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Abstract

Using the alkaline fly ash after combustion of lignas the acid soils neutralizer is
atechnique known for decades. Due to many disadgan of the direct fly ash
application it is sought to modify this materiaiqorto its use. The process of fly ash
modification in the magnetic activator involved &kang up fly ash to small grain sizes
in order to obtain a material with a very large gfie surface and modified properties.
The purpose of the research was to compare theepiiep of unmodified fly ash with
those of ash modified in the magnetic activatortéenms of its usefulness in the
neutralization of acidic soils. Unmodified fly astas classified as a medium-grained
calciferous material. The basic components of astegilicates (33.28% of SjDand
calcium compounds (31.26% of CaO). It has a lowheaaetal content falling within

a range characteristic of coal ash and meeting qudllity standard requirements.
As a result of activation, the following changesrevebtained in the properties of
modified ash compared with unmodified ash: sanctifva content — reduced to 0.40, silt
fraction content — increased by 1.40, silt fractimmtent — increased by 1.68, content of
the sum of the dust and silt fractions — incredsed.49, specific surface — increased by
1.65, fineness — reduced by 0.48. Modificationlgfafsh in the magnetic activator was
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found to have improved the physical propertiesgf as acidic soil neutralizer, and its
chemical properties make such an application plessib

Keywords: fly ash, magnetic activator, reclamatiswi| neutralization

1. INTRODUCTION

Scientists and practitioners present diverse opsian fly ash, ranging from it
being considered an environmental problems [1Eiadpperceived as a valuable
material for construction, soil reclamation, andemvagriculture [2-5].
The effects of ash application to the soil refert@dn the literature relate first
and foremost to raising their reaction, but alsoaising C content and sorption
properties — BS and CEC [6], as well as improvirajer capacity [3,6]. Tejasvi
and Kumar described the impact of fly ash admixedsandy soil on the
improvement of its grain size distribution, watetention capacity, increased
porosity, increased pH, and presence of the mgjofitanalyzed minerals [5].
Moreover, Veranis et al. observed the presencenbliunt residual carbon in
lignite fly ash in the amount of 0,54-1,69% [4].iF s a significant finding, both
as regards its agricultural value and sorption cipaf these materials. While
analyzing the impact of ash on soil properties, loag also reported undesirable
effects such as increase in solubility of sodiuntoper conductivity,
contamination with heavy metals, as well as indudeficiency of assimilated
phosphorus, iron, and zinc and sometimes coppangamese, and boron [7,8].
As regards forest ecosystems, sudden increasadtioe may also interference
symbiotic relationships with certain groups of swilcroorganisms and may
bring about changes in soil microbiology [9], whittust be taken into account
when planning ash applications in relation tofthven of the final development.
As regards the reclamation of post-mining land, réferences are available on
the methods for preventing oxidation of pyritesotigh sealing soil with energy
ashes [10,11]. On the other hand, the applicatfasl containing heavy metals
to highly acidic soil environment can result inithiecreased solubility with
lowered pH below 6.0 [12]. However, there are igdiavailable that support the
lack of negative reaction of crops to fertilizingilswith fly ash [13]. The best
properties and suitability for the neutralizatichagidic soils are demonstrated
by fine-grained fly ash with a large specific sagaOne of the ways to improve
those properties of fly ash is by modifying it immagnetic activator [14]. Owing
to vibrations of ferromagnetic elements in the \atir, the fly ash grain
crushing process takes place, which results irr theje specific surface and
hence improved reactive properties [15,16].
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A large percentage of soils in Poland have a low Abbut 38% of the surface
area of the country at the end of 2016 was covesiid soils with pH of less
than 5.5, of which 12% are below 4.5 (Fig. 1). $iailing needs in Poland were
estimated for 49% of the total area under cultorafil7]. Fly ash with a high
pH, usually above 9 (even reaching over 12 pH 4)[1&n be used for the
deacidification of soils on reclaimed or agricudtuland. The use of ash for soil
fertilization has been the subject of a numbertodlies. In terms of properties,
wood ash lends itself best for the purpose, whenaes coal ash is considered to
be the worst. Unlike P, K, Ca, Mg and Na, unde$sratbmponents, such as
certain heavy metals, are poorly soluble owing tdigh pH value of the
material, and thus their availability to vegetatisiow. Waste generated in the
combustion of lignite usually ranks in between, ait&l composition and
properties may differ considerably between depoditsshould be noted,
however, that excessively high doses of ash maytleaxcessive enrichment of
soil with salts easily soluble in water. This résuh soil salinity [6].
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Source:data of the National Chemical-Agricultural Station

Fig. 1. Evaluation of pH of agricultural land inlRoed, 2013-2016 (on right) and
the necessity of liming agricultural land soilsHoland, 2013-2016 (on left)

Opencast mining of lignite and different mineralgeegates is planned in
western Poland and eastern Germany. After the minbperations are
discontinued, land reclamation must be carried ioubrder to provide the
desired functionality to the site. As regards tharfer lignite mining sites in
western Poland and eastern Germany, the main isseea low pH value of
soils, their infertility, lack of pedogenic carboan unfavourable structure
resulting in an increased susceptibility to erodio®]. In the latter part of the
20th century, such soils were considered as beisgfull only for the

revegetation of dumps following their drainage asrtoxic materials unsuitable
for reclamation. Over time, however, they startetid viewed differently and be
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reclaimed with the use of specifically selectedamation methods [20]. In the
sand overburden deposited on spoil heaps in théemePRolish lignite-bearing

region, pyrite content may reach 59.9 mof; mhich is three times more than in
the majority of overburden materials [21,22]. Aseault of oxidation of those

sulfides, a multistage transformation process taplese that leads to the
formation of sulfuric acid which strongly acidifiéise soil [23]:

2 FeS+7 O+2 H,0 — 2 F€'+4 SQ7+4 H*
4 FE*+0,+4 H" — 4 F€*+2 H,0
Fe** +12 H,O — 4 Fe(OH)+12 H*
FeS+14Fe**+8 H,0 — 15 Fé'+2S0”+16 H*

A consequence of high acidity of the overburdet isahe inability of it being
directly overgrown with vegetation owing to phytity. Also the
consequences related to the easy transmission woérahi components are
important, which, on one hand, leads to the dapietbif what is already
a deficient environment [35-38], and, on the othand, poses the risk of
pollution of surface waters and groundwater withous ions, including heavy
metal ions [24,25]. The basic measure is to en@eappropriate preparation of
subsoil for the introduction of vegetation. Soilutrelization is an important
measure [26]. Agricultural lime is expensive in &ual, given the high doses
used for reclamation of the soil types in quesframging from several dozens to
more than 100 Mg-HA For this reason, tests and analyses are comtlucte
concerning the use of ash for the reclamation of swils [35-38].

In 2016 in Poland 84 min Mg of hard coal and 61 iMig of lignite were used.
Consequently, annual generation of fly ash froml emaounted to 3.3 million
Mg. At the end of 2016 a total accumulation in f@fedaccounted for 26 million
Mg of fly ash from coal [27,28]. The use of combostwaste for reclamation
purposes, including land levelling, is acceptalrd aften used. In 2010, in the
USA a total of 37 million Mg of coal combustion plkects were used, including
fly ash 22,220 Mg in agriculture and 785,552 Mg feclamation purposes —
modification and stabilization of soils [29]. At éhsame time, it was
recommended to gradually increase the use of fiyaasl other coal combustion
products in individual sectors. Similar trends walgo described by Veranis et
al. as regards other countries of the world [4].

Similar problems with soil reaction have been natedireas connected with
sulfur exploitation. Very strong acid conditiong anaking the soil unfertile and
phytotoxic [30-32]. The one and only solution isutralization using high doses
of lime. Unfortunately, lime fertilizer is a verxgensive material, which should
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first be used on non-degraded arable fields. Thigglst to look for other
neutralizers, effective, environmentally safe buichn cheaper than fertilizer
lime. Many authors describe the use of various evasiaterials as soil
neutralizers, like: dusts, ashes and sedimentfydimg flotation lime sludge
[19,20,30-32].

The purpose of the study is to present the resfltiests of the properties
of unmodified fly ash and ash modified in the mdgnectivator in terms
of neutralization of acidic soils. A research tkesvas made that the
modification of fly ash resulting from the combuastiof lignite in a magnetic
activator causes an effect in the form of a changis properties beneficial
from the point of view of the use for neutralizatiof acidic soils.

2. MATERIALSAND METHODS

Theresearch was elaborated using the fly ash proddogdg the combustion
of lignite from the Konin Basin. Test samples wéaken from a spoil heap
of the Rtnéw Power Plant. The laboratory tests involveddégrmination of:
- LOI (loss on ignition) and sulfate content (as;5@hlorides Cl free
and reactive calcium oxide CaO, silicon dioxide Sii@cluding reactive
SiGy), aluminium(lll) oxide A}O;, iron(lll) oxide FgOz; magnesium
oxide MgO, sodium oxide N&® and potassium oxide,R),
- heavy metal content: cadmium Cd, cobalt Co, chramr (including
hexavalent chromium @b copper Cu, manganese Mn, nickel Ni, lead
Pb, thallium Tl and zinc Zn,
- radioactivity,
- grading,
- pulverizing degree,
- specific surface,
- pH,
- EC (electric conductivity).
The elementary chemical content was determinethé&yGP-OES method using
the Thermo iCAP 6500 Duo ICP plasma spectrometéh WS CRM-010
as reference substance, while LOI was determinedriing a weighed portion
of material (for a minimum of 2 hours), which invell the measurement
of sample mass before and after igniting in a reufifirnace at 97& (+ 25°C)
until its mass ceased to change.
Radiation was tested using a comparative methodjamfima-ray spectrum
analysis with the use of a natural radioactive aombation analyzer.
Concentrations of naturally radioactive elementsemdetermined: potassium
K*, radium R&® and thorium T#® in balance with radium RZ as well as the
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activity coefficientsf; andf, The activity coefficient; — defining the content
of natural radioactive isotopes — was determinethbyformula:
- SK SRa STh
f, = + +
3000 Bg/kg 300 Bg/kg 200 Bg/kg

and the activity coefficierfb — defining the content of radium 83— was
determinedoy the formula:

f2 = SRa

where the symbol&, Ska Srn mean concentration values of potassium
K* radiumR&?® and thorium TF?,

Ash grain size distribution was determined by theet diffraction method, i.e.
with a light beam passing through a suspensiorheretige of mineral particles
contained in it. The Fritsch Analysette 22 lasertipie sizer was used for the
purpose, while the specific surface was determinethe Blaine method.

Ash pulverizing degree was determined as 0.045 menegesidue in the wet
ash sieving process.

The pH value of the ash and water mixture (ash aewratio of 1:2.5) was
measured potentiometrically on the basis of the somesnent of the
electromotive force EMF of a cell consisting of eference electrode and an
indicator electrode using the Radelkis OP-208/1npeter, whereas electrical
conductivity was measured in saturated paste ub@agonductometric method
by means of the EImetron CX-701 conductometer.

The fly ash studied was modified in the magnetiivator shown in Fig. 2. The
purpose of fly ash modification in the magneticiadbr was to obtain as fine-
grained fractions as possible within the shortessible time, in order to obtain
a final product with a much greater specific sugfaod better properties than the
input material. The basic element of the activasoa rotating magnetic field
inductor with a tube situated on its axis, formimgvork chamber with 20%
of its space filled with ferromagnetic grinding medGrinding media rotating in
the space filled with the ground material produoeacts that allow the ground
material to be crushed into smaller parts, downltia-fine ones.

The modification of fly ash was performed with assd technological
specifications of the magnetic activator, suchaas: grinding time — 60 seconds;
number of ferromagnetic grinding elements used pr@p 6000, which
represented ca. 20% of the work chamber tube dgpaci

The testing of the modified lignite fly ash inclutithe determination of grading,
fineness and specific surface.
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Fig. 2. Magnetic activator used in the experiment

3. RESULTSAND DISCUSSION

The basic chemical composition of ash was fourtattas follows:
- silicon oxides (Si@), representing 33.28% of ash by weight (including
reactive SiQ— 9.25%),
- aluminium oxides (AIO;), representing 3.55% of ash by weight,
- calcium oxides (CaO), representing 31.26% of aslwéight (including
free CaO — 8.71%),
- sulfates (as S§), representing 11.5% of ash by weight,
- iron oxides (Fg0s) — 7.64%,
- magnesium oxides (MgO) — 6.86%.
Based on the results of analysis of the chemicaipasition, the material was
classified as calcic fly ash (class C accordind\&IM C618). For this class a
typical phenomenon is a presence of the free lime.
The ash was characterized by the absence of cbfordhd trace quantities
of oxides NaO (0.24%), kO (0.28%) and a low loss on ignition (0.11%).
Heavy metal content in the tested fly ash is shawiable 1. pH value of the
ash and water mixture ranged at 12.5+13.2. Eledtdonductivity in saturated
paste extracts was 4.89+6.76 mS*cm
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The ash tested was also characterized by high aédith of certain
components, which is testified by the formatioranfalkaline water extract. The
electrical conductivity levels obtained are indicatof its suitability for use as
a safe neutralizer of acidic soils. Ugurlu alscedathis property in the context of
the potential environmental impact of fly ash [33g concluded it was possible
to reduce the electrical conductivity of dust lestehfrom 10.3 to 5.4 mS:€m
and from 7.4 to 3.6 mS-¢chby washing it 3 times with deionized water at 23°C

Table 1. Heavy metal content in fly ash from thénBw Power Plant

Content
No Metal [mg-kg']
1 |Cadmium (Cd) <0.60
2 |Cobalt (Co) <24.0
3 | Chromium (Cr) <20
4 | Copper (Cu) 10.0
5 | Manganese (Mn) 3670
6 | Nickel (Ni) 41.0
7 |Lead (Pb) <70.0
8 | Thallium (TI) <49.0
9 |Zinc (Zn) 8.0
10 | Hexavalent chromium (€} <20

An analysis of the results shows that based onssaildards and the average
content of those elements in the lithosphere andsurface soil horizons
in Poland [34], the following concentrations of faganetals occur in the fly ash
tested:
- falling within a range characteristic of coal ash,
- lower than or close to the average content inithedhpere: Cr, Ni, Zn,
Co, Pb, TI,
- exceeding the average content in the lithospherg:@4, Cd,
- falling within the content range occurring in swesasoil horizons
in Poland: Cd, Co, Ni, Cu, Cr, Zn, Pb, Tl,
- exceeding the content range occurring in surfagéedzons in Poland:
Mn.
The results of grading tests of unmodified ash ah®wn in Table 2.
The analyses of grain size distribution showed d¢batent of each fraction
in unmodified ash as follows:
- sand - 45.1%,
- dust - 37.0%,
- silt—17.9%,
- dust + silt — 54.9%.
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Table 2. Grain size composition of unmodified fshafrom the Btnow Power

Plant
Grain si ... .. | Content of each grain  Sum of fractions with
rain size distribution . . .
d [mm] or particle fraction a diameter of less tha
f [%] d [%]

2.0 0.0 100.0

1.0 0.0 100.0

0.5 0.1 99.9

0.25 3.3 96.6
0.125 14.8 81.8

0.1 6.0 75.8

0.09 2.8 73.0
0.063 8.3 64.7

0.05 9.8 54.9

0.04 8.9 46.0

0.03 8.5 37.5

0.02 8.0 29.5

0.01 7.0 225
0.002 4.6 17.9

<0.002 17.9 -

The other properties of fly ash that determingdtential use in reclamation are
fineness and specific surface. The above propeateshown in Table 3.

Table 3. Results of fineness and specific surfaststof unmodified fly ash from

the Rtnoéw Power Plant

Test
Property result
Pulverizing degree [%] 47.60
Specific surface, Blaine [c¢hg’] 2150

An analysis of physical properties of fly ash frdme Rtnéw Power Plant shows
that it does not meet fineness requirements foedtay N (fineness should not
exceed 40%). In terms of grading and Blaine spesifirface, it falls within the
medium-grained ash category, containing 40+75% afiges smaller than
0.075 mm and having a specific surface of 1500+3090 g". The results of

grading tests of modified ash are shown in Table 4.
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Table 4. Grain size composition of modified fly dstm the Btnow Power
Plant

Grain Content of each grain Sum of fractions
or particle diameter particle fraction with a diameter of less
d[mm] f [%] than d [%]
2.0 0.0 100.0
1.0 0.0 100.0
0.5 0.0 100.0
0.25 0.0 100.0
0.125 5.0 95.0
0.1 2.9 92.1
0.09 0.9 91.2
0.063 3.2 88.0
0.05 6.2 81.8
0.04 5.1 76.7
0.03 8.0 68.7
0.02 11.7 57.0
0.01 10.0 47.0
0.002 17.0 30.0
<0.002 30.0 -

The analyses of grain size distribution showed ¢hatent of each fraction
in modified ash as follows:

- sand - 18.2%,

- silt—51.8%,

- clay — 30.0%,

- silt + clay — 81.8%.
The results of fineness and specific surface testaodified fly ash from the
Patnéw Power Plant are shown in Table 5.

Table 5. Results of fineness and specific surfasestof modified fly ash from
the Rtnéw Power Plant

Property Test result
Pulverizing degree [%] 22.80
Specific surface, Blaine [c¢hg] 3540

As a result of activation, the following changesrevebtained in the properties
of modified ash compared with unmodified ash:
- sand fraction content — reduced to 0.40,
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- silt fraction content — increased by 1.40,
- clay fraction content — increased by 1.68,
- content of the sum of silt and clay fractions +&ased by 1.49,
- specific surface — increased by 1.65,
- pulverizing degree — increased by 0.48.
The basic components of the ash tested were siliGatd calcium compounds

(Fig. 3).

mag |spot| det |
8000x! 40 /LVD

Fig. 3. Electron microscope images of the fly asimf Ritnow Power Plant,
generated after the lignite combustion

Heavy metals occur in low concentrations fallinghivi a range characteristic of
coal ash and meeting soil or earth quality standagiliirements. Comparable
results were published by who concluded that onlZ¥, Zn and Cd were found
to be active in ash, while more than 80% of Cr, Gg, Sn and Pb were
permanently bound [1,4]. Ugurlu demonstrated thesitility of significant

guantities of Ca, Na, K and Mg being washed outoaim temperature [33].
He also noted, to a smaller extent, the mobilityFef Pb and Mn. Gitari et al.
pointed to the mobility of the analyzed compondmm washed fly ash in the
sequence: B > Cr > Zn > Mo > Ni > Cu > Co > Se >\Ba > Cd [18].

A proposition of a different nature was proved lgusaiti et al. by providing

evidence of the reduced availability to organismhisPb, Zn and Cd present
in contaminated soil in an industrial area near tdeecchio, Italy, caused by
the addition of lignite fly ash [2]. With the addih of 5% of ash, they reached
the reduction of the available form of Pb by as mas 10%, Zn by 5% and Cd
by 13%. With higher additions, the reduction wasgpessing, though at a low
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pace for additions above 10%. It can be demonsirtitat in the case of the
tested lignite ash the risk of heavy metal beingased into the soil environment
of reclaimed land is low. The analyzed ash wasasttarized by a low loss on
ignition (< 5%) and high bonding properties owirgga high content of free
calcium oxide (> 7%). This property should resuitthe ability of ash to
stimulate the formation of soil aggregates, esfigcwith regard to light and
medium soils. This fact is indicated e.g. by theesech of Yunusa et al. [8].

A radiation analysis showed that the ash tested veasa hazardous material.
This is confirmed by radioactivity levels determingy the gamma-ray spectrum
analysis. The following concentrations of radioaetelements were found:
Potassium: & = 57.51 + 33.2Bq/kg

Radium: Sa=40.87 + 8.5q/kg

Thor: Sh=19.58 + 3.8Bqg/kg

The respective values of activity levels determimedthe basis of the above
concentrations are as follows:

f, = Sy Se_, S =025q/kg
300Bag/kg 30Bqg/kg 20@Bg/kg

f, = SRa= 40.87Bg/kg
whereas4f; = 0.03 Bg/kg4f, = 8.56 Bg/kg,

Based on the tests performed, it was found thatflihash from the Btnéw
Power Plant met the requirements for the content of

- natural radioactive isotopes for raw materials ddding materials
used in buildings intended for occupation by peaplévestock, as the
activity factorf; did not exceed the value of 1.2, dnd 240 Bg/kg,

- natural radioactive isotopes for industrial wassediin above-ground
civil structures erected in developed areas or rigas intended for
development under the local area development ptard for the
levelling of such areas, &s< 2.4, a, < 480 Bqg/kg,

- natural radioactive isotopes for industrial wastedi in the above-
ground parts of civil structures not mentioned @inp 2, and for the
levelling of areas not mentioned in point 2, faxx 4.2, af, < 1200
Ba/kg,

- natural radioactive isotopes for industrial wastedi in the above-
ground parts of the civil structures mentioned ioinp 3 and in
underground structures, including railway and rdadnels, except
industrial waste in underground workingsfas 8.4, a, < 2400 Bg/kg.
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4. CONCLUSIONS

Unmodified fly ash was classified as medium-grairedciferous material.
The basic components of ash were silicates anducalcompounds. Heavy
metals occurred in low concentrations in the adllinfy within a range
characteristic of coal ash and meeting soil qualiazndard requirements.

The fly ash under examination can be subject taribdification process in the
magnetic activator. The tests showed that the asdifivation process resulted
in significant changes in its grading, specificfaoe, and pulverizing degree.
Owing to vibrations of ferromagnetic elements ia #ctivator, the fly ash grain
crushing process takes place, which results irfirdggmentation of grains and an
increase in their specific surface.

Modification of fly ash in the magnetic activatomproved the physical
properties (grading, specific surface, and pulwegziegree) of ash as acidic soil
neutralizer, and its chemical properties make sarchapplication possible. The
changes have a favourable effect on the propedfessh as acidic soil
neutralizer. This results from finer grain sizenoddified fly ash, its greater
specific surface, and lower fineness. Based orrdhelts of those tests and the
tests of chemical properties, it can be concludhed the ash can be potentially
used for the neutralization of acidic sails.
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MOZLIWOSC ZASTOSOWANIA PYLU LOTNEGO
JAKO NEUTRALIZATORA
W PROCESACH REKULTYWACJI GLEB KWANYCH

Abstract
Wykorzystanie alkalicznego popiotu lotnego po spalawegla brunatnego jako
neutralizatora gleb kwiaych to technika znana od dzigsoleci. Ze wzgtdu na wiele
wad bezpéredniego stosowania popiotu lotnegaryl sie do modyfikacji tego materiatu
przed jego #yciem. Proces modyfikacji popiotdw lotnych w aktyeze
magnetycznym polegat na rozbiciu popiotow lotnyéh mate ziarna w celu uzyskania
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materiatu o bardzo dej powierzchni wiéciwej i zmodyfikowanych wiciwosciach.
Celem bada bylo poréwnanie wisciwosci niezmodyfikowanego popiotu lotnego z
wiasciwosciami modyfikowanego popiotu w aktywatorze magnetyon pod wzgidem
jego przydatnéci do neutralizacji kwenych gleb. Niezmodyfikowany popi6t lotny
zostat sklasyfikowany jakosrednio ziarnisty materiat wapienny. Podstawowymi
sktadnikami popiotu byty krzemiany (33,28% $)Q zwigzki wapnia (31,26% CaO).
Odznacza si nisks zawartdcia metali cezkich, mieszcaca sie w zakresie
charakterystycznym dla popiotucglowego spetniajc wymagania normy jakei gleby.
W wyniku aktywacji uzyskano nagiujace zmiany we  wihciwosciach
zmodyfikowanego popiotu w poréwnaniu z popiotemmdelyfikowanym: zawartd
frakcji piaskowej — zmniejszona do 0,40, zaws&rtivakcji pylistej — zwgkszona o 1,40,
zawartd¢ frakcji pylastej — zwjkszona o 1,68, zawak®d sumy frakcji pytu i mutu —
zwiekszona o 1,49, powierzchnia \#awa — zwekszona o 1,65, rozdrobnienie —
zmniejszona o 0,48. Stwierdzonee modyfikacja popiotu lotnego w aktywatorze
magnetycznym poprawita wdeiwosci fizyczne popiotu jakosrodka neutralizujcego
gleke, a jego wtaciwosci chemiczne umdiwiaj g takie zastosowanie.

Stowa kluczowe: pyt lotny, aktywator magnetyczrskultywacja, neutralizacja gleb
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