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ABSTRACT KEYWORDS
In Jordan, large amounts of fly ash (FA) are produced asaresult of burning Fly ash;
heavy fuel in power plants. The brackish granular flash ash was systemati- Thermal power plants;
cally analysed by different analytical techniques including scanning elec- Heavy fuels;
tron microscope (SEM), X-ray diffractometer (XRD), X-ray fluorescence Heavy metals;
(XRF). Fourier transforminfrared spectroscopy (FTIR), lazier diffractometer Jordan;
(LD), Thermal gravimetric analysis (TGA) and acoustic and el ectroacous- Petroleum.

tic spectrometer in order to investigate geometrical structure, morphology,
surface chemistry and composition of theresulted FA. The FA was sampled
form the places where heavy fuel is burned to produce electricity. This
study revealed that about 50% of FA particles diameters werelessthan 530
nm. FA particleswere predominantly appeared as smooth of mineral spheres.
The FA wasrichin C, S, Mg, V, Ni and Fe indicating the carbonaceous
nature of thismaterial. The Al and Si contents wereinsignificant. The size
distribution, chemical and morphological properties of the FA particles
were found to be log-normal. The FA contains high heavy metals content,
particularly vanadium oxide (V,O,: 8.07 %wt) and nickel oxide (NiO: 0.91
%wt). Discussion on the physical and chemical characteristics of carbon-
aceous FA produced in power plantsis addressed in this work.
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INTRODUCTION ity in Jordan™™. Diesdl (average molecular formula

C,H,,) ishighly consumed to generate el ectricity with

In Jordan, the total power produced by Central  atotal amount of 68,000 m®in 20104, On the other
Electricity Generating Company (CEGC) in2010was  hand, theconsumed amounts of heavy fuel and natura
approximately 7660 GWh'Y, Heavy fuel, diesel and gas (mainly methane) were 837,000 ton and 1.84 x
natural gasarethemain sourcesfor generatingelectric-  10°m®, respectively in 2010, The combustion of heavy
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fuel or diesel by excessoxygenispresented as: 4C H,,
+ 710,-48CO, + 46H,0. However, in red situa-
tion, complete combustion of fuel isnot possibleand
theincomplete combustionwill come out with mixture
of substancesknown asfly ash (FA)®2. Thelarge con-
sumption of heavy fuel and diesel in power stations
leaves about 420 ton of FAFP and this number is ex-
pected toincreasedramatically in thefollowing years
dueto the natural growth rate of energy demand and
shortageof natural gassupplying.

In terms of resource recovery and environmental
impact, FA isattracting much attention dueto disposing
problemsand itsharmful impact on the soil because of
metd leaching*. Infact, research onthistopicisrather
limited and indicated that FA produced in heavy fuel
power stationsisrichinNi, V, Fe, Mo, Mg, Naand C
and among thesemetalsNi and V arethe most va u-
able49. Accordingly, FA would be asource of pollu-
tion dueto metal leaching and in the sametimeitis
commercially attractivedueto the presenceof highlev-
elsof V andNi.
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Currently, Jordan isheading to useoil shaleasa
mg or sourceof energy. Oil shale-fuelled power station
iIsaproposed project to build in Jordan. The power
station isexpected to be operationd by 2015. It would
be one of thelargest power stationsintheworld after
NarvaPower Plantsin Estonia. Accordingly, ahuge
amount of FA will be produced as by-product. A vi-
sionary scenario of usingthiskind of FA asmetasre-
covery and cement geo-polymer werefully investigated.

Traditiondly al electric power in Jordan hasbeen
generated from heavy fue oil. However, thedramaticaly
increasing of ail priceand establishingthe Egyptian gas
pipdinewith reasonable priceforced the Jordanian gov-
ernment to diversify itssources of power. In Jordan, there
are 18 power stations, wheretwo wind power stationin
Hofaand Ibrahhimyaplant, two hydro power stations
(king Tdlal Dame and Agaba) aswell as one Bio gas
power stationina Russiefa. Therest number of power
stationsisworking based on Naturd Gas/ Heavy fuel /
Diesel. Themajor generated electric power has been
based onthe stationsrepresentedin TABLE 1.

TABLE 1: Existing gener ation capacity®®

Power plant Type Ener gy generating capacity MW Fuel type
Agaba Steam / hydraulic turbines 650/ 6 Heavy fuel / Natural Gas
Hashemite Steam / Gas turbine 363/33 Heavy fuel / Diesel
Samra Steam / Gas turbine 300/ 200 Natural Gas
Rehab Combined-cycle gas turbine/ Gas urbine 300/ 60 Natural Gas
Amman East Gas turbine 248 Natural Gas
Amman South G.T Gas turbine 60 Natural Gas
Al-Qatrana Gas turbine 373 Natural Gas
Risha Gas turbine 150 Natural Gas/ Diesdl
Others Steam turbines / Gas turbine 60 Natural Gas/ Diesel / wind / Hydro

*[3]

Thetotal consumed power in 2009 was approxi-
mately 3.44 milliontoe compared to 3.03 milliontoein
2008 with agrowth of 4.8%, thisamount represented
what isaproximately 45.1% of thetotal power con-
sumption in Jordan by the primary energy in thisyear.
The consumed natura gas magnitude hasa so reached
3090 thousand toes, the heavy fud oil 261 thousand
toes and 18 thousand kilo toe for diesel®. Based on
the Jordanian Standard specification (2005)1 and the
international standard specification (2001)™ for petro-
leum and petroleum products- fud oil / ashresidue, the
estimated amount of produced FA intheyear 2009 is

418.5 ton. Thisnumber is expected to increase dra-
matically intheyear 2012 dueto growth rate of energy
demand and shortage of natura gassupplying. Thebig-
gest electric power station in Jordan (Agabathermal
power station) converted completely to use heavy fuel
instead of natural gassinceMarch 27, 2011 because of
explosion of anatural gaspipelinein Egypt.
Re-usageor recycleof FA can eliminatethe cost of
final disposa and prevent secondary pollution caused
by inappropriate FA disposd. Thisfact, however, stimu-
latesour awarenessto investigate and characterisethe
petroleum FA which produced in Jordanian electrical
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power stationsfor itschemical and physical properties.
Thisisexpected to add vaueto thefutureuse of the FA
recycleor applicationin Jordan.

Based on our earlier research on the FAE, the
material wasfound to beagood sourcefor V and Ni
and would be used in geopolymer fabrication and this
isasafeway of reducing potential risk of FA. World-
wide, there are numerous examples of economically
beneficid of FA utilisation and thesituationintheworld
seemsto usto be another promising case. However,
completecharacterisation, detail ed spectrd and chemicd
andysesof the FA produced in our power stationsare
carried out in this paper.

MATERIALSAND METHODS

Collection of the FA samples

TheFA wascollected from Centrd Electricity Gen-
erating Company, Hussein Thermal Power Station of
Jordan. Thesamplesweredirectly taken from the places
where heavy fuel isburned to produceelectricity. The
ash was collected as course particlesand used asre-
ceived without any physical treatment. About 2 kg of
the FA was collected on different occasions. All col-
lected sampleswere mixed and thefina mixturewas
used to carry out extraction experiments. Theash hasa
black colour with density of 0.42 g/lcmwhichissimilar
to that of activated carbon. Thetextural properties of
the ash was eval uated by doing scanning el ectron mi-
croscopy, thematerial was pictured at high magnifica-
tion power.

Characterisation of the FA

Geometrical size and shape of any solid material
areimportant propertieswhich would betested using
scanning e ectron microscope (SEM, FEI Company In-
gpect FSO/FEG (Schottky Fidd Gun) High Vacuum (6e-
4 Pa Everhart-Thornley SE detector Solid-State
BSED), Netherland). A laser diffractometer (Microtrac
Zetatrac, Microtrac S3000/S 3500 seriesParticle Size
Andyzer, USA) was used to measurethesizedistribu-
tion of the FA particles. The zeta potential was deter-
mined by an el ectroacoustic method using an acoustic
and el ectroacoustic spectrometer (Microtrac Zetatrac,
Microtrac S3000/S 3500, USA). Thesurface charge
(Q) of the FA particles was characterised by a zeta
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potentia ({) measurement. Zetapotential isameasure
of thee ectrostatic potentia generated by accumulation
of ionsthat are organised into an e ectrica double-layer
at thesurface of aparticle®. Thezetapotential deter-
minesthecolloidd stahility™, asgivenintheequation:
Q=4mee {r(1+xr) @
wheree istherel ativedielectric constant of medium, ¢,
isthedie ectric constant of vacuum and «r istheelec-
trokinetic radius. Surface areaand porosity werein-
vestigated by N, gas adsorption theories using
Micromeriticsinstrument, Gemini VII, USA. Theac-
cumulated gas quantity adsorbed versus gas pressure
dataat onetemperature arethen graphed to generate
what iscalled an adsorptionisotherm. Thedataarethen
treated to arrive at aspecific surface areaand poros-
ity

Thetotal organic content (TOC) was determined
using ELTRA CW multiphase CO,/ H,O determinator
PC controlled from Germany. Thermal gravimetric
analysis(TGA) (ELTRA Anayzersmodel TGA 701,
LECO-USA) was employed to monitor the degrada-
tion behaviour of the FA particles. The sample was
heated a aheating rateof 10°C min™' in N, atmosphere.

X-ray powder diffraction (XRD) patternswerere-
corded using Cu Ka radiation sourceon aScintag X 1
powder diffractometer (Shimadzu X-Ray
Diffractometer XRD-6000, Japan). Thechemica com-
position of the FA was determined by X -ray fluores-
cence analysis measurementsusing asequential X-ray
spectrometer (Shimadzu X RF-1800 Sequentia X-Ray
Fluorescence Spectrometer, Japan).

RESULTSAND DISCUSSION

Themain sourceof thechemica dementsinthe FA
istheheavy fud. The chemical composition of the FA
raw material ispresented in TABLE 2. The FA con-
tainshigh heavy metals content, particularly vanadium
oxide (V,0,: 8.07 %wt) and nickel oxide (NiO: 0.91
%wt). Magnesium oxidecontent isvery highthisisdue
to addition of magnesium hydroxide asadditivetothe
heavy fud (fouling agent). Power generating plantsare
reported to have chronic corrosion problems causing
unschedul ed shut-downs and frequent replacement of
equi pment and partsresultingin high maintenance costs
and loss of production besides creating environment
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problems. In an attempt to iminateboiler interna cor-
rosion and to reduce the hazardous nature of theflue
gases Mg (OH), as chemical fuel additives were
used®?, Studieson FA from Belgian coal sourcesindi-
cated that chlorine, zinc, copper, silver, selenium, bro-
mine, antimony andiodinewereenrichedinthe FA rela
tivetothe sourcecoal*?,

In comparison with FA produced by combustion
of cod or oil shae, theFA inthe present study hasvery
low content of SIO,, Al,O, and Fe,O,. The standard
chemical requirementsof ASTM C 618 (2005)4 in-
cludethesum of SO,, Al O, and Fe,O, content must
be>70% for classF and >50% for classC. Thetotal
carbon content was 34.60 wt%. Bayat (1998)!*° re-
ported that the Al O, + SIO, contentsfor Turkish FA
were higher than 65 wt%for al samplesand the LOI
ranged from 1.33t0 6.47 wt% for al samplesinvesti-
gated. Inthe present study the LOI is 37%.

TABLE 2: Chemical composition of raw fly ash

Major oxides %wt Traceelements  Ppm
MgO 1312 V 30667
Al;05 052 Ni 7125
SO, 0.86 Mo 85
Cao 080 Cd <01
Na,O 324 Cr 146
K,0 0.13 Zn 247
FeO 438 Cu 92.5
Total C 34.60 Pb 76.5
Total organic C 30.88
Moisture content 2.63
LOI 37.23

Studying thetextura and chemicd propertiesof the
FA isanimportant i ssue becauseit givesan ideaabout
thefind industria gpplication of thismateria including
adsorbent, filler, fly ash, soil improver and geopolymers.
Based onlaser diffractometer (LD) results, theparticle
sizedistribution waslog-normal Figure 1. It revealed
that 50% of the FA particlesdiameterswere< 530 nm.
Theoperating conditionsof theL D softwarearedtrictly
validfor spheresor the particlesadopt preferentid ori-
entationsin the measurement cell. LD considersthe
measured diameter of any particleasthediameter of a
sphereevenif theparticleisarod, dlipseor irregularly
shape“@”].

Theseresultsdisagree with thosefound by Bayat
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(1998)1*%, Townsend and Hodgson (1979)18, who
reported therangeof finesand, silt and clay fractionsin
Turkish and British cod ash samples. Thisvariationin
sizedistributionisprobably dueto thedifferent meth-
ods of the FA collection, used at the power stations
and parent materialsof the FA such asoilsshale, coa
orfud.
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Figurel: Particlesizedistribution of the FA
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The zetapotential measurementsindicated that the
surface of the produced FA was positively charged at
pH > 1.5 (Figure2). At pH 10, the zetapotentia of the
FAwas17.9 mV. However, thepoint a which thegraph
passed through zero potential was not attainable. For
theFA particles, extragpol ation of thezetapotentiad mea-
surementsusing polynomia third order curvesgavean
estimated point of zero charge (PZC) at pH of 1.5. At
PZC, thecolloidal system exhibitszero zetapotential
(i.e, theparticlesremain Sationary inan eectricfie d),
minimum stability. Thehigh negative or positivevaues
of the zetapotentia led to astable suspension, which
alowsmeasuring the zeta potentia sover awiderange
of pH.

20
18 y = 0,048x - 0,9526x% + 7,4155x - 9,3356
R’ = 0,9783

Zeta Potential (mv)

0 2 4 8 8 10 12
pH
Figure2: Zetapotential of fly ash. Polynomial third-or der
curveswer efitted tothedata points

TheFA ispositively charged particlesthat would
attract negatively charged ionsor moleculeswithinthe
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porousstructure. According to theclassification scheme
of Riddick (1968)*9, the stability of the FA particles
waslow at pH > 9. The suspension stability wasvery
bad at pH vaueslessthan 9, wherethezetapotentid is
lessthan 15mV. At low pH the particles stuck together
insuspension and eventudly formed agglomerates. Ac-
cording to Rumpf (1962)®, thetwo forcesinfluencing
agglomeration of particlesin solution are Van-der-Wedls
forceandtherepulsiveforce. Thelatter isstrongly de-
pending onionic strength and zetapotentia. TheVan-
der-Waals force increases with decreasing grain
sizel's2l, The point of zero charge (PZC) was not at-
tained because the suspension was not stableat pH <
2. Thisobservationisin agreement with the estimated
point of zero chargeof pH 1.5. PZC isthepH vaueat
which the net total particle charge becomeszero. At
thispH vaue, particlesdo not moveinan applied el ec-
trical fidld (el ectrophoretic mobility measurement)®. At
PZC, the suspension is unstable becausethe Van-der-
Wad sforceishigher thantherepulsiveforce. Thezeta
potentiad strongly influencestheability of water or lig-
uidto carry the FA particlesin suspension. The FA pH
was 2.6 at FA:water ratio 1:5. Bayat (1998)!*° reported

Fly ash generated from heavy fuel incineration in power plants

ESAIJ, 7(11) 2012

valuesfor pH of Turkish coa FA rangingfrom 9.5to
12.5. Thishigh pH vauecould be explained asaresult
of limehigh content inthe Turkish cod fly ash.

The surface property of the FA was characterised
by FTIR spectroscopy, X-ray and SEM. AN FTIR spec-
trumisshowninFgureland XRD patternisshownin
Fgure2. Themain FITR bandswere: 3743, 1652, 1465,
and 672 cm™. The bands at 1652 and 1465 cm* are
attributed to vibrationa frequenciesof carboxylicacid
group. The FTIR bands for metalswere not detected
and thiswould be attributed to thelow content of the
metals compare to carbon atom. It seemsthat the FA
hasacrysdlinestructureand thisisinferredfromthe X -
ray peaksinFigure 2. Infact, both FTIR and XRD re-
aultsindicated thecrystalinenatureof theFA. Thecrys-
talinity ranges were between 85 and 100%. The ob-
tained 20 values were close to those reported for FA
produced in power stations??. The X-ray resultsalso
confirmed that the FA wasrich with carbon and sulphate
with 80-88% by mass. The X-ray diffractogram pat-
ternsreved ed that theminerd content of the FA particles
Iscarbon, magnes um oxide, and magnesium vanadium
oxideaswell assulphateminerds(Figure4).
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Figure3: FTIR spectraof theFA

SEM imagesrevealed that the FA particlesareal-
most totally spherical to semi spherica in shape, alow-
ingthemtoflow and blend fredy inmixtures(Figure5).
The sphericd shapeof the FA resultsfrom theforma-
tion of tiny molten dropletsastheash travel sthrough

theboiler. Thedropletsform spheresbecausethis shape
minimisesthe surface areard ativetothevolume. The
SEM of the FA wasalso recorded at large magnifica
tion power to view the nature of the ash surface. In
fact, the surface has many poreswhich created at high
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burning temperature. Such porosity would beuseful for
other industrial applicationfor theFA. Infact, thishigh
porosity wouldfecilitatethemetd sextraction. Thelarge
porosity isexpected dueto hightemperatures accom-
panying fuel burning. Similar SEMsarereportedinthe
literature®,

S :(Ba,Pb)SO,
V. :Mg,VO,
M : MgO

C  :Carbon

1 (heps)

20

Figure4: X-ray diffractometer patter nsof the FA

SEM imaging showed that the shape of larger FA
particlestended to beirregularly with smooth edges
and wavy grain boundary. Thesmaller particleswere
moresphericd.

Figure5: SEM for fly ash sampleat variousmagnifications

Nitrogen adsorptionisothermisshowninFigure®6.
Theisothermsaresimilar totypelV isothermswitha
steep adsorption step at arelative pressureof 0.9. The
specific surfaceareawas determined by the Brunauer-
Emmett-Teler (BET) method. The specific BET sur-
faceareaof the FA collected from el ectrica power sta-
tion was found to be 3.0 m? g*. The BJH (Barret-
Joyner-Halenda) method was applied to analysethe
mesopores zedistributionsusing the adsorption branch.
BJH Adsorption cumulative volume of pores is
0.016775 cm? g*. Pore SizeAdsorption average pore
width (4V/A by BET): 221.6847 A.

TGA anaysiswasemployed to monitor thedegra:
dation behaviour of the FA. Notableweight loss of ap-
proximately 32.8 wt% (Figure 7) isobserved in the
temperaturerange of 150~890°C which represents the
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degradation of organic andinorganic compound at tem-
perature range (150 - 550°C) and (550 - 890°C), re-
spectively. Themoisture content is2.6 wt% at 110°C
The ash content at 800°C is 51 wt% as well as the
fixed carbonis13.3 dry wt%.
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Figure6: Nitrogen adsor ption isother m for the FA particles
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Figure7: TGAthermogramsof the FA particles

CONCLUSIONSAND OUTLOOK

In Jordan, huge amounts of the FA are produced
and even more production isexpectedinfuture. The
perfect waysof utilizsing thismateria isstill under in-
vestigation, however, extraction of expensvee ements
like(V & Ni) and applicationingeopolymersarebeing
tested by us.

Knowledge of the physica and chemical proper-
tiesof the FA isnecessary for identifying and prevent-
ing problems concerning hedlth, the environment. The
present study characterised and described the FA that
generated in petroleum heavy fuel s-fired power plants.
TheFAisrichinV, Ni and Mg. Thechemica and min-
eralogical compositionsof Jordanian FA reflected the
wideindustrid application of thisby-product.

The FA demonstrated a positive surface charge.
By increasing pH the zeta potentia increases. Based
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onthesurfacechemistry and the surface positivecharge
over widerangeof pH, Jordanian FA hashigh capacity
to act asadsorbent for anionsfrom solution. The FA
hasalso apotentiad usein wastewater treatment. It has
al so the capacity of being used asan amendment for
akalinesoil capableof improving soil conditions par-
ticularly, pH and the bioavailability of theessentid ele-
mentsfor plants.

Inconclusion, futureinvestigationsarea so needed
on theapplicability and efficiency of thismaterial for
soil remediation purposesunder field conditions. We
encouragefocusing scientificinterest on metal recov-
ery, geo-polymer and wastewater treatment aswell as
theecotoxicity of Jordanianfly ash.
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