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ABSTRACT

The catalytic conversion of the main pollutants in the exhausted gas
carbon monoxide and nitric oxide to environmental friendly gaswas car-
ried out using iron and manganese ore samples. The ores have been
characterized through X-ray and differential scanning calorimetry analy-
ses. Testsfor the carbon monoxide oxidation were performed inacatalytic
flow system, operated under atmospheric pressure, at constant response
time sixty minutes, inlet carbon monoxide 270ppm and with stepwisein-
crease of reaction temperature from 100 to 500°C. The effect of carbon
monoxide inlet concentration was also tested for higher concentrations,
i.e. up to 23300ppm. Finally, to distinct the difference between the endur-
ance ability of the most active materials, the effect of carbon monoxide
inlet concentration factor, was tested. The toleration capabilities of the
samples were compared at experimentally vigorous conditions; i.e. the
inlet carbon monoxide concentration reached 90,000ppm. The reduction
of nitric oxide (25ppm) in the presence of carbon monoxide (25ppm) and
air was investigated in a catalytic flow system actuated in reaction tem-
perature ranged from 100 to 500°C and time of stream sixty minutes. More-
over theinfluence of nitric oxideinlet concentration on thematerial activ-
ity tested. Results revealed that iron ore samples have high catalytic effi-
ciency. In some cases, the iron ore sample, which contains relatively high
iron content, is being to be more active towards both oxidation of carbon
monoxide and reduction of nitric oxide.
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INTRODUCTION

Combustion of gasolinewith controlled amountsof
air produces carbon dioxide, water, carbon monoxide
and unburned hydrocarbons. During the combustion
process, high temperatures of the gasoline; resultsin
thermal fixation of thenitrogenintheair toform nitro-
genoxides.

The presence of manganeseasthehost cationina
catalyst of the perovskite-typewasfound to preferen-
tidly promotetheactivity of carbon monoxide-nitric ox-
idereaction™.

Recently, ZrO,-supported lanthanium, manganese
oxide cata ystswith varying lanthanium and manganese
loadingwereprepared by Cimino et d.2. Thecatalytic
activity wasfound to increase proportionaly with the
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lanthanium-manganeseloading.

Kanji et d. investigated thereactivity and mobility
of thelatticeoxygen of iron oxide, in particular y-Fe,0,,
by 8O-exchange with carbon dioxide and carbon mon-
oxide oxidation by **0,3. Theeffect of the composi-
tion of mono-, bi-, and trimetallic catalysts prepared
from sub-micron powdersof iron-group metalsontheir
catdyticefficiency in oxidation of carbon monoxidewas
investigated by Sheshko et a .. Harvey et a.® stud-
ied the oxidation of carbon monoxide on silica-sup-
ported hematite (Fe,0,) by the step-response method
inatubular fixed-bed reactor, at temperaturesranging
between 270 and 350°C.

Many researches concerned with the catalytic ac-
tivitiesof manganese catalystsfocused either onthe se-
lective cataytic reduction of nitric oxidein presence of
ammonia® or hydrocarbonslike methane®, propane,
and n-octane?,

Soitiscleared that themateria swhose structures
contain oxideformsare most suitableonesfor cataytic
conversion of carbon monoxideand nitric oxide. Ac-
cordingtothat and with regard to thefact that Egypt is
widely knownwithitsrichesby natural orescontaining
high oxides congtituents (clay materids, ironore, man-
ganeseore, ... and etc.)™, and for succeedinginthe
gpplication of thenew Environmenta Egyptian Legida
tion (codified since 1995), such study dealswith the
useof naturd locd materidsfor theconversonof harmful
carbon monoxideand nitric oxide exhausted gasesinto
environmentd friendly ges.

EXPERIMENTAL

Two samplesof iron orefromAswan district (low
and high iron contents named iron ore“a” & “b” re-
spectively) and asample of manganeseorefrom Um
Bogmadistrict were selected to carry out the catalytic
conversion of carbon monoxideand nitricoxide. The
oreswere crushed and sieved to 10-12 meshes.

Sructureand phasechangesof oresample

Theores’ samples were characterized by differen-
tial scanning calorimetry (DSC) to tracethe structura
changes accompanying itsthermal treatment. X-ray
analyseswerea so carried out to study thecrystalline
structure (X-ray diffraction) and the constituentsof the
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solid materia s(X-ray fluorescence).
Catalyticreactions

The catal ytic reactionsof carbon monoxide, (Gas
Pro. Inc., U.S.A., assay 99.98%) and nitric oxide (Gas
Pro. Inc., U.S.A., assay 99.00%), werecarried out in
aflow typereactor operating under atmospheric pres-
sure(Figurel).

Operating conditions

Oxidation Reduction

reaction reaction

Temperature (°C): 100 - 500
Materia volume (ml): 5.0
Inlet NO concentration (ppm): 25:200
Inlet CO concentration (ppm): 270:23300  25:200

1= Reactor

. Copper heater [

i e .nEmn

£ Fe-Fe comstant thermoceple '

d Temperuture indicator '
T= Adr puriicaien wers
S Flow maters

A Gas analyier

Figurel: Catalyticflow typesystem
RESULTSAND DISCUSSION

1. Physical propertiesof theoresample
1.2 Chemical analysis

Totd glica dumina manganese, iron, anddkai met-
ascontentswere measured by X-ray fluorescence. The
ignitionlossfor onegram of samplewas determined at
1000°C until constant weight was achieved.

Chemicd andysisreved edthat, themanganeseore
samplehashighiron (Fe,0,~51.95%) and manganese
(MnO,~28.44%) contents, low silica(S10,~10.10%),
aumina(Al,0,~5.60%), calcium (CaO~0.96%) and
magnesium (M gO~0.60%) contents, and theignition
losswas ~2.4%.

Chemical anaysisof theiron ore (samplea) indi-
catesthat: it possesseshighiron (Fe,0,~48%), silica
(S10,~15.96%) and phosphorous (P,0,~4.59%) con-
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tents, low alkali’s concentration (N a,0~0.215% and
K,0~0.086%), aswell aslow percentage of calcium
(Ca0~6.24%), magnesium (MgO~0.82%) and in ad-
dition, it containstitanium (Ti0,~0.423%). The chemi-
cal analysisof sample (b) showsthat it hascompara-
tively high iron (Fe,0,~63%) and manganese
(MNnO~3.64%) contents. Also, it possessesrelatively
low percentageof silica(SO,~10.76%), dumina(Al O,
~2.82%) and phosphorous (P,0.~0.978%) contents.
Thecontentsof other chemical congtituentsare gpproxi-
mately equal to that of sample (a).

1.2. X-ray analysis

Information concerning withthe crysta line phases
was obtained by comparing the characteristic pacing
“d” (A) and relative intensity “I/lo” with the data given
intheASTM cards. The X-ray diffraction patterns of
thematerials studied wererecorded intherange 26 =
4-90°, in a Shimadzu powder diffractometer with Cu
K, radiation. Theinstrument was operated at 40 KV
and the spectrawere recorded at ascanning speed of
8’/min.

The diffractogram of the manganese sampleis
showninfigure2. The oremay containthefollowing
mineras
e |ron oxide: Probable amounts of goethite and he-

matite mineralswere detected at d-distances 2.69,
2.44 and 4.21A (goethite ASTM card No. 8-97)
and 2.69, 2.51 and 1.69A (hematite ASTM card No.
13-534) respectively. Thelargeréativeintensity I/l
of the previousdiffraction gpexeswascong stent with
the high percentage of iron mineralsdetected inthe
manganese ore by X-ray fluorescence.

e Manganeseoxide: Our interpretationis consistent
withthe presence of thefollowing manganese miner-
als; hausmannite (Mn,O,), detected at d-distances
2.69, 2.44 and 1.54A (ASTM card No. 9-17), man-
ganite (MnO(OH)) at d-distances 2.28, 2.51 and
3.40A (ASTM card No. 8-99), pyrolusite(MnO,)
at d-distances3.14, 1.63 & 2.44A (ASTM card No.
12-716), and psilomelane(Mn,O,.nH,0) at d-dis-
tances 2.44, 3.40 and 1.69A(ASTM card No.8-16).

e Manganesesilicate: Asindicated by itsbasic re-
flectionsat d-distances 3.14, 3.40 & 2.11A (ASTM
cardno. 3-0982). Thediffractogramsfor iron samples
infigure 3 reveal the presence of different iron salts
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Figure 2: X-ray diffraction pattern for manganese ore

sample
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Figure3: X-ray diffraction pattern for iron oresamples

and oxides:

e Hematite: Valuable amount of ferric oxidewasde-
tected at 2.69, 1.69 and 2.51A (ASTM card no.
13-534).

e Goethite:Ascleared by itsreflectionsat 4.21, 2.69,
and 2.44A (ASTM card No. 8-97).

e Siderite: consderableamountsof Sideritewerede-
tected at 2.79, 1.69 and 3.59A (ASTM card no. 8-
133).

e Ironsilicate: Asindicated by itsbasic reflections at
3.02, 1.78, and 3.84A (ASTM card no. 34-178).

On comparing between thetwo samples according
tothedifferent reflectionsand thar rdativeintensties, it
can besaid that theamount of sideriteand differentiron
oxide phasesunlesstheferric oxideonearemorein
sample () thanthat in sample (b). In other words, the
hematite percentagein sample (b) ismorethanthat in

sample(a).
1.3. Differential scanning calorimetry analysis

Differentid scanning calorimetry andysisisanim-
portant technique used to demonstrate the effect of
heating onthe performanceand thermd stability of solid
materials. Differential scanning calorimetry for all
samplesare presented graphically infigures4 and 5
andincludedinTABLE 1.

Differentid scanning ca orimetry andysswassimul-
taneously recorded usingaDTA-7, Perkin-Elmer ap-
paratus. The samplewas ground to 20 meshesand a.-
aluminawas used as areferenceinert material. The
andysiswascaried out a aheating rateof 10°C/min in
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TABLE 1: Detected endother mic peaksfor iron oresamples
(@) and (b)from (D.S.C.) diagram

1" Peak 2" Peak 3% Peak 4™ Peak
°C(AH J/g)
Sample (a) 113 (161) 294 (223) 500(31) 661 (22)
Sample(b) 89(84) 311(191) 524(12) 703 (18)
" wad
g - ¥
= :3:= T4 Peak 285.3"C S
s = VHOS810g  Peak 69260
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s 2 | Peak 67.26°C
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Figured: Differential scanning calorimetry analysiscurve
for manganeseore
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Figure 5: Differential scanning calorimetry analysis
curvesfor iron oresamples(a) and (b)

the temperature range 25-1000°C.

Differentid scanning calorimetry for manganeseore
sample(Figure4) distingui shed threeendothermic val -
leys at ~67, ~285, and ~693°C, the first valley oc-
curred at ~67°C (AH=3.68J/g), presents the water
adsorption capacity of theore. The second oneinthe
range (280-339°C) is related to the phase transforma-
tion of hydrated iron oxide, goethite, FeOOH to a-
Fe, 0,24, The third endothermic valley at ~693°C
(AH=9.28J/g) wasrel ated to the thermal decomposi-
tion of pyrolusite(MnQ,) into a-Mn,O,. The descent
of thebaseline being at ~800°C may be explained as
the beginning of another endothermic valley resulting
from thetransformation of al manganese phasesinto
hausmannite (Mn,O,) at high temperature, according
to Earnshaw and Harrington’s proposal.

Theinterpretation of thethermal analysisisconss-
tent with the X-ray diffraction explanation.
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Thefirst endothermic peak appeared at 113 for
iron oresample(a) and at 89°C for sample (b) repre-
sent thewater adsorption capacity of the ore samples.
For sample(a) theretardation of the pesk and thehigher
heet of enthalpy (AH=161J/g) indicatetherelativehigh
adsorption power of thissample. Theremnant three
endothermic peaksarerelated to the phase transfor-
mation of different iron saltscontainingtheore. Thus,
upontherma treatment:

e Thepesk gppeared at temperatureranged from 294
to 310°C, related to the phase transformation of
hydrated iron oxidegoethite (FEOOH) to hematite
(a-Fe,0,); and also to the decomposition of un-

stable Fe(OH), to Fe2+F6§+O4(magnetite)[12-14]_
e Thepeak that appeared a temperatureranged from

500to 524°C is related to the disproportionation

of meta-stable FeO to Fe,O,*°.

e Thelast peak that gppeared intemperatureranged
from 661 to 702°C is related to phase transforma-
tion of siderite (FeCO,) to ferric carbonate
(Fe,CO,), which decomposed to formferric oxide
(Fe,0,)*1. Also, above 600°C iron can form in-
terstitial compoundwith carbon(cementite Fe,C)™.
Accordingtodatain TABLE 1, thelateness of the

corresponding peaksrelated to sample (b) isduetoits

higher ferric oxide content asemphasized from chemi-
cd analyss.

Ontheother hand, the heats of enthal piesadsorbed
through thetransformation of iron saltsin sample (a)
arehigher than that occurred in sample(b), which may
bedueto thelittleness of these saltsin sample(b), as
confirmed from X-ray diffraction pattern.

2. Catalyticactivity
2.1. Carbon monoxideoxidation reaction
2.1.1. Effect of reaction temperature

The catalytic activity of manganeseand iron ore
samplestowardsthe oxidation of carbon monoxidewas
carried out, at constant response time sixty minutes,
inlet carbon monoxide concentration 270ppm and at
stepwiseincreasing of reaction temperaturefrom 100
to 500°C. Data are graphically represented in figures
6-8.

M anganese ore sample
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Datagraphically representedinfigure 6 cleared a
moderate activity of the manganese oreat areaction
temperature 100°C(conversion percentage ranged from
~61 to ~40% during the reaction time). Then, the -- L
activity increased about 15% at reaction temperature
200°C.

Upon raising reaction temperatureto 300°C, the
conversionincreased to between ~89 and ~59%. .

From figure 6 it isobvious that at reaction tem- o T
peraturesranged from 100 to 300°C, the manganese
orewasvery activeinthefirst sx minutesof theexperi-
ments. By comparing the activity of the material with g & X
respect tothetimeinterval ten minutesto theend of the Time, min
experiment sixty minutes, themateria wassteady-stable Figure6: Effect of_reaqtion temper aturgon theconverson

At 400°C, a marked increase in the activity oc- of car bon monoxide (inlet concentration 270ppm) over

’ : - manganeseoresample
curred, where the conversion reached ~96%. In addi-
tion, the sametrend was observed with respect totime

Ty B a

Conversion®h
|
f
|

interval at al reactiontemperatures. Themanganeseore " T,
attained 100% conversion at 500°C. The increase in wll i
catalytic conversion at the higher reaction temperature N -
500°C may be due to the presence of different phases 3: af NN

of iron and manganese oxidesthat act asBronsted acid e Ny o — ST
sitesand consequently increasethe material catalytic R — B
activity. Ontheother hand, themanganeseoreisinthe g = S s, Ty
form of ferromanganese which initially contains ¥ \
~28.44% MnO,, ~51.95% Fe,0,, ~10% SO, and 1 '
~5%Al.0,. Onincreasing the reaction temperatureto S R T
500°C, MnO, decomposed to form Mn,O, (as veri- Time, min

fied by X-ray diffraction), whichissrongoxidizingagent.  Figure7: Effect of reaction temper atur eon theconversion
Thus, under such condition the material usediscom-  of carbon monoxide(inlet concentration 270ppm) over iron
posed of Fe,0, and Mn,O, enclosed on the alumino- oresample(a)
dlicatestructure. —
Consequently, the manganese ore is rich with . He o2m
Bronsted acid sites and oxygen vacancies, which re- :
sultsfrom manganese and iron oxides, and asthereac-
tant carbon monoxideisaweak Lewisbase, theactiv-
ity of manganese ore harmonizesitshigher oxidation
efficiency at thehigh reaction temperature 500°C.

Iron oresample(a)

A1 #38) ok

.
S F
21} \\‘H

Conversion %

Datainfigure7 clarified theregular increasingin
the catalytic activity of iron ore sample (@) with the V"
gradud increasingin reaction temperaturefrom 100to ° .I%'I » & » W
. . Ve,
250°C. Wherea.s, the_cataly‘uc conversion was equal Figure8: Effect of reaction temper atureon theconver sion
~44% after thefirst minute of theexperiment a 100°C,  of carbon monoxide(inlet concentr ation 270ppm) over iron

then, the activity started to beinreducingmanner till  oresample(b)
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reached ~15% after Sixty minutes. Theincreasein ac-
tivity issharp at reaction temperature 250°C (i.e. in-
creased about ~45% after sixty minutes). Theincre-
ment inactivity may bedueto completetransformation
of iron ore’s constituents into the hematite one, as de-
picted fromthethermd andysis.

Theconversonvauesincreased withthedevation
of reaction temperature to the extent that it reached
~99% at 300°C. On raising the reaction temperature
t0 350°C, iron ore sample (a) achieved 100% conver-
son. Datainfigure 7, show thereative high activity of
thematerid inthefirst ten minutesof reactiontempera-
tureranged 100-250°C. Meanwhile, the material at-
tained the stability stageinthelast fifty minutesof each
experiment, at reaction temperatures 200 and 250°C.
With continuousincreasein reaction temperatureto
500°C, the material fulfilled the stability and resistance
towardstimeinfluence upon thereaction activity.

Asregarded to X -ray diffraction pattern and dif-
ferentid scanning cdorimetry andyssaswdl asthepre-
viousresults, thehigh activity of theoresamplemay be
dueto the presence of different phasesof iron oxides
likegoethite, siderite, hematite and magnetite, which
acted asvery strong Bronsted acid sites. Accordingly
Bronsted acid sites, which arethe main factor, affect
the catalytic activity, increased. Theseresultswereen-
couraging to study the effect of reaction temperatures
precisely. Theiron ore sample (a) kept up its highest
activity with theincrease of reaction temperatureto
500°C.

Iron oresample(b)

Figure8illustrated the catal ytic activity of theiron
oresample(b). Datainfigurereveadedthat at reaction
temperatures 100 and 150°C, the conversion activity
of samplewashigher than that of sample“a” (Figure 7)
by about 10%. Thismay bedueto the high percentage
of hematite mineral insample (b) (~64%) with respect
to sample (a) (~48%), as confirmed from the ore
samples’ chemical analysis. This means also that the
Bronsted acid sites in sample (b) increases, and conse-
quently itscata ytic activity should be morethan that of
sample(a).

At reaction temperature 200°C, the carbon mon-
oxide oxidized to the same extent on using both iron
samples(Figures7 and 8).
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At reaction temperature 250°C the activity of iron
oresample(b) increased strongly, whereit ranged from
~94 to ~70% during the experimental durationtime
(Figure8). According to thethermal analysisdata, for
sample (a), at temperature 200°C goethite mineral
started to transform into hematite one, whereas, the
transformation of sample (b) goethite constituent de-
layed to 250°C. This may be the reason of similarity in
carbon monoxide conversion for thetwo samplesat
reaction temperature 200°C, as well as the sharp
increasinginthecataytic activity of sample(b) at tem-
perature 250°C.

Finally, the sample (b) accomplished 100% con-
version at reaction temperature 300°C. The complete
conversonof carbon monoxideonusingironoresample
(b) attended early 50°C than sample (a) as a result of
the compl ete alteration of goethite minera into hema-
tite, in addition to the high percentage of the hematite
that dready exist. Thematerid preserveditshigh activ-
ity withincreasing of reaction temperatureup to 500°C.

Fromfigure8, it can be showed the stability and
theresistance of iron oresampl e (b) towardstimeinflu-
enceonthereeaction activity, especidly a reaction tem-
peratures ranged from 300 to 500°C.

Effect of inlet car bon monoxide concentr ation

Theeffect of anincreaseininlet carbon monoxide
concentration from 270 to 23300ppm on the catalytic

10 "
1

# Fippm o Kppm a | TEd
o 31S0ppm T S1Mlppm + T

q

A = 10Appm o 44ppm & 15EHIppm
sl a EAFIppm
i

'\%ﬂ

Conversion %

] (21} 2 L} b a0 il
Time, min
Figure9: Carbon monoxideconver Son by manganeseore
sampleat reaction temper atur e 500°C with different car-
bon monoxideinlet concentrations(ppm)
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efficiency of the selected sampleswasdetermined at a
reaction temperature 500°C. Data are represented in
figures9-10.

Manganese ore sample

Figure9illustratesthe smilarity of theinfluence of
thedifferentinlet carbon monoxide concentrationsrang-
ing from 820 to 7600ppm. Since, the cataytic conver-
sion of carbon monoxide decreased from ~97% to
~92% during theexperimenta durationtime Ataninlet
carbon monoxide concentration 10700ppm the con-
version percentage

Wheresas, iron oresample (b) kept on completecon-
versonfor thecarbon monoxideinto carbon dioxide until
theinlet concentration reached 57,000ppm, after that
conversion decreased with inconsiderabledegree.

Theresistanceof iron oresamplesagaing thehigher
inlet carbon monoxide concentrations may bedueto
thedteration of al iron phasesthat presentinthesamples
into ferric oxide, upon increment inthe actua reaction
temperature; 500°C to 650°C owing to carbon mon-
oxide-oxygen exothermic reaction.

Accordingly, iron ore sample (b) hasmore advan-
tagethan sample (@), at therelative high carbon mon-
oxide concentrations, without any hesitation duetoits
relative high content of ferric oxide (~62wt%).

2.2 Nitricoxidereduction reaction

Nitrogen oxidesemissionsarise mainly from auto-
motive sourcesand industria facilities. Theremoval of
nitrogen oxides hasbeen at theforefront of the global
environmental air pollution. Recent three-way automo-
bile catalyst can eliminate nitrogen oxidesfrom the ex-
haust of conventional gasoline engines, which operate
closeto stoi chiometric conditions. But, one drawback
of thiscatdyd, isthat itisineffectivefor nitrogen oxides
removal under oxidizing conditions, whichistypical of
exhaust gasfrom lean-burn and diesel engines. There-
fore, many approaches have been attempted in an ef-
fort to eliminatenitrogen oxides under oxidizing condi-
tions by areducing agent other than ammonia?.

Accordingly, thereaction occurred in oxidizing en-
vironment, i.e. inthe presence of purified air (21vol.%
oxygen), thisvigorousenvironmentissmilar toor may
be moredifficult than that present in the outlet of car
engine.

# Sam e |
oSam e |

Conversion %%

o0 &5

.E2

| il T #i
CO Inlet Cocentraion (1000ppm)
Figure 10: Comparison between iron oresamplesfor the
carbon monoxide conversion at reaction temperature
500°C with different carbon monoxide inlet concentrations
at interval timeoneminute

a3

« 1 & 200
300w A
o S

Conversion %o

L 1 0 a0 Ll S0 B
Time, min
Figure11: Effect of reaction temperatureon theconver-
sion of nitricoxide (inlet concentr ation 25ppm) over man-
ganeseoresample

Effect of reaction temperature

The cataytic activity of ores’ samples towards the
reduction of nitric oxideinthe presenceof carbon mon-
oxideandair stream was studied at reaction tempera-
tures 100, 200, 300, 400 and 500°C. The influence of
each temperature was tested for sixty minutesin the
presence of 25ppm nitric oxide aswell as 25ppm car-
bon monoxidegas. Dataareillustrated graphically in
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figures(11-13).
Manganese ore sample

Figure 11 clarified themoderate activity of the ma-
terial at reaction temperatures 100 and 200°C, where
the catal ytic reduction decreased gradually from ~55
to ~25% and from ~60 to ~35% respectively, during
thereaction duration time. Thismoderate cata ytic ac-
tivity may berelated to the presence of psilomelane
minerd (Mn,O,.nH,O) intheore, which challengethe
catalytic reduction of the nitric oxide®?. Decreased
dlightly, whereit ranged from ~93% to ~90%. After
that, aremarkabl e diminution in manganese ore effi-
ciency wasobserved at the high carbon monoxide con-
centration 14400ppm.

With gradud increasein theinlet carbon monoxide
concentration to 18800ppm then to 23300ppm, thema-
terial kept onlossitsefficiency. Ontheother hand, the
effect of theresponsetimeon the catalytic conversion
was enlarged, where the conversion of 18800ppm de-
creased for about ~4% (i.e. from ~87% to ~83%)
wheress, it decreased ~9% (i.e. from ~85%to ~76%)
for inlet carbon monaoxide concentration 23300ppm.

Iron oresamples

Theexperimenta datadarified thehighefficiency of
bothiron ore samples (aand b), in such amanner that
the material s maintained the compl ete catal ytic conver-
sonof carbonmonoxideinto carbon dioxidein spite of
theincreasingininlet carbon monoxide concentration.

Ontheother hand, thematerid skept itsability for
thecomplete conversion; i.e. 100% catal ytic oxidation,
during theexperimental duration time (thesixty min-
utes), even at the higher inlet carbon monoxide con-
centration 23300ppm.

Fromresultsit obviousthat all ores’ samples have
strong positive effectivenesstowardsthe catal ytic oxi-
dation of the carbon monoxide gasinto carbon dioxide
one. Theactivity of these materialsmay be explained
according to thefoll owing suggested mechanism:

: Co(gas) - CO?ads) +e
1 _ _
EOz(gas) +e - O(ads.)

2 Oads) +COags) > CO§(2ads.)
2
COS(ads.) + CO(adS) - ZCOZ(gas)
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(E1]

E{1]

« 1Ml o200
&0 = 500 w4
o S0l

o

Conversion %

[ I n i 40 &) i
Time, min
Figure12: Effect of reaction temperatureon theconver -
sion of nitric oxide (inlet concentration 25ppm) over iron
oresample(a)

Conversion %

a0
Time, min
Figure13: Effect of reaction temperatureon theconver -

sion of nitric oxide(inlet concentration 25ppm) over iron
oresample(b)

e Carbonmonoxideisawesk Lewisbasebearsalone
pair of electronsonitscarbon atom. It actsasado-
nor towardstransition meta (asiron and/or mange-
nese).

¢ Themechanism of thereaction isperformed through
the chemi sorption of carbon monoxideonthetrans-
tion meta constituting theores (iron an/or manga
nese), viathelone pair of e ectronsof carbon mon-
oxidemolecule; high electron density canthusbede-
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locdizedintothetransition meta §*2.
e Thereactioniscarried out through theformation of

co3? , carbonate intermediate, which also chemi.
sorbed ontheactivesites(i.e. trangition metal s)iis-21
e During thereaction, anintermediate compoundis
formed, that compound is co3? . Thiscompoundis

stable at low reaction temperature aswell asinthe
presence of carbon monoxide and oxygen com-

pounds. Whileat reaction temperature 350°C, co3?
iseasily break down?2,

e Catalytic oxidation of carbon monoxideinto carbon
dioxideisareversiblereaction at therelativelow re-
actiontemperatures4,
2CO C+CO,

However it isobviousthat bothiron ore samples
have strong effectivenesstowardsthe catal ytic oxida
tion of the carbon monoxideinto carbon dioxide.

Thehigher activity of iron oremay berelated to:

e Thepresenceof different iron oxidephaseslikeFe,0,,
FeOOH and Fe,0,, which contain Fe* cations
(Bronsted acid), increases its affinity to react with a
wesk Lewisbase. Carbon monoxideisawesk Lewis
base and acts as adonor towards transition metal,
the vacant orbital saccept electron density from fill
metd orbita sto form atypeof 7 bonding that supple-
mentsthe o bonding arising from lone pair donation,
high electron density on metal atom canthusbede-
locdizedintothetrangtion metdl.

e Most of iron sdtsareoxidized to a-Fe,O, (inwhich,
oxygenionsare hexagonal close packed and theFe*
ionsare present inoctahedral holes) and Fe,0,. The
activity of Fe,0, isrelated to thetransfer of electrons
between Fe? ions occupying the octahedra holesand
Feionsinthetetrahedral holesinthecrysta lattice
of Fe,0,1.

e Theattachment of Fe" and Fe*?ionswith strong e ec-
tron attracting group like O, increasesthe el ectron
deficiency of iron cations Bronsted acid sites increase
aswell asthether affinity for carbon monoxide cata:
lyticoxidetion.

e Themutual transfer of el ectrons between Fe™? and
Fe**ionsincreasesthe catalytic activity of Fe,0, as
well astheoreactivity.

o, for the previousreason, both sampleswere sub-
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jectedto carry out the catal ytic oxidation of highinlet
carbon monoxide concentrationsat reaction tempera-
ture 500°C.

Each experiment continued just for oneminute, due
to theextreme heat emitted from the reaction, which
occurred as aresult of the exothermic nature of the
carbon monoxide-oxygen oxidation reaction. Thisheat
elevates the reactor temperature from 500°C to be
measured at 650°C. This relative high reaction tem-
peratureis suitable enough to convert most of the dif-
ferentiron phases (existintheore) intoferricoxideas
clarified from differentia scanning calorimetry data
(Figure5and TABLE 1).

Datainfigure 10 clarified thedlight decreasingin
the cataytic efficiency of iron ore sample (&) withthe
continuousincreasein theinlet carbon monoxide con-
centrationsfrom 51,000 to 90,000ppm, i.e., the con-
version became 99.83% for 90,000ppm.

Theruleof psilomelane mineral can beexplained
according to Harvey et al 1% that, the catal ytic reduc-
tion of nitric oxide by carbon monoxidedependsonthe
rule of surface oxygen vacancies, aswell asthehigh
oxygen | ability detected on Mn,O, surface according
to Tatsuji and Albert’s suggestion'®.

Uponincreas ng thereactiontemperatureto 300°C,
thecatalytic activity increased sharply, whereasthere-
duction varied from ~75to0 ~57%. Continuousincre-
ment in the catal ytic activity of the material was oc-
curred on raising the reaction temperature to 400°C,
the conversion reached ~64% at the end of the experi-
ment duration time. The maximum activity of manga:
nese orewas extended at reaction temperature 500°C,
wherethe catal ytic reduction of thenitric oxidegasbe-
came~75% after sixty minutes.

AccordingtoHarvey et d.?% and in agreement with
the detected minera ogicd structure of the manganese
oreasconfirmed by X-ray diffraction and differentia
scanning calorimetry analyses (Figures2 and 4), it can
besadthat thegradua increasinginthecataytic activ-
ity of themanganese orewith the continuousincreasein
thereaction temperature may berelated to thethermal
decompositionof MnO, (Pyrolusite) into a-Mn,O,, and
dsotheformation of magnetite (Fe,O,) during thether-
mal decomposition of goethite (FEOOH) and the un-
stable Fe(OH)...
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Iron oresample(a)

Iron ore sample (a) achieved moderate catalytic
activity a low reaction temperature 100°C, where the
catalytic reduction decreased gradually from ~51 to
~30%, during thereaction duration time (Figure 12).

By raising thereaction temperatureto 200°C, the
ability of iron orematerial for catalytic reductionin-
creased dightly whereasthe conversion ranged from
~68 to ~30%.

Thematerid reacheditsmaximum cata ytic activity
at reaction temperature 300°C, where the nitric oxide
was reduced by ~96% after thefirst minute of there-
action. At thesametime, iron ore showed its highest
resi stance against theinfluence of reactiontimeonthe
catalytic activity where the reduction percentage de-
creased by ~4% at the end of the reaction, i.e. after
onehour.

Onfurther increasein the reaction temperatureto
400 then to 500°C, the catalytic activity of iron ore
materid startsto decrease and the conversion of nitric
oxide reached ~84 and ~48% respectively after the
durationtime. Thedecreasein thecatal ytic reduction
may berelated to the point that themagnetiteminera is
re-oxidized toform hematite (Fe,0O,), whichislessac-
tivefor thereduction of nitric oxide, inthe presence of
thereductant carbon monoxide. Theroleof carbon mon-
oxideisto reducethe catalyst in order to maintain a
sufficient concentration of surface oxygen vacanciesfor
nitric oxidereduction.

Iron oresample(b)

Datainfigure (13) represented similar moderate
catalytic activitiesonusingiron ore sample(b) at reac-
tion temperatures 100 and 200°C, where the catalytic
reduction of nitric oxide decreased gradually from~70
to ~38% and from ~76 to ~40% respectively, during
thereactiondurationtime.

By raising the reaction temperatureto 300°C the
ability of thematerid atained itsmaximumvauefor the
cataytic reduction of nitric oxide, whereasthe conver-
sion ranged from 100 to ~96%, during the reaction
durationtime.

The catalytic activity decreased gradually at reac-
tion temperature 400°C (it reached ~80% after sixty
minutes). Sharp decrement occurred in the catalytic
conversion at reaction temperature 500°C, where the
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reduction valueof nitric oxideranged from~31t0~8%
during thereaction duration time (Figure 13). Thede-
creaseintheactivity may beduetothere-oxidation of
magnetiteto form hematite asdiscussed before.

Thecataytic activity of iron oresample (b) towards
the reduction of nitric oxide, at the reaction tempera-
tures 400 and 500°C, was relatively less than that on
usingsample(a).

On the other hand, thisisrelated to the fact that
iron oresample (b) containsmore percentage of hema-
titemineras(according to chemical analysis), in addi-
tion, to that formed upon there-oxidation of magnetite
at such reaction temperatures (400 and 500°C) as veri-
fied by X-ray diffraction and differential calorimetry
analyses.

Effect of inlet nitric oxideconcentration

Theinfluenceof reactantsconcentration onthecata:
lytic activity of different ores’ samples for catalytic re-
duction of nitric oxidewas eva uated, at the optimum
reaction temperaturefor each sample, withinlet con-
centrations of nitric oxide 25, 50, 100 and 200ppm.
The catalytic activity of each material wastested for
sixty minutes. Dataareillustrated graphicaly infigures
(14 -15).

Manganese ore sample

&1

[kl

Conversion %

Time, min
Figure 14: Nitric oxide conversion by manganese ore
sampleat reaction temperatur e 500°C with different ni-
tricoxideinlet concentrations(ppm)
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Conversion %

Time, min

Conversion %
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Figure15: Nitric oxideconverson by iron oresamples(a)
and (b) at reaction temper atur e500°C with different nitric
oxideinlet concentrations(ppm)

Figure 14 clarified that the manganese ore, at the
optimum reaction temperature 500°C, have moderate
catalytic activity at inlet nitric oxide concentration
50ppm, sincethe convers on percentagesreached ~50
after axty minutesof thereactions. With the continuous
increaseintheinlet concentration of nitricoxideto 100
and then to 200ppm, the catal ytic activity of the mate-
rial decreased gradually, whereas the conversion
reached ~34% at theend of thereaction, i.e. 200ppm.

Iron oresamples

Figure 15 represented thedight rel ative superiority
of iron oresample (b) with respect to sample(a) through
thedifferent inlet concentrationsof nitric oxideat reac-
tion temperature 300°C, especially in case of 200ppm,
wherethe convers on percentage varied from~100to
~83% whilein caseof sample(a) it varied from ~96to

~86%.

Thehigh activity of thelocal iron orematerial is
related to thefact that, theiron speciesexposed to the
surfaceareindifferent crystdlineforms‘“orthorhombic,
octahedral, .. .etc.” (as confirmed by X-ray diffraction
patterns), i.e. formation of surfaceactivespina, which
isresponsiblefor thehigh activity.

Carbondioxideand nitrogen, al go through amaxi-
mum at thebeginning of thereaction durationtimeindi-
cating that theinitiated state of material hasahigher
activity ascompared to the steady state.

CONCLUSION

From resultsit can be concluded that:

e |ron oresampleshavehigh catdytic efficiency.

¢ Theironoresample, which containsrelatively high
iron content, isbeing to be moreactive towardsboth
oxidation of carbon monoxideand reduction of nitric
oxide.
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