do 600 zt przy zachowaniu takich sdnéydadczeér. Osoby te winny
dodatkowo dostarcZy rozszerzone streszczenia (4-6 stron) swoich apiest
(do 15.08.2010 ). Jest take wymagana opinia opiekuna naukowego.

Sprawy te bda rozpatrywane indywidualnie przez RadNaukows oraz Komitet
Organizacyjny Konferencji. Czlonkowie Towarzystwdneii i Inzynierii Ekologicznej
(z optaconymi na bimco sktadkami) maj prawo do obrionej optaty konferencyjnej
0 25 zt. Optaty wnoszone po 15 wimea 2010 r. s wigksze o 10% od kwot podanych
powyzej. Wszystkie wptaty powinny ldydokonane na konto w Banilgskim:

BSK O/Opole Nr 65 1050 1504 1000 0005 0044 3825

i mie¢ dopisek ECOpole’10 oraz nazwisko uczestnika kamfeji.

Po konferencji zostanwydane 4-6-stronicowe rozszerzone streszczenidapigs
w poélroczniku Proceedings of ECOpole. Artykuly te winny by przestane do
1 pazdziernika 2010 r. Wszystkie nadsytane prace podlegawykiej procedurze
recenzyjnej. Wszystkie streszczenia oraz programnféfencji zostap wydane
na CD-ROM:-ie, ktéry otrzyma kay z uczestnikbw podczas rejestracji. Prograguzie
takze umieszczony na stronie webowej Konferenciji.

Prof. dr hab. in. Maria Wactawek

Przewodniczca Komitetu Organizacyjnego
Konferencji ECOpole’10

Wszelkie uwagi i zapytania moa kierowa na adres:
Maria.Waclawek@ 02.pl

lub mrajfur@o?2.pl

tel. 77 401 60 42

tel. 77 455 91 49

fax 77 401 60 51
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Kalendarium

©COoNOOR~WNE

1992 Monitoring’92 Opole

1993 Monitoring’93 Turawa

1994 Monitoring’94 Pokrzywna

1995 EKO-Opole’'95 Turawa

1996 EKO-Opole’'96 Kdzierzyn-Kcle
1997 EKO-Opole’97 Duszniki Zdrgj
1998SEK ECOpole’98 kdzierzyn-Kale
1999SEK ECOpole’99 Duszniki Zdroj
2000SEK ECOpole 2000 Duszniki Zdrdj
2001SEK ECOpole’01 Duszniki Zdroj

. 2002SEK ECOpole’02 Duszniki Zdroj
. 2003SEK ECOpole’03 Duszniki Zdroj

2004SEK ECOpole’04 Duszniki Zdrj

. 2005SEK ECOpole’05 Duszniki Zdroj
. 2006SEK ECOpole’06 Duszniki Zdroj

2007SEK ECOpole’07 Duszniki Zdroj

. 2008SEK ECOpole’08 Piechowice
. 2009SEK ECOpole’09 Piechowice



GUIDE FOR AUTHORS ON SUBMISSION
OF MANUSCRIPTS

A digital version of the Manuscript addressed:

Professor Witold Wactawek
Editor-in-chief
Ecological Chemistry and Engineeriigcol. Chem. Eng.)
Uniwersytet Opolski
ul. Oleska 48, 45-951 Opole, Poland
tel. +48 77 452 71 34, fax +48 77 455 91 49
email: waclawek@uni.opole.pl

should be sent by email to the Editorial Office r@&ariat - mrajfur@o2.pl

The Editor assumes, that an author submitting @mfap publication has been authorised to do
that. It is understood the paper submitted to hgir@al and unpublished work, and is not being
considered for publication by another journal. Afeinting, the copyright of the paper is transéelrr
to Towarzystwo Chemii i hynierii Ekologicznej (Society for Ecological Chemistry and
Engineering. In preparation of the manuscript please follbw general outline of papers published
in the most recent issues Btol. Chem. Eng a sample copy can be sent, if requested. Papers
submitted are supposed to be written in Englistgdage and should include a summary and
keywords, if possible also in Polish language.df then the Poliskummary and keywords will be
provided bythe Editorial Office. All authors are requestedriform of their current addresses, phone
and fax numbers and their email addresses.

It is urged to follow the units recommended by 8ystéme Internationale d'UnitéSI). Graph
axis labels and table captions must include thetifyaunits.

Symbols recommended by the International Union wfePand Applied Chemistry (Pure and
Appl. Chem. 197951, 1-41) are to be followed. Graphics (drawingstglshould also be supplied
in the form of digital vector - type files, eg Cdbeaw, Grapher for Windows or at least in a bitmap
format (TIF, JPG, PCX, BMP). In the case of any quaease feel free to contact with the Editorial
Office. Footnotes, tables and graphs should be apeelp as separate files. References cited
chronologically should follow the examples giveridve
[l Kowalski J. and Malinowski A.: Polish J. Chert990,40(3), 2080-2085.

[2] Nowak S.: Chemia nieorganiczna. WNT, Warszaw@019

Journal titles should preferably follow the Chem.sfAbService recommended abbreviations.
Receipt of a paper submitted for publication will backnowledged by email.

If no acknowledgement has been received, pleaseckche with the Editorial Office
by email, fax, letter or phone.



ZALECENIA DOTYCZ ACE PRZYGOTOWANIA
MANUSKRYPTOW

Praca przeznaczona do druku w czasoijg Ecological Chemistry and Engineering S/Chemia
i Inzynieria Ekologiczn& (Ecol. Chem. Eng.)$0owinna by przestana na adres Redakcji:

Profesor Witold Wactawek
Redakcja
Ecological Chemistry and Engineering/Chemiadyimeria Ekologiczna
Uniwersytet Opolski
ul. Oleska 48, 45-951 Opole
tel. 77 452 71 34, fax 77 455 91 49
email: waclawek@uni.opole.pl

w postaci cyfrowej w formacie Microsoft Word (vefP dla Windows) emailem (mrajfur@o2)plib
na dyskietce.

Redakcja przyjmujeze autor, przesytag artykutu do druku, w ten spos6kwiadcza,ze jest
upowaniony do tego, oraz zapewnize artykut ten jest oryginalny i nie byt wéreej drukowany
gdzie indziej i nie jest wystany do druku gdzie Zigj orazze po jego wydrukowaniu copyright do
tego artykutu uzyskuje Towarzystwo Chemii izynierii Ekologicznej. W przygotowaniu
manuskryptu nalgy przede wszystkim wzorowasie na postaci artykutdw w nitiwie najnowszych
zeszytactEcol. Chem. EngPrace przesytane do publikacji winnychyapisane wegyku angielskim
lub polskim oraz zaopatrzone w streszczenia oramvastkluczowe w obydwu tychezykach.
Zalecamy, aby artykut zawierat adresy i emaile oramery telefonéw i fakséw wszystkich autoréw
danej pracy, szczegélnie gtéwnego autora, ktoregovisko wyré@niamy gwiazdk.

Usilnie prosimy o stosowanie uktadu jednostek Stratamy uwag, ze osie wykreséw oraz
gtéwki tabel powinny bezwzgtinie zawieré jednostki stosownej wiellkai. W przypadku artykutéw
pisanych po polsku podpisy tabel i rysunkéw powibg§ podane wegzykach polskim i angielskim.

Polecamy symbolik zalecan przez PTChem (Symbole i terminologia wielkbi jednostek
stosowanych w chemii fizycznej, Ossolineum, Wrocl89; Pure Appl. Chem., 19781, 1-41).

Materiat graficzny (rysunki, wykresy), obok wersjia papierze, powinien réwriebyé
dostarczony w postaci cyfrowych plikéw wektorowyahp. za pomag programoéw: CorelDraw
wersja 9.0, Grafer dla Windows lub przynajmniephie (TIF, JPG, PCX, BMP).

Przypisy i tabele, podobnie jak rysunki, zapisujgakp osobne pliki.

Literatur prosimy zamieszczavg ponizszych przyktadéw:

[1] Kowalski J. i Malinowski A.: Polish J. Chem., 9®,40(3), 2080-2085.
[2] Nowak S.: Chemia nieorganiczna. WNT, Warszaw@019
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Tytuty czasopism naky skracé zgodnie z zasadami przfymi przez amerykiaska Chemical
Abstracts Servigea w przypadku polskich publikacji niepodawanyazagg CAS nalgy stosowa
skrét zgodnie z zaleceniami Biblioteki Narodowej. téwu maze, jezeli uwaza to za wskazane,
podawa tez tytut cytowanych artykutdow z czasopism (ktorydaie sktadany kursyay oraz numer
zeszytu danego woluminu (w nawiasie, po numerzeimmiu).

Redakcja potwierdza emailem otrzymanie artykutu dda. W przypadku braku potwierdzenia
prosimy o interwengj emailem, faksem, listem lub telefonicznie.
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