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Nïtric oxi& and nitmgen dioxide can be m v e d  from a gas stream by hetaopoly 
oxometalates h a k g  the Keegm stnicbirr 0. NO2 csn k sorbed (physisarbed ador  
chemisarbed) iDto the buik stwture of 12-tungstopbosphaic acid WW), 12-tungstos%cic acWi 
(HSiW), and 12anolybdoph~horic acid @@Mo), however with the laaa, d quantities were 
sorbed. A portibn of the gas phse  NO2 reacts. with the wata cm and m the solid acids to produce 
niûic acid which desorbs in& the gas p b .  M a d ,  Roman, and NMR spectroscopies mdicate 
that the remaiader of the NO2 remab bound in the sdid ai& tbrough association with the 

protons contained withm to fonn a aiaonium salt NO rgllnot be dirrctly sorbed by the acids, but 
can be sorbed if the catalysts were tnst Qtposed to NOs. No reduction of NO nor NOz to Nz is 

obseived with the hetempoiy acids. 
With ammonium 12-hin8staphosphate and ammonium 12aiolybdophospbate, N2 (and 

srnali quantities of NO) are fOMd to be the principal products in the effluent of the reactor held at 
temperatures below 2W°C, ûom the sLufàce (and bulk) don of nitmgen dioxide contamed in 
the gas siream and ammonia fbm the catalyst. At temperatures higher than 200°C, nitrous oxide is 
produced, as well as N2. N e c  oxide can be reduced, to a certain mt, to N2. However, the NO 
conveision is sisaificantfy incnased wheu NO2 or HN03 are injected fint on the ammonium 

catalysts. The spent ammonium 12-twi~stopbo5phate sorbs quantities of NO,, while ammonium 
12-molybdophosphate does not. Both catalysts are regenerated thtough injeciion of gaseous 
ammonia. 

With silica supported 12diagstophosphoric acid, as with the bu& acid, quantities of NO2 
are sorbed. Although the surf9ce a r a  is increased, the number of NOz per anion decnases awi 
the bulk stoichiometry of 3 N O W  to d a  values fm lower l08diflgs. As with its bulk acid, 
siüca supported 12aiolyWophosphoric acid sorbs vanishingly smaii quantities of NO2. Littie or 
no NO is sorbed or raduced by the supported acids . 

As with the buk ammonium salts, the injection of niûogen dioxide on silica supportai 
heteropoly acids, pre-exposed to gaseous anmionia, produces mainly nitmgen. The conversion of 
NO, to nitrogen reaches a maximum with appmximately 20'96 loading. Results on the convemion 
of N20 to N2 by silica supported 12-molybdophosphOCic acid, pre-exposed to gaseous ammoaia, 
arealsowrted. 

Since üttle or no NO or NO2 are sorbed or d u c d  by the Li, Na, K, Rb, and Cs salts of 
HPW, protons evidently participate, directly or indirectîy in the sorption and reaction of NO and 
N O  by the heteropoly oxomaalates. 



Heteropofy acids, both pure and SiOs-suppateb duce  quantities of CO, to carbon 
deposits at tmipaPtiirrs  ri IOW ris niam As with NOx, the protais wntained within 

the catalysts are na#rsary hr the ducfion of CO1. The carbon amtaining deposits are r#atidizd 
and rcleased to the gas stmm when the aEilysis rne heotal to &npmbms higher than 550°C. 
Aiso, the and heteropoLy acids onidize CO to CO, without addeci O> The 
addition of trams of oxygen enhances the rractiao aad regeaezatcs the surfOcc of the catalyses. 

In view of theprcsent rrwiltp and the morr mingent for the colla01 of 
emissions, the hcbmpoly o x o m ~  offi  an intacstmg abnative f a  m v a l  of oxida of 
nitmgen and carboa hom a gas shtpm. 
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A. AiryUuh*on and nitronen oxides 

Although aipollution is maHily 8ssociated with humaa activities, the atmosphtxe always 

containeci noxious substances, fivan tightnbg, binnmg f m ,  volcano erupti~ns, decomposition 

processes, or b& M y  the ccmceamtion of these substances varied m history. 

As a d t  of the introduction of roxic chernicals by natural and human-made causes, it is 

virûuliy bpossiile to detemine what the coqmition of "pure" air couid be. Pun air is h tact 
diluted polluted air. The Engïneers Joint Councii developed the fbUowiug definition of air 
pollution (. 1.1): "AVpolIut&n mepns the presence in the ml<door abriarphere of one or more 

property. or whièh unreusonably &e@ere with lire comfoortcZe enjopent of life dpr~perty .~ ' .  

Table 1.1 @es the gaseous wmposition of "unpolluted" air (Ref.1.2). Any change of - 

concentration & the intioduction of otha components citeci in Tabk 1.1 should be considemi as 
"poUutiot18'. 

Forest dkback, damage to buildings and sûuctwes causeci by acid precipita3on. 

photachemical smog ia cities b m  combustion processes, and htaW deterioration for people are 

just a few problems caused by ahrosphaic poilution. The socio-eccmomic cos& of poliutants are 

hi@. The sbift towacds a more enviraamentally fnendly society by the m~uct ion of différent 

legislatiotls nrOm our govemments, and with the pressme of the scientific cotl~lunity, bas 
miproved the quolity of the air we breathe. 

The soiaces are weli known, both naturaï aiid human-made. Srnokt and ashes are now 

more than just a dsrL emanation h m  a combusfion process. Their chemicai compitiotls are 

hiown.' The compollents of air pollution an identifieci. Table 1.2 presents a smmary and 
estimated concentration of the most important poliufaats, b t h  naturay and human-made, 
producecl globaiiy m 1978 (Ret 1.2). 



TABLE 1.1 

COMPOSITION OF "UNPOLLUTED AIR" 

( p v o Q  

Nimgen 756 500 

Oxyg- 202 900 
Water 31 200 

Argon 9000 
Catbon dioxide 305 
Necm 17.4 
Heliuni 5 
Mctbane 0.97-1.16 

KYP- 0.97 
Nitrous oxide 0.49 

H~drogm 0.49 
Xenan 0.08 
ûrganic vapurs 0.02 



TABLE 13 

ESTIMATED ANNüAL GLOBAL EMISSION OF POUUTANTS 

Isoprene andimenes 830 O 830 
TOTAL: 1 025 019 23 205 1 048 224 



The quantity of human-made pollutants corresponds a~praximately to 2.2% of the total 

pmtity edtteci on eaith. However, the poUutants emiücd tend CO be more amcentrated anwnd 

and Qmwmd the sames and thus their concentraîicm wiU be bigha in &es than h the 

comtryside. m m  pmccsscs are slower in citics. Smce the major@ of the population lives 

in ar near major &CS, the sir quaiity cm deteriotate tapic& den the metêorolopicd wndïtbns 

prevaii. The reai problem is wt the quantity of poliutaaîs emittcd but th& diffiisim and fùrther 
dilution. We m o t  change the abaospheric conditbas to pmmte di~uti*~~~. the only 

solution remains the reduction or eihhatïoil of emissicms at the source. 

in orda to d u c e  the quanti@ of ccmmmhmts cmitied by humangrnade sources, it is 

iqnxtant to know th& nature and the action on ow enviirioment once released. For example, 

nitric oxide, NO, is rtleased âom combustion. Niaic oxide is a primpry pdlutant, as well as ai l  

the molecules presented in Table 1.2, but feacts rtodüy with atmospheric 4 to gencrate nitrogen 

dioxide, NOz. Nitmgen dioxide is the scoondary poiiutant and is extmnely toxic. Nimgen 

dioxide is known to cause photochemical smog in cities, and nhic acïd @NO3) when reacting 

with water v a p .  Nittic acid is also a secolldary poliutant. 

Todays economy is based on comumption of g d .  The more products we consurne, 

the beüer the econorny is. However, it taïces en- to manufacane and most sources of en- 

used produce pouution. 

The two generai sources of atumpheric poilution are combustion, and handling and 

processing of chemicaIs. Many pdluting chernicals are released into the atmosphere. However, 

two classes, sulfiv oxides and nitmgen oxides, are weil hown fm the damages which they 

cause to the environment aud to out health. 

Thirty yeam ego, the n@ations were set mainly to d u c e  the emissions of sulfin oxides 

fhm ail somes. Nitmgen oxides wexe slso lrwwn to be a maja pollutant, but, the e f f i  m the 

reductim were centrd on sutfiir ~ o n s  because it was nlated to numemus deaths in 
pollution episodes. However, lcgislation carne rapidly aiamd for the inmieâiate ried\1Cfion of 

nitrogeq oxides h m  al1 sources. Since the pnsent WC& deais d y  with the nitrogen oxides, 
the discussion wüi k limiteci to this clriss of poiiutants. 

The two categories of sources are: 1) stationary, and 2) mobiie. 

As said earlier, nitmgen oxides are substautiaüy destructive air pdlutants (after sulfur 
onides) and various f m  of these can bieuretically e~& in the envirament. The &on of EJ, 



and 4 in combwtÏcm processes causes the hmation of; N20, NO, NO% NO3, N203, N20, and 

N209 Two hydrates are also known m exist in the aûnmphere; and HN03. 

R e f i c e  1.3b preseats the ernissions of NOx, VûC, CO2, d N20 acoan, Canada. 

Since 1992 a nduction of 16% of air poliuiants has been morded. The global dbution of 
greenhouse gescs (i.e N@ and CO3 h m  Canada was evaluatd 0 be less thPn 2% m 199R 

Nitrous oxide (hi@) is a mirnul consthent of the aûnosphere and is found at 

concentrations of about 5 ppm. MostNzO cornes b m  biochemicai &ons in the soü. Nitrous 

oxide was not c0llstCdered as a potential poUutant because of its high stabilïty at namial 
conditions. Its atmosphezîc ddeace time is csttnated fhn 20 to 100 Posst'ble 

accumulation coulâ cause problem, but liüie is known of the effect of nitrrus o d e  on the 
ecosystem. However, its role mto the reduction of the ornone layer and the global warming is 

now known. 

Nitric oxide (NO) represents 90 to 95% of the totai nitrogen oaides forniaton. Nitric 

oxide is primordial to üfC, bccause it is an mipai0int nemtraasmitter (Ref. 1 A). However, once 

nitric oxide is nleased m the atmosphme, it reacts readily with many other molecules and thus is 

c o m i d d  as an atmospheric pollutant Nittic oxide is pady tespoasiible for the pLOduction of 

NO2 when oxidised 

Nitmgen dioxide (NOa can also be M e r  oxidiseû in the atmosphere to NzOs which 

mîc& with water to produce nitcic acid (EENo3) and thus, acidic precipitaticms. High 

coacentrations (0.1 ppm or more) of NO and NOz, fiom motorised vehicles in cities, dong with 
low altitude omne, are tespoi1~1ile fin the formation ofphotochernical smog (Ref. 1.5). 

Los Angeles is weli known for its photochernical smog. In 1542, Juan Roâriguez 
Caôrilio obsewed the behavior of the smoke fkom Indians buming tires and called the San Pedro 
Bay the "Bay of S~nokes". 

The f9miaton of photochernical smog is the result of the &on of NO2 wab sohr 

radiation and subsequeut cascade of reacfions with NO, 0 3  and hydrocaibons, and speciai 

atmospheric conditioas limiting dilution and -on away aOm the souras. On an 

average day, the unrractcd poliutants d y  reach a maximum in cotlceatration a amund 600 

to 8:ûû am. because at this tirne m the d g ,  motof vehicle emission is at its peak, 

meteorologicai conditions festrict dilution, and the sun is rising. As t h e  passes, the mteasity of 

d g h t  incfeases and the photorracbians staR When NO2 absorbs light (ic < 400 am), it 

decomposes to NO and oxygen atoms. The oxygen atnirs wiil nact-with molecular oxygen to 



produce opne (O3). NO is ccmsumed and reaches a minimum as the concentration in NO2 

inrreases. Nitmgen dioxide ccmcentratitm mcnsses, goes through a maximum, and thm 

decreases with dit hatast in ozme caicenûaticm. Nitric &de and ormae react togetber to 

fomi aiûogen dioxide and molenilPr oxygen. NO2 cdas the atmoqhere red-bwn and reduces 

the vis%*@. Diiring the passage of the qyntity of hydrocarbons slowiy &ops to a 

minimum because of side reacticms with NO, NOt O, and O,. Figure 1.1 qmsents the complex 

sequence of events in terms of concentration of NO, NOI. O3 and hydmcadms duhg a typical 

photoChemical swg episade @us Angeles, Seprcmba 3, 1964) (Rtf.l.6). The basic cycle of 
nitnc oxide, nitmgen dioxide and ozone phatoehemical smog reacticms can be seen m the 

following diagnmi (Fig. 1 2). 

Because of the direct impact of NO and NO2 in our urban lives, theu reduction and 
elimiaaticm has become a major concem. 



Concentration of NO, NOs. O3 and hydmcarbiis in the atmosphere of Los 
Angeles on Septclnber 3.1964. 



Sun 

Fig. 1 2 Photocbernical smog cyck. 



B. & H' f the and mobile 

SOU1CCS 

The U.S. F e d d  Ciean Air Act of 1967 set the s$mdatds far autasnobile exhaust 

emissicm (Re&. 1.7 and 1 -8). Engiae modifications were sunicient to meet the reguhi~e A f k  

its fiRt amendnient m 1970, cataiytic tecbnobgy had to be uscd. The law rsquirid a 90% 

reductionofNOzofall cars fathe -50 000 des, by 1976. This ûi&gered an intense 

in catalytic nsesrch (Ref2.8). Betweeu 1970 and 1975, more than 470 papas and patents 

published for z~ufomobile exhaust catalysts. 

By 1994 the nm standards fatured an additicmai 30% ducfion in hychdxms as weli 

as an additionai 60% reductiou of nitrogen oxides. The state of C a l i f d  zequirenimts used 

new categories fa the diffèrent class of vehicles. Standards were set to 0.125,3.4, and 0.4 ghni 

in hydrocarbons, carbon ~nonoxide, and niîrogen oxides, respeaively, for trsUisitioz1al low 

emission vehicles (TLEV), 0.075, 3.4, and 0 2  @ in hydrocarboiis, carbon monoxide, and 

nitrogen oxides, rrspactively, for low emission vehicles (LEV), and 0.04, 1.7, and 0.2 ghni in 

hydrocarbons, carbon monoxide, and nitrogen oxides, respoctively, for ultra-low miission 

vehicules (Ref 1.7B). In 1992, in Europe, combined emissions in hydrocarbons and nitmgen 

oxides werr Limited tD 1 J S  glmi and 435 for carboii manoxide. In 1996, tightet emission 

standards were apected to be hûoduced. In otha parts of the woriâ, new standards, smiilar b 

the ones in the United States were also introduced @& 1.9). 

Larger stationary sources wae also subjecteâ to legislatiolls, but not the d e r  ones 

(400 tons&ear). T a h  coliectively, the d e r  stationary souces emit unacceptable quantities 

of pollutants. Since 1990, aU stationary sources are abject to the new legislation. Duririg the 

199Vs, the S02 and Nûx emissions are to be duced  by approximatcly 10 and 2 million 

todyear, respedvely, and be capped to 8.9 million tom&ear (for SOd (Ref 1. IO). 

&ou& better catalytic technologies are used, the pmblan is, however, i n d g  

because of the increase in the n u m k  of sources emitting the noxious poUutants. For example, 

during the iast f9r~y y- the number of vehicles incrrased by ten-fold to over 500 aiillion, and 

for the next fow y-, it is expeaed to rise to one billion (Ref. 1.1 1). 



The techn01ogy adoptecl fm the mobile sources was and is stiil different aOm the 

technology utüiscd for the statï~muy soutrce~. 

'Ihe type of catalytic converter chœen fix wbiie scwccs ofNûx is based cm supportecl 

pTecious met& W d ,  Rh, MU, Pd/Rh, and W d / R h ,  ai dumina) and is now applied on 

most vehicles. (Refs.l.8, 1.10, 1.124 1.12b. 1.12~, s ~ d  1.12d). 'Ibis type of-en oxide 

contm1 is refkrred to as nm-selective Eotalytic reduction (NSCR). 

Rhodiumccontaining cataîysts are knom as ThreeWaycCatalysts W C )  because of 

their ability oxidize hycimdms and ahon  monorride to &n dioxide (and -ter), and to 

reduce nihic oxide to moledar nitmgen (and water). In a typical flow-through catalytk 

converter, the ca?aiyst is deposited on a cordente mowüth (2MgO ' 2A1203 ' 5Si03. The 

monolith has a honeycomb stn~ctrirr. Be* receiving the rhodium (1-2%), the corderite is 

covered with a thin laya of alutnina ( d e d  the washcoat). tanthanun is added to the washcoat 

for themial StabiIization. Cerium can also be added (040%) to enhance the nduction of NO by 

extendhg the time befm the rhodium is deactivated by the accumuiation of surface oxygen 

h m  the nitric oxide decomposition. The cerium is beiieved to act as an oxygen storage device. 

Sometimes, nickel oxi& is added to suppms the fonnatim of hyârogen suifide. The TWC is 

n o d y  heated to temperatures between 350 and 650°C. Below 350°C the conversion is low 

and at temperatures higher than 650°C thermai detaiotafion of the catalytic converter becornes 

signüicant. 

The Rh-based catalysts are efficient ody m a very nuiow wiadow of operation. They 

are known to be adopu~tte f a  a stoichiometric aidfbel (A/F = 14.7) mixture. In heI-rich 

operation (NF < 14.7). or net nducing atniosphere, the W C  cannot oxidize efficienty carbon 

monoxide to carbon dioxide. In fbel-lean operation (A/D14.7), or net oxiduia& the TWC is 

unable to d u c e  efficiently nitric oxide to molecular nitmgen. The TWC system requires a tight 

c m t d  of the air/fiel ratio (MF = 14.7 f 0.3). The optimum air-&Aue1 ratio is controlled by an 

electmic contml module and an ahaust oxygen seasor. 

The W C  catalyst is excelleat to ccmtrol the eakiolls fiom mobüe somes. However, 

diiring the next decade, the law wül require a higha reduction m the emissions âom ail sources 

(4-ke, 2-wke, and diesel engines), as weU as better fùe1 economy. in order to achieve this, 



ail  motors wül have to run under fiel-lean conditions (net excess of air). Unda lean conditions 

the TWC is unable to duce NO to N2. New cataiytic f011llulatious w u  be aeeded to coniply 

wiîh the law. 

M m  nxedyy cataiytic nsearch has been centend on copper-exchanged =lites as an 

alternative to noble m d  based cafalysts fm the reduction of NO (Re&. 1.13 to 1.16) for 

operation unda hl-lean conditions. However, the CU-ZSM-S caciiyst activity is not high 

enough for a m u n d  use w1.17). 

As mentimed estiier, the techology f9r the cptalytic raitmion of statioaary dssio~s is 

based on a differe~~t type of caîalytic science @ef,l.lSa). in the 19709, Exxon developed a 

selective nm-catalytic ducth (SNCR) mess (jMl.18b). In the prrn:es~ NOx reacts with 

amnonia (NH3)y homogeneously in the gas phase, ta produce molecular nitrogm and water 

vapour. Nitmgen oxides are duced seiectively by byNEI,. Typically, a temperature of 850- 

l050~C is needed to maxmiue the reâucticm process. Although ihe process is inexpensive, ody 

50% reduction levels can be achieved. Furthexmore, the m e s s  is d y  effdve in the 

temperature range mentioned above. The high quantity of ammonia bjected also hcreases the 

ammonia slip problem (20 ppm). This solution for the Nûx eLimination is also not amactive 

because of the adsorption of amnconia cm the fly ash and a b  because of corrosion of the 

elernents downstmm h m  the boiler. 

The technoIogy used fm the staticmary sources is d y  based on supported metal- 

oxides in a m e s s  called selectivc d y t i c  reducticm (SCR) where oxygen and ammonia are 

added to the gas stream prior b the cataiyst. The cafalyst is held at 15û450°C. Although 

patented in the US. in 1959, S C R  was first applied in Jepan and later in Gennany (Ref3 .19). 

The p-t metal oxide, which was adopteci by most industries, is vaDadia oxide (V2OS) 

supported on titania UiO3 (Refk. 1.19 to 1.30). This catalyst is a vay good cataiyst because of 

its high -resistance to S 4  poisanmg. The reactim between NOx and ammonia on this catalyst 

produce m d y  N2 and H20 h the gas phase (Ref.l.22). AWough most of the d t s  rrportcd 

wae f a  the reacticm between NO and MI,, the catatytic duction of NO2 on d oxides was 

reported only in a limited numba of studies @ef.l.3 1). It was found that the conversion of NO, 

on VzOs cataiysts was v a y  low. Other ducing agents (such as CO, Hu CH* and 



hydrocadmns) were tested but only NH, is vexy selective to the rrduction of NOx. The SCR 

ptocess rem~ves 60-85% of NOx by usiag 0.609 mole NH, per mole NOp Increasing the 

amount of NH3 hpmves the r e d d a  p c s s  but matascs the amm0n.h slip (>5 ppm). 

Althoogh this laüer technaIogy is @îe effective fm the reduction of NO, the praces~ 

could be impoved and ateaded ta NO2 by the use of new catalysts whac the need to inject 

ammonia could be duced and even elipmiated F h e r ,  ti>r mobile sources, new and cheaper 

catalysts, wtich could also duce NOx unda tud-can conditions, would be welcome by ali car 

buildm siuce the cost of precious metah is incxeasing and the avaîiabiiity is demasbg. 

C. Metal-Oxy~en Cl- Camoun& 

Metalacygen cluster compounds, also hown as hctaopoly oxometalates, exkt with a 

v d e t y  of structures and stoichiometnes (Re6.1.32 and 1.33). Of pgnicular interest for their 

catalytic propaties are those wah anions of Keggin stmctwe. 

Haaopoly oxometalates are ioiiic solids with diScRte and large, appmximately spherical 

anions with atoms such as phosphom or siiicon at their centers (Fig. l3)- This centrai atDm is 

bonde. to four oxygen atoms arrangeci tetrahedralty- Sun0undi.g this central teûahedron and 

sharing oxygen stoms with it and each other are 12 octahedra with a periphd metai a t m  such 

as tungsten or molybdenum at their appn,xmiate centets and oxygen atoms at their vdces. 

Three types of oxygen atom exist in the sûuctufe of the anion; those which intercomect the 

periphd metal atonis wah each other, those which mterconnect the cenirai atom to the 

peripheral metal atoms, and those which protrwle aOm the twelve Octabecira. The anion is also 

known as the Keggh Unit (Kv). 

Xiay and aeiitron diftiDction experhents show tbat 6-hydratai 12-tung~bphosphoxic 

acid (H,PW120a 6Ht0, abbreviated as HPW) has a cubic Pn3m structure with the pro- 

su~fomded by two, approxirnately c o g h ,  wata decules hydrogen-bonded to the temiinal 

oxygcn atams of the anions (Fig- 1.4) met1 -34). As shown hm the stoichiomeûy above, three 

protans are asociated with each Keggin Unit (e.g. ~H+/Ku). 

Semiempirical quantum mechanical @MI) calcuiations have pndicted that soüd 

heterapoly acids amtainhg tungsten as their -beral metal atorns should bave a bigha acidity 



than those with molybdenum as their per iphd  metal atoiao @efX35)- These caiculations also 

show tht 12aiolyWophosphoric acid is expected to have more iabiie onygen atoms than 12- 

tun8stophosphcuîc a d .  The labiiity of the oxygcn was observed aOm atpamients on the 

pattial oxiddon of mahane to methsnol (Ref.136). The strength of  the acids was later 

confirmeci by micmcdarMietric meaamments of the différentia1 heat of adsorption of ammcmh 

(ReE1.37). These npaùnents have show that the acidity of heteropo1y acids is in the range 

expeaed fbr supaacids. Fiirther, the fbliowiag mence of aciâic strengths was derived: 

HP W'HSiP>HPMo.HSiMa. 

Although the surface areas of these solid acids am small (appmximately 10 m2/g), 

photoacoustic-FïiR shidies have show that polar molecules such as ammonia, pyridme. and 

methanol are capabie of penetrabing nOm the vapour phase into the bulk structure, that is 

between the cations and the anions, where interaction with the protons may occur mefk.138 to 

1.40). 

Derivatives of the h-ly acids can aîso be prepad by aqueous precipitation with 

other cations (Na+, K+, +.Rb+, and Cs+ are same atamples) (Etef5.132, 1.41 to 1.43, and 1.44). 

These salts will possess different swfàce and caîaiytic -es (Re&. 1.38, and 1.45 to 1 A8). 

Animoaium salts c m  be pduced by either mjecticm of gaseous arnmdnia or by aqueous 

precipitation using a heteropoly acid and ddhg any ammonium salt (Re& 1-38, 1 .4Z, and 1-46). 

Only the iaüer meîhod wüi prcxiuce i salt with a high d e  a m  (approximately 150 m2Ig). 

PAS-ETIR has shown that TeSiduai promu (approximately 0.40 H+/E;U) were prrsent m the 

structure of ammonium 12-tungstaphosphate m P W ) ,  giving nsidual Brwstcd acid sites 

within the structure @et 1.38). 



Fig. 1.3 

r e ~ r e s e n t s t i o ~  O illing representation 

Structural qresentation of the anion (ICeggin Structure). 



Fig. 1 -4 Structure of 12aingstophosphonc acid (Ref. 1 J4). 



As mentioned eailier, the heteiopoly acids have smait surfàce areas and thexmaliy 
decompose at tempenitmes above 500°C (Re&. 1.49 and I SO)). High surfiice area and stability of 
the catalyst are importaat fiom a catalfic pointef-view, and these two characteristics, ffor the 

preseit acid c d + ,  can be mipiovecl by &hg the acids on a high suditce area soüd support 
such as silica. Temperature-p'ogmmd desorpticm, innarrd spectroscopy, Raman 
spectro~c~py, X-ray phatoelectrcm (XPS), ion scattering (ISS), and 
3 ' ~  NMR qectmsqy studies have shom bat siiica suppoaed 12-molyWophosphoric acid is 
t h e d y  stable to tempemtures up to 650°C, comparecf witû approximately 450°C for the buk 
material (Retk.1.5 1 to 1.53). The inerraoe in thermal stability has been proposed to be due to 
interaction between the Keggin unit of the hhete~opoly acid and adsorption sites on the süica. 

D. ObiectivesofResearch 
In view of the curent interest in nitmgen oxides (NO and NOZ) and catalytic technology, 

it appeared both interesthg and worthwbile to study the sorption and intetaction of these gases 

on metal-oxygen cluster compomds having the Keggin structure. 
The first part of this thesis focuses on the sorptioa and interaction of NOx with 

heteropoly oxometalates having protons as the cations, anci provides idormation on the effect of 
the elesnatal composition of the anions. The efféct of changes m the central atom of the anion is 
examined by comparing the rrsults obtamed with 12-tungstophosphosphoric acid and 12- 
tungstosilicic acid. The effèct of changes in the periphd metal atom of the anion is examined 
by comparing the results obtained with 12~gstophosphoric acid and 12-molybdophosphoric 
acid. 

The effect of changes in the cations is also examined m subsequent sections. In 
particdar, the ammonium salts of KPW and HPMo bave been examined. FuRher, the 
stoichiometry of the ammonium 12aingstophosphate was varied to examine the influence of the 
quantity of residual protons contained in the structure ai the catalytic pmcess. The eff- of the 
source of the ammonium cation was studied using differetlt pteparations for ammonium 12- 
molybdophosphate. 

To study the role of the protons in the socption of NOx, derivatives of the IA d e s  of the 
penodic table of elernents and a thallium salt w a t  p r e p d  in d e r  to obtain salts containing 
little or no protons. 

HPW and HPMo supported on silica were also examiaed for the sorption and convmion 
of NOx, together with the aforemeationed soiids atposed to gaseous ammonia. 

Unsuppoxted and supportecl hetempoly acids were aiso found to sorb substantial 
quantities of CO2, and oxidize CO to C02. The parameters affecthg the sorption and the 
oxidation mechanism were examinai on HPMo, HPMdSi02, HPW, and HPW/Si02. 
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CECAPTER II 

MATERIALS AND METHODS 

A. Chemicah 
The chemicals, gases, and c o I ~  packing maaMls ernployed in the pitseot wo*, 

togedm with theu sources and purity are üsted m Tables 2.1.22, and 23, nspabively. Except 
where otheTwiSe stated, these were used as feceived. 

B. Pre~aratim and Reûeaànent of Catalvm 
The sala of the heteropoly acids were prepand by pibCÉpiitation from aqueous solutions 

of the acid and of an appropriate source of the cation (Table 2.1) and, with the ammonium salts, 
by direct reaction of the acid with aamiaiia By variation of the dative amounts of the 
preparative nagents in the famaa methd b t h  stoichiometric and non-stoichiometric 
ammonium salts were p r e p d .  '%H,Pw and ND,PW were priepared b m  '%&NO, and 
ND4Cl, respectively. The fmer was nrst dtied on a hot wata bath. AU salts formed were 

M e r  dried under vacuum at room temperature for more than 24 hours. 
The hetempoly acids supported on silica were prepared by adding SiO, to the acid 

dissolved in a minimum of water (20-30 mL), s h e d  for 24 ho- at m m  temperature, heated on 
a hot water bath and evacuated at room temperature. Particle sizes smailer than 80 mesh were 
used. 

For HPW/Si02. loadings of 9.1, I6.7,23.l,3S.O, 50.0, and 75.0 %w(HPWyw(totai) were 

p r e p d  
For HPMo/Si02 loadings of 1.0, 5.0, 9.0, 20.0, and 50.0 %w@IPMo)/w(total) were 

p r e p d -  
NH,PW/Si02 and N&PMo/SiO2 wete prepared from HPW/Si02 and HPMo/Si02, 

respectively, which have been heated to the desid tmipnshire, eaposed to ammonia and 
purged with helium (>20 aiumin) for 30 min untü the effluent testexi neutral. 

k.l the supporteâ samples were pretreated in helium tiow (hm 15 to 40 &min) in situ 

at the desired temperature prior to the expniments. 
Additional i n f i i o n  about the catalytic samples is found in Tables 2.4 and 2.5. 



TABLE 2.1 

CHEMICALS USED 

12-Tungstaphosphoric acid Hflw~zoa~flz@' 
i 2-MolybdophosphOnc acid H g M 0 , ~ 0 ~ - 2 4 H ~ O a  
12-Tungstosilicic acid &SlW 120a-26820a 

Ammonium Chlonde -cl 
d4-Ammoaium Chioride ND4cI (98 atom% D) 
Ammonium Carbonate NHIHC03-N&C00NH4 
Ammonium Nitrate m N 0 3  
'%-~nimonium ~itrate '%H&o3(98 atom% 'SN) 

Cesium Carbonate 

Lithium Catboaate 
Potassium Carbonate 
Rubidium Carbonate 
Sodium Carbonate 
Thallium Nitrate 

Carbon Tenachloride cc& 
C O P P ~ ~  Cu 
CAB-0-SIL Fumed Süica (grade M-5) Si02 
Nitric Acid HNo3 
Potassium %&de KBr 

BDH 
BDH 
BDH 

J.T. Baker 

BDH 
Mallinc Wt 

CDN Isotopes 

sigma 
J.T. Baker 
J.T. Baker 
Aldrich 
BDH 
BDH 

Fisher 
Davison Chernical 
BDH 
Aldrich 

a abbreviated as HPW, HPMo, and HStW, rrspecbively. 



TABLE 2.2 

GASES USED 

Name Chernid Fmula Supplia 
Axntnonia m g  Linde 
d3-Ammoaia ND3 (99.1 atom% D) ICON 
Catbon Dioxide Co2 h a i t  
Carbon Monoxide CO Madieson 
18 O-Carbon Monoxide c'b (97.8 atm% '80) Isotec lac. 
Heiiwn He Praxair 
H Y W P  Hz Praxair 
Nitric Oxide NO (989% NO) Linde 
Nitric ChideMe NO in He (4950 ppm) Praxair 
Nitrogen Dioxide NO2 (99% N A )  Matheson 
Nitmgen Dioxide/He NO2 m He (4960 ppm) PraxaÙ 
1 k - ~ i t r o ~ e n  Dioxide 'm (99 atom% 'SN) ICON 
Nitrous Oxide N20 Matheson 
o x ~ g e n  O2 Linde 



TABLE 

PACKING MA- FOR GC-COLUMNS 

Chromosort, 103 
MoIecular Sieve SA 



TABLE 2.4 

ADDITIONNAL INFORMATIONS ON CATALYSTS USED 

b Pfetreated in He at 3W0C and measured by N2-BET at 77K. 
c cm31g X 102. 
d Evaluated âom helium volume displacement at m m  tempefatute. 
e P r e p d  h m  aqueous precipitatim m * h d  



TABLE 2 3  

AûD~ONNAL INFORMATIONS ON SUPPORTED CATALYSTS USED 

a Pretreated in He at 200°C and m e a d  by N2-BET at 77K. 

b Evaluated fkm hetim volume displacement at room temperature. 



1. Analysis of 0% N2 and NO: 
For the pubt reactioas, a 4 mm i.d X 25 cm quark nactor was employed with the 

catalyst held m place by qupitt w d  'Ibe flow of h e k n  in the rractor was faed at 15 mltnia. 
The selected reaction temperahin was held for 10 minutes pior to the injection of nitmgen 
oxides. The NO was passed through a 1 m tubing oaoled to dry ice-acetone temperature pnor to 
use. Each pulse of NOz (17 pmoles, 24OC and 1 aîm) a NO (10 pmoles, 24OC and 1 atm) was 

mjected into the reactor with a s t a n M  gai sampling valve equipped with a T e h  rotor. Al1 
gas Lines were made of stainless steel 1B" 0.6 with those a b  the reactor heated to 130°C. The 
reactants were heated to 150°C immediately prioi to the entry of the reactor. A schematic 
diagram of the setup is presented on Figure 2.1. 

The outkt of the teactOt was dirrcted to a gas cbromatograph ( S b d z u  OC-9A) 
equipped with a 4 mm o.d. by 30 cm MS-SA (60-80 me& particle size) ooluma. For arïalysis of 
OB N2 and NO the chromatographie coluum was prrconditioned at 3ûû°C for 3 hours and then 
saturated wah NO and held ai 30°C (Ref2.1). Unda diese conditions the retention times of O,, 
N2, and NO were at 1.1,2.0, and 2 9  min, rrspectively. AU cali'bration parameters were verified 
periodically . 

2. Analysis of NO2: 
A cold ûap (&y ice-acetone) placed between the outlet of the reactor and line leading to 

the gas chromatograph was anployed to trap NO2 which was subsequently measured 
volumetricaily. ARer each pulse, the ûap was Werred  to a standaml volwnetric system 
equipped with teflon valves and a chanidy inert pressure tmsducer. Once the system was 

evacuated, with the trap attacheci, the trap was rapidly heased to 2S°C with water and the 

pressure due to NO2 was Unmediately meaaned. The calkation was verified priodicaUy. 

3. Analysis of NP: 
For andysis of N20, the MS-SA colunm was replaced by a 4 m 0.6 by 2.5 m Porapalr 

Q colunm (jtef2.2). This column was preconditioned at 2ûû°C for 3 hours and then held at 
40°C for analysis. The determination of N,O was done with a h h  sample. The caii'bration was 
verified periodicaiiy . 



Schernatic diagram for pulse experirnents. 



4. Anaiysis for total aimgen: 
For the analysis ofthe totai &mgen, separate feadcm apaiments were camed out with 

a modEed rractor system. The effluent h m  the reactor was passed through a 1 meter coi1 kept 
at 7ûû°C, mbsequentiy through coppa wool at 550°C and fiaally introduced to the GC. Ali 
comecting lines were maintaÎned at 130°C. Unda these conditions NOz and HNOl wiil be 
decomposed completely into NO and BI2. The method was tested by injectiag a hown quantity 
of HN03 through the system. 

The quantities of nitmgen containhg compounds &tMg the reaaor after each pulse 
were detemiined chromatographidy and, a& the dcsir#i nimiber of pulses, the catalyst was 

flash heated in order to desorb any nitmgen coatainiag material. Fmm these values and those 
found h m  the meamexnent of NI. NO, NOZ> and the total oitmgem on the catalyst after 
d o n ,  the amount of found m the emuent could be deteminai with acceptable 
accuracy (error < 5%) with a good nitrogen m a s  balance (85-100%)- 

5. Analysis of NH3: 
For the analysis of the quantity of nitmgen (as NH3 on the ammonium saits the 

chrornatographic column (MSSA) was replaceci by a Chn,mosorb 103 column held at 150°C 
(Ref2.3). Exactly 0.033 g of ammonium salt was packed into the reactor and heated to the 
desired pretreatment temperature fm 10 min under a flow of heiiurn (15 &min). A cold trap 
was located down~aam cooled to liquid nitmgen temperature to condense the NH3 desoibing as 
the pretteatment temperature was increased. The trap was heated rapidly to about 200°C and iîs 
contents adrnitted to the OC for analys&. The cadytic feact~r was then flash heakd to 
decompose the ammonium salt contained m i t  By usmg a standard ammonium salt which was 

known to contained 3 N/W, the totai integmteû area of aii peaks found on the chromamgram of 
this sample was compared to the total htegrated erra found for the pretreated sample. This 
method provided repetitive nsults within an acceptable accuracy (e rm < 5%). 

6. GC-MS S-: 
Aliquots (0.025 to 0.200 g) of catalyst were l d  into a 4mrn i.d quark reactor 

connecteci to a gas chromatograph (HP5890) equipped with a 20 m long empty capiiiary 
deactivated nised silica colunm (J&W Scientific) heid at lSO°C. The outlct of the capillary 
column is dgected to a m a s  selective detector (HP-MS5970). The range of masses monitored 
was set between 10 and 150 amu at a rate of 5.5 s c d s e c .  AU data recordeci were stored in the 
cornputer (IBM750P90) for analysis. 



This micro-reactor qstem was used t9r pre- and post-reactor pulse analysis as weli as 

injection of puises of gas mùrtuns fOt single pulse &cm (SPR) experiments, isothertnal 
contiawus reaction (ER) with gas mixtures, tmperature-pfo~rammed desotpiion analysis 
(TPD), and temperature-pmgrammed TeaCfiOIl (TPR). 

1. WithTCDasdetectot: 
For teniperature-pmgmmmed desorption the cbnmiatoipaphic column in the gas 

chrornatogmph used for the pulse experiments (section C.1) was replacecl by a .  empty column 
and the effluent firom the reactor was p d  daeaty over the thermal conductivity detector 

The nactor was loaded with the same amount of catalyst as with the pulse experiments 

and the samples were pmüeated under the same ccmditions. The NOx was then introduced by 
use of a gas sarnpüng valve. niereafh the sample was flushcd with hetium (15 mWmin) and 
cooled to m m  temperature. 

The temperature of the reactor was rampeci linearly (60°C/min) with a temperature 

programmer (Tempstar II, Thenno Electcic Instnimeats, NJ) and the trace of the TPD recorded 
via the electronic inkgrator. 

A series of temperature-programmed desoiptim expaiments were recorded using the 
OC-MS ~ystca 

For these TPD experiments, the vaives were set so that the effluent of the reactor passed 
directly into the OC-MS detection systeni (see section C.6). The samples were pretreated in 
helium imd exposed to the s e l d  gas mixture at the desirrd temperature@) directly in the 
reactor. Mer the rractor was cooled to m m  tempera-, the micro-reactor was flushed with 
helium at 15 Wmiri for IS to 30 nim. The temperature of the mctor was then increased 
hearly h m  30 to 650°C at 10°Ctmm with a teniperature conooUer/progranuner (Tempstar U, 
Thenno Electric Instruments, NJ). 

AU data recordai were stored in the computer for malysis. Atwllc mars units 
comsponding to the selected molecuks (Table 2.4) were extracted h m  the total-ion TPD or 
presented as the latter. Appropriate corrections for fiagmentaticm were made, where necessary. 



TABLE 2.6 

ATOMIC MASS UNITS CORRJSPûNDING TO THE SELECTED MOLECULES 



3. Themogravimetry: 
Aiiquots of h m l y  oxometalaîes, m e  of which were previously ex& to NOx. 

were loaded into a Cahn microbahce and the weight recordeci with increase kt temperatm. 

1. StanQrd TPR= 
For TPR expexirnents, the samples were prctrrated rir süir with helium followed by 

exposure to a continuous flow of gas mixture (15-20 mUmm) at 30°C, while the effluent was 

passed to the GCMS. A f k  W y  sfate bad been achieved, as evidenced h m  the MS signals, 
the temperature of the reactor was inaeased h m  30 to 650°C at 10°C/mh. 

The signal was recorded and the data analysed fm each ion. 

2. Single-pulse experiments at a variety of temperatures (SPE-VT): 
For SPE-VT experimentr, the samples were pretreated in silu under a contmuous flow of 

helium (20 mUmm) at the desind temperature. A single pulse of reactant gas was intmduced 
with a sampliag loop d i y  into the helium flow. The efluent of  the mtor was dùectcd to 

the GC and the products analysed using the procedure descni  above. The tempenuurr of the - 

reactot was then increased (or dcft#ised) and the procedure npeated with the same aliquot 

F. Isothamal Continuous Readon OCR) 
For ICR experiments, the samples were pretreated UI situ in a continuous flow of helium 

at the desirad temperature for 2 minutes at which time the gas mixture was introduced into the 
reactor and the effiuent was passed to the OC-MS. The reactions were continued for one to two 
hours. 

The data w n t  recordai using the cornputer and, where apptopriate, the area unda the 
cuve was integrated for each related ion. The values were conecfed as discussed previous1y. 

The catalyst to be analysed using inâared spectroscopy was pcetreated according to the 

above procedures. Two different muliing methods were used in this study. 
In the absence of sorbed Na, KBr was usecl. About 1 mg o f  catalyst was mixed and 

ground with 50 to 100 mg of w i c  FTIR-grade potassium bromide. No Mdeace was 
found for the reaction of HPW with the KBr under the preseat conditions. 



When NOx was present, the catalyst was mixed with NUJOL and piaced between two 

silva bromide ( A m )  wïndows (Bieron). No evidence was found for the reactim of NO2 and 
HPW with the mulliag agent, nor the windows. 

Innared spectra were obtained with a BOMEM MB-100 Michelson inaand 
spectropbotometer, h 550 to 44000 cm' and a spectrai resolution of 4 cm-'. For semi- 
quantitative analysis, each specûum wris namalizcd with the band for P-û stretching at 10633 
cm-'. 

H. Powder X-Ray DÏfEdcm 
Powder X-ray difIiaction patterns wac measurrd on a DSWianem difhctometer at 

40kV and 30 mA wikh the CuKor radiation 1.e.  The sautples were mwrporated in silicon grease 

after pretreatment and saturation with NOn m the m. 

1. B.E.T. S h e  Area 

Surface areas were calculated, usmg the BET equation (ReK2.4), from nitrogen 
adsorption isothemis obtained at 77 K. The catalysts were evacuated for 15 hours at the desired 
temperature prior to the adsorption measurements. 

J. Pulsed MAS-NMR 
Smgle pulse magic angle spmning nuclear magnetic muance spectra were obtained on 

a Bruka AMX 500 speca.ometer with a 11.7 T magna 
Fach sample was pretreated and üeatcd as for the pulse experimetlts abve  (Section C). 

For determination of  '% spectm, the samples were treated widi d c h e d  isotopic gas. The 
samples were then packed m a s8cociia rotor and measiind at 298 K. 

The rotor n#iuency varied between 5.0 and 10.0 kHz. The magic angle was set at 54.7O. 
The resonance fkquencies were 500.18 and 50.67 MHz for 'H and %, fe~pectively. 'H 
decoupüng was used occas idy  h r  'SN. The puise (Pl) was 1 p. The acquisition t h e  

(AQ) was taken at 0.03 and 0.13 sec and the dehy time was 4 and 5 sec for decoupleci and 
coupled expaiments, respectively. 8k or 16k data points were remded for each spectnim. AU 
1 H spectra recordai were reférrnced to TMS (tetramethylsüane), usbg an extemal scmiple of 
benzene (6 = 7.24 ppm). LabeUed ammonium nitrate ('hH4~0,) (6 = -360 ppm) was wd as 
extemal refere~~ce fm '% (ReE2.5). 



K. RamanSbeCttOSCopy 

Raman specüal measurêments were obtained on a Düor OMARS-89 Raman 
spectrometer equipped with a  mi^ amchment (Olympus Modei BHT). The specaometer 
is interfàced to an IBM-AT cornputer. The detectm is a SlZ-channei diode array. The 5 145 nrn 
h e  of the Cohaeat Innova 70 argon ion iaser was used fOt acitatim. The spectral region was 

h m  50 to 3000 cm". Each sampIe was packed in a sealed capüIruy tube. Oaly the regions with 
observable peak intensi-ties were recordeci. 

Other samples were adysed  on a Renishaw l€amsqe using the 632.8 nrn liae of a 

HdNe laser tbr excitation. 'Ibe spectrometer was equipped witli a rnic~oscope attachent 
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SORPTION AND REACTION OF NO AND NO., ON HPW. HPMo. AND HSiW 

A. Rem16 
On contact of any one of the three heteropoiy Pcids @PW, HPMo, and HSiW) employed 

in the pnsent work with nitmgen dioxide two procesies occur. A portion of the NO2 is sorbed 

(chemisorbed and/or physisorbed) into the soiid and some -*on of this sorbeci NO2 is 
were converted to 02, NO and HNOI, which are o b e d  m the effluat No quantities of N- 

obspned under any of the conditions employed in the present work with the parent acids. 
Multiple puises of NO2 were employed to povide idiormtion on the capacities and 

behaMour of the soiid aciâs with NO2. 
The quautïty of NO2 rrmoved h m  the gas phase by each of the three catalysts at 150°C 

a k r  pmmtment at 1 SO°C is reported for a number of pulses (Fig.3.l). Thcse &ta reflect both 
the NO2 sorbed by the catalysts and tbat convcaed to the aforementioned ptoducts. 

As is evident m Figure 3.1, the composition of the anion has a substantial effect on the 

results. However the nature of the pehera l  metal atoms has considerably more influence than 
that of the central atom since the resuits for HPW and HSiW are approximateIy the same. The 
quantities of NO2 SOM or c o n v d  with HPW tmm each pulse are nearly constant at 90% for 
the tust five pulses whiie with HPMo oaly 10% of the NO2 is sorbed andor converted. AAer 

eight pulses a sharp Qop in the ûaction of NO2 lost k m  the gas phase is evident with both 
HPW and HSiW. Atter the eighth pulse, the soüd acids am saturateci with NO,. 

The inaxirnum puantities of aitmgen-conaining (N) specics held on the catalysîs afier 
exposure to repeated pulses o f N 0 2  at lSO°C e x p d  as the number of NO, molccules per 
anion are, for HPW and HSiW equal ü, approximately 3, not too dissimilar h m  the nimiber of 
protons, 3 and 4, nspectively pet anion (Table 3.1). However, a h  prrtrwitment yitb He and 
exposure to NO2 at 3û0°C, these nimibers are considenibly duced. ï h e  values obtained for 
HPMo are vankhingly smaU at both temperatures. 

Exposum of the catalysts af?m pretteatnieat at 300°C b puises of NO, at the sarne 
temperature produces results nmarLably dissimiler to those obtained at 1 SO°C. (Fig3.2). While 
the fiaction of NO2 sorbed or c o a v d  on HPW is relatively large for the fint puise, this 
quantity dinrinishes substaatiaüy with each successive pulse. In contrast to the results at 150°C, 
HSiW and HPMo now show simiiar d t s  with both catalyst~ showing sorption and conversion 
of NO2 amounting to 20% or less a h  the first pulse. AU thne catalysts show relatively low 
values of sorption and conversion afkr two pulses. 



Fig. 3.1 NO2 removed frnn the gas phase in a sequence of puises of NO2 on HPW, 
HPMo, and HSiW. Pretreatmeat and reactor temperature of lSO°C. Mass of 
soiid in reactor. 0.075g (26.0mles HPW, 41 .lpmoles HPMo, 26. lpmoles 
HSiW); pulse size, 17.0 poles NO2. 



TABLE 3.1 

MAXIMUM QUANTlTY OF SORBED NO2' 

a NO, per anion 
Pretreatment (Heliurn 1 hr) and sorption temperatines. 



PULSE NUMBER 

Fig. 3.2 Losses of NO2 fiam the gas phase in a sequence of pulses of NO2 on HPW, 
HPMo, and HSiW. Preîreatment and reactor tempetahue of 300°C. Mass of 
solid in reactor, 0.075g ( 2 6 . 0 ~ l e s  HPW, 4 1 .lpmoles HPMo, 26. lpmoles 
HSiW); puise size, 17.0 pmoles NOz. 



The quant& of NO2 lost firnn the gas phase, as sîated above, is represeatative of the 

quanti@ sorbed cm the solid acids plus any products of &cm or decontposition exiting nOm 
the reactot. The totol quant@ of nitmgen-containing mataialp (NO, NOl, and HNO,) found in 
the effiuent, aprrssed as moles N per moles NO2 hjeded for each puise are shown in Figure 
3.3. For ail the solid acids sûadied in the present wodc, the aitrogen reminhg on the solids (in 
whatever form) at 150°C is maximum a the f k t  pulse. As before, the two tungsten-contahing 
acids behave smolarly and show a maricet& higher soqtion than HPMo. The temperature 
dependence of the pulse cm HPW is showa m Table 33.  The quantities of NO2 sorbed 
reach a maximum at 1Sû-300°C and bccame insisnificant at tcmpastiires in excess of 500°C. 

The preddant  gasmus pducts emerging h m  the cataiysts during exposure to a 
pulse of NO2 are HN03, OB and vanishmgiy d quantities of NO. With HPW pretreated at 

150°C and ex@ to NO2 at the same femperature the M o n  of the NO2 convated to HN03 
increases monotonicaily with the amber of pulses up to sevea and then derreases mafkedly, 
while that with HSW inneases up to thne puises and then begias to demase (Fig.3.4). With 
both catalysts the HN03 vanishes ûom the effluent aAa ten pulses. With HPMo the fkaction of 
NO2 converted to HN03 is relatively smali and is duced significantly aAa one pulse. AAer 
pretreatment at 300°C and arposiirr to NO2 at the same tempera-, the quanMy of HNO, 
produced with HPW passes through a maximum d u h g  the second pulse and vanishes a f k  four 
puises. With HSiW and HPMo at this temperature, the conversion of NO2 to HNO, is very small 
for each pulse of NO2. The quantities of oxygen found in the gas phase a b  exposure of the 

catalyst to various pulses of NO2 are Iess than 1% and 10% for HPW and HSiW at lSO°C and 
300°C, respectively, and vanishingly sxnaiî for HPMo at eidm temperature (Fig.3.5). 

Adsorptiondesoxptim measuements for NO (Fig.3.6) on HPW at m m  temperature 
produced isotberms displaying an absence of rwersiôility simüar to that observai with zeolites 
some years ago (RefJ.1). Little NO was sorbed on HPW p m  at 250°C. When HPW was 
exposed to NO2 prior to the NO dsorptiondesorption measurement, greater quantities of NO 
was ineversibly adsorbed 

Adsorptiondesorption rneasureaients for NO2 (Fig.3.7) on HPW at 25OC also produced 
isothemis displaying an absence of revasibility. However, more than 5 NO2 per anion were 
môed up to aûmspheric ptessure. Upon evacuation the number of sorbed molecules would 
rernain to about 3 îo 3.5 N O S U .  

In comparison with the quanti@ of sorbeci andlot rracted on HPW, that of NO is 
minimal (Fig.3.8). The data reported in Figure 3.8 is expressed in tcmis of the inciease in the 
number of moles of atomic nitrogen found on the soüd as a result of exposure to a flow of NO as 
a hction of the quantity of NO2 previously taken up by the solid. In the absence of previously 
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Fig. 3.3 Total awunt of nitmgen-containing oanpounds (NO, NOI. and HN03 sortmi 
on HPW, HPMo, and HSiW (total soiption of NO& Retreatment and reactor 
temperature of (etnpty) ISO0C; and (fiiled) 3ûû°C. Each ciahun is obtained on a 
b h  sample. Mess of solid in reactor, 0.075g (26.Opm01es HPW, 4 1.1 pmoles 
HPMo, 26. lpmoles HSiW); pulse size, 17.0 pm01es NO2. 



TABLE 3.2 

Nitrogen-atom 
per Keggin Unit 

a Pretreatment and sorption temperature. 
Quantity of nitrogen-atom-cmtaining materials remaining on the eatdyst after exposure 
of catalyst (0.075g or 26.0pmoles) to a pulse of 17.0 -1 NOz (in heüum flow 60 
mumin at teniperature shown). 

c This sample of KPW was pretreated at 4W°C in hetium flow (60 mVrnin) pnor to the 
injection of NOs at 1 50°C. 



Fig. 3.4 Coovnsion of NO2 to mo3 in a sequence of puises of NO2 on HPW, HPMo, 
and HSiW. Pmmtment and reactor temperature of 150°C. Mass of soiid ia 
reactor, 0.075g (26.0pnoles HPW, 4 1.1 pmoles HPMo, 26. I -les HSiW); 
pulse s k .  17.0 -les NO2. 



Fig. 3.5 

2 3 4 
PULSE NUMBER 

Conversion of NOz O O2 in a sequence of pulses of NO2 on HPW, HPMo, and 
HSiW. Pretreatment and re8Ct0r temperature of (empty) 150°C; and (füîed) 
300°C. M a s  of sdid in reactor, 0,075s (26.0pmoIes HPW, 4 1.1 poIes HPMo, 
26.1 moles HSiW); puise s k ,  17.0 pnoles NO,. 



Fig. 3.6 Adsotptiondesorption isotherm of NO on HPW and NO on NO2-satuateci HPW 
at 2S°C. Each sample of HPW (3.1s or 1.lmmoie) ans pretreated ia air at 250°C 
and exposeci to the NOx at 2S°C. 



Fig. 3.7 Adsorptiondesorptio~ isothem of NO2 on HPW at 2S°C. The sample of HPW 
(0.19g or 66.0pmoles) was pretreated in heiium at I SO°C. 



.' PR€lRWMENT AND REACTOR TEMPERATURE (OC) j 

Fig. 3.8 Sorption of NO on N02upowd HPW, (A) as a funaon of the qwntity of NO2 
sorbeci previously at lSO°C, and (B) as a hinction of pretreatment and reactor 
temperature when I pulse of NO2 (17.0 p 0 1  NO3 was pmiously injected. 
Each point is obtained with a k h  aliquot Four puises of NO (10.0 pmoles 
each) were iajected prior to the determination of total nitmgen on tbe catalyst. 
M a s  of solid in mctot. 0.075s (26.Opnoles). 



sorbed NO2 the sorph of NO is alaost insignificant However a f k  prior sorption of NO2 the 
quantity of NO taken up inaeases, pases through a maximum, and demases. The maximum 
quantities of NO taken up by the solid are appmximately equal b those of NOz. 

The sorption of NO on HPW contahahg pxwiously sorbed NO2 inmases with 
temperature, reaching a maximum at approximately lSO°C and decreases as the tempera- 

continues to increase, ultirnately becoming insignifiant at 360°C. 
The TPD paEterns for HPW, pretmted f9r 1 hour at lSO°C in a flow of h e b  (60 

mUmin), display two peaks, one at appmximately 3ûû°C and the othet at 50O0C, ùoth produced 
by water, the farmer resulting nMn the evoluticm of water molecuies hydrogen-bonded to the 
protons and anionic oxygen atorns, the latter fiom water resulting f b m  the extraction of the latter 
by the fomin (FigA9A) (Ref32). A f k  exposiire to NO at 30°C fin 5 min, üttle or no change 
was obsewed in the TPD peaks (FigA9B). Howeva aRer exposure to NO2 at 30°C for 5 min, a 
shoulder is now evîdent at appmximately 2ûû°C and the peak at 5ûû°C has increased and shifbd 
to a somewhat hi* texnperature (Fig.39C). It should also be noted that the 30°C peak bas 
slightly diniinished. The latter peak is now found to result awi the desoption of ôoth water and 
NO, Fhally, the catalyst was exposed to NO2 at 30°C for 5 min and subsequently to NO at 
30°C for 5 min Figb3.9D). The low temperature (appmximately 150°C) peak bas increased in 
magnitude, the 300°C peak bas decreased still M e r  and the highest temperature peak has 
fwther increased in magnitude and shifbd to a higher teniperature. 

The effkct of expashg HPW pretreated in heliwn at 150°C for 1 hour to various numbers 
of pulses of NO2 at 1 50°C can be seen in the TPD patterns of Figure 3.10. As the aurnber of 
pulses of NO2 incnases h m  1 to 7 the shoulder at 150-200°C due to water increases, then 
decrrases. While the water peak at 3W°C hcreases to a maximum (at the second pulse) 
(Fig3.1 l), the quantity of NO2 desorhg at 500°C incrreses sharply and levels off at 
approximately the same value of the dosage of NO2 as obsaved for the maximum with water 
( a b  the second pulse of NO2 inooduced). 

TPD of HSiW shows somewhat similar results to those found with HPW but with some 
differences. As with HPW the peak due to water appcaring at appmximately 3ûû°C decrrases in 

size with increasing number of pulses of NO2 while that at 5W°C inrreases (Fig.3.12). An 
additional srnali s h o w  is evident on the 50û°C pet&. This has previously been seen with 
HSiW not exposed to NO2 (ReC3.2). 

Information on the source of the TPD peaks is available h m  Figure 3.13 which shows 
the comparative resuits for al1 thne sdid acids pretreated and saturated with NO2 at 150°C. Tbe 
numbers found above the curves, representative of each species (see legead) are positioned at the 

maximum intensity detected for the specific ion. The presence of a peak amibuteci to oxygea at 
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Fig. 3.9 TPD of W W  pretteated in helium at lSO°C f ~ r  1 hr and exposeci to flow of (A) 
heiium et 30°C; (B) NO at 30°C; (C) NO2 at 30°C; and (D) fÛst to NO2 at 30°C 
and then with NO at 30°C. Heüum flow rate, 45.0 Wmin; temperature rate, 
60°Clmin; mass of soiid in reactor, 0.150g (52.1 ~ 1 s ) ;  sorbbg gas flow rate, 
30.0 Wmin at 1 atm. LEGEND: 1, H20; 2, NO2. 



TEMPERATURE ('C) 

Fig. 3.10 TPD of HPW pretreatcd in heüm at 1 SO°C fm 1 hr, (A), and ertposed, at lSO°C 
to (B) 1 pulse of NO2; (C) 2 pulses of NO2; @) 4 p u b  of b Q ;  and (E) 7 puises 
of NO* Helium flow ratc,45.0 nitimin., tcmpcnhirc xate, 6û°Chniii; mas of 
solid in reactor, 0.16Sg ( 5 7 3 ~ I e s ) ;  pulse size, 1 7.0 pmoles NO2 LEGEND: 1, 

H20; 2, NOz. 
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Fig. 3.1 1 H20 and NO2 desorbed at 3ûû°C and 5ûû°C, repectively for Uicreasing quantities 
of sorbed NO2 as measureâ fiom TPD of Figure 3.8. 



Fig. 3.12 

TEMPERATURE ("Cl 

TPD of HSiW pretreated in hetiwn at lSO°C for 1 tu, (A), and exposed, at lSO°C 
to (B) 1 pulse ofN02; (C) 2 pulses of NO2; @) 4 pulses of NO2; and (E) 7 pulses 
of NOz. Helium flow rate.45.0 mumSi; tcmperature rate, 6û0Umia; mass of 
solid in reactor, 0.155s (53.8pmoles); pulse size, 1 7.0 mies NO1. LEGEND: 1, 
H20; 2. NO2. 



350°C with the two tun8stefl-containing acids is particulariy mtetesting. Evidently the TPD peaà 
seen in Figure 3.13 at appruximately 27S°C resultr h m  the evolution of water and NO2 while 
that at 550°C is produced p9nerüy fmm NO2 with a trace of water. 

With HPMo, in the absence of N a  a srniilsr TPD as obsaved wiîh EPW and 

HSiW is seen, but at a tanpcnihin of 47S°C HPMo b c g h  to decompose. AAer exposm of 
HPMo, pmûeated at 150°C for 1 hou m a flow of heliurn (60 mUmin), îo NO2 at 30°C, no 
definite TPD peak is observed Howeva with HPMo p-ted and aposed to NO2 at 150°C, 
NO2 desorbs at 3ûû°C and the watm peak at 450°C is mt affected by the prrseace of NO,. 

Supplemaitary expamients show that ELPW soibs only a smaU quantity of HN03 (ir. 
2 3  pmoles at 150°C). A TPD of HPW &ed in concentrateci HN03 shows that m O 3  desohs 
and decomposes with the main wata peak (at 300°C) and there is no increase of the peak 
appearing at 5ûû°C (Fig.3.14). 

The results obtained by TGA on HPW (Fig.3.15) are similar to those k m  TPD, but the 
maxima are shiRed to lowa temperatures. At m m  temperature, and upon evacuation, the 
unbreated HPW initialiy loses 107 mglg of water (not shown m Fig.3.15). On heating fmm 25°C 
to 50°C appmxhnately 13 mg/g of water is lost (as seen in Fig.3.15A). With N02-exposed 
(coatinuous flow of NO, at 30 mWub and 1 atm) HPW (Fig.3.15B) and upoa evacuation at 

2S°C, the weight remains constant. However, hcrease in the tempetature results in a weight 
los. For HPW trrated with NOz, the total mass desorbed (combineci heat and evacuation) was 
40 mg/g of catalyst, which coliesponûs to 2.5 NO&U (assukg that al1 desorbing molecules 
are NOz, and traces of water molecules). A relative maximum in the desorption occurs at 350°C 
in cornparison to 550°C observed in the TPD experimenîs. For HSiW exposed to NO2, the 
weight loss of 46 mgfg of cataiyst is equivalent to 2.9 NOr/KU. 

As with HPW (treated with NO& HSiW did not show any decrease of weight upon 
evacuation at room temperature. With N02-saapated HPMo mosi of the loss in weight occurs on 
evacuation at mm temperature. 

The bfrared spectra of HPW before and after saturation with NO2 are shown in Figure 
3.16. ïhe bands in the region 800-1200 cm", which are charaaeristic of the anion of Keggiu 
stnicture, are clearly evident. ARa exponÿe of HPW to NOa a band at 2264 cm", not seen in 
the presence of NO and the absence of NOz, is evident in Figures 3.168 and 3.16C. The 
intensity of this band reaches a maximum ofta pretreatment of the sample at 150°C and 
saturation with NO2 at the same temperature @igW3.16B). This band shiM to 22 15 cm-' when 

was sorbed on HPW. The mnared spectra also show a diminution in the intensity of 
bands attn'buted to water and H,O+ as NO, is sorbed. 

When HPW is exposed to NO after saturation with NO2 (Fig.3.16D) a band, 
characteristic of N203, appears at 1 304 cm-'. 



Fig. 3.13 Total ion TPD of HPW, HPMo, and HSiW pmmW (ùeüum flow of 60 d'min 
for 45 min) and then exposeû to NO2 (3OmUmmfor 5 min) at lSO°C. M a s  of 
soüd in reactor, O.1SOg (52.lpnoles HPW, 823pnoles HPMo, S2.lpmles 
HSiW), He flow rate, 10 w, tcmperahue range, 30 to 600°C; dT/dt, 
30°C/niin. LEGEND: 1, H20; 2, N02md 3, Op 



TEMPERATURE ('C) 

Fig. 3.14 TPD of HPW (A) pmtreated in helium at 1 50°C for 1 br, and (B) soaked in 
concenttated HN03, at 2S°C. Heiium flow rate, 45.01nL/min;temperature rate, 

60°C/min; m a s  of solid in reactot. 0.155g ( 5 3 . 1 ~ 1 ~ ~ ) .  LEGEND: 1, H20; 2, 
HNO,. 
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3.15 TGA of (A) HPW as received; md @) HPW premated in helium at 150°C and 
then exposeci to flow of pure NO2 (3OmUmin at 1 atm) at lSO°C. Mess of acid 
used: (A) 0.17330 ( 6 0 . 2 ~ l a ) ,  (B) O. 1366g (47.4cu~)Ies). 



Fig. 3.16 lntisnd specûa of HPW: (A) a& pmtreatmcnt (200°C, 1 br) in a flow of heiim; 
(B) a k  pretmttncnt (1 50°C, 1 hr) in a flow of beüum and then exposed to flow 
of pure NO2 (30mUmm at 1 atm) a lSO°C; (C) p m t e d  as in (A) and then 
exposed to flow of pure NO2 (3OmUhün at 1 atm) at 2S°C; @) prctrcated as in 
(B) but after 1 puise of 17.0 pnoles of NO, and then 1 pulse of 18.0 pmoles of 
NO at 25°C; *=NUJOL. 



Smiilar spectra are found with IIÇiW, with the additional band at 2257 cm" (Fik3.17). 
The dybdenum-contiiining acid did not show the sfotementimed band in its ùiaaied spectra 

after exposure to NOs, or NO. 
Powder X-ray difnactcm paüems of LWK and IIPW treated with h Q  at 3ûû°C 

(Fig3.18) show that the crysiallographic structure of the sdid is retabed, although new 
difEaction bands associated with the presence ofNOs are evident. Tùe acid was heated to 3W°C 
to remove most of the water molecules wbich interci with the d i f h c t h  paüern. It is clear 
Grom the inf iad and X-ray -011 results that the p h i o n  of NOL on the acids does not 
change the basic structure of the Keggin U'ts. 

The surfiice areas of HPW, at 150°C for 1 hour in a flow of helium (60 
Wmin), befoce and after aposrire to a continuous flow of NO2 (30 a m i n  at 1 atm) are 
similar (93 m2/g) indicatmg thot the sorption of NOs has littie or no influence on the d a c e  of 
the solid available to N2. 

To gather mon idionnation and help elucidate the mnarrd spectra of h-ly acids 
exposed to NOt Raman spe*ra on simples of HSlW and HSiW exposed to '?+Io2 (Fig.3.19A. 
B, C), HPW and HPW exposed to '%IO, (Fig.3.20A,B9C,D), and HPW exposed to ' h l ~ ~  
(Fig.3.22& B, C, D) wae meawed. AU samples were measured nOm sealed capiliary tubes to 
assure theu dryness and avoid with water h m  the atmosphere. 

Aftn exposure of HSiW to NOz at 150°C, the bands atüibuted to the Keggh anion 
fernain uncbanged h m  those obsaved prior to exposw to the oxide of niaogen. However, a 
strong unpolarized new band at 2263 cm-' is observed (Fig.3.19A). Furthemore, this new band 
is not syrmnettical but has a shouldet situated at 2254 cm-'. More detailed examination of the 
spectra (Figs.3.19B, C) suggests a new band at approxMiate1y 810 cm". On HPW exposed to 
1 ?+Io2 ('g.3.20), the new bands are fond at 2226 cm-' with a sboutder ot 2209 cm-', 835 cm", 
and 680 nspectiveiy, and are also unpolarized. When HPW was expoîed to '%02 
(Fig.3.21). the new bands were found at 2267 cm-' with a shoulder at 2250 cm-', 810 cm-', and 
660 cm-', rapectively. The band at 660 cm'' seems to be related to the Keggin structure and not 
h m  one of the vi%rational modes of the nimgen species sorbcd on the acid. 

The 'H MAS NMR spectni of HPW before and ofter exposure to NO2 show that the 

protons are retaineâ on the solid acid a f k  contact with NO2 (F%g.3.22). However, a srnafi 
dowafield chexnical shiff is seen a& exposufe to NOp 



Fig. 3.17 Infiared spem of HSiW: (A) a f k  pretreatment (1 SO°C, 1 hr, 60 mUmm) in a 
flow of helium; (8) a b  exposun to flow of pure NO2 (3OmUmin at 1 atm) at 

150°C; *=WJOL. 



Fig. 3.18 X-ray difhction spectra of HP W: (A) after pretteatment (300°C, 1 hr. 60 Wmin)  
in a flow of heiium; (8) a b  exposurr to flow of pure NO2 (3ûû°C, 5 hr, 30 
mlhnin, 1 atm). 



Fig. 3.19 Raman spectra of HSiW and HSiW exposcd to '%oz at 150°C. A) 0-2500 cm" 
range; 8) 0-500 cm-' range; C) 800-1200 cm-' range. 



Fig. 3.20 Raman spectra of HPW and HPW exposed to '%oz at 150°C. A) 0-2500 cm-' 
range; B) 0-500 cm-' range; C) 5ûû-900 cm-' range; D) 800-1200 cm-' range. 



Fig. 3.2 1 Ra- spe- of HPW exposeci to '%02 af 150°C. A) 0-2500 cm-' range; B) O- 

500 cm-' mge; C) 600-1000 cm-' range; D) 8ûû-1200 cms' range. 



Fig. 3.22 1 H MAS NMR of HPW, before (A), and aiter (B) exposure to NOI. 



Labelleci '% protondecoupled and '% MAS-EJMR were used to provide infomiation on 
the stnicture of ~ 0 2 ] + .  A .  aliquot of HPW was pretreated at lSO°C and exposed to pure 
'%O2 at lSO°C. EDnched '%oz was used since the naaüal abundance of '% is about 037% 
(ReE3.3), which rnakes it diffcuit b de- using MAS-NMR spectioscopy. Both types of '% 
experSnents sbwed a sïnglet at 4.14 ppm @igs.3.23 and 3.24 fm '% protondecoupled ('% 
{'H)) and 'k expaiments, nspectively). 

B. Discussion 
SORPIFONAND CONVERSION OF NO2 ON HEIZROPOLYACIDS 
The amount of NO2 sorbed and convezted w the three hetaopoly aciâs is evidently 

stmagly dependent on the composition of the aniony but paiticulariy on the nature of the 
peripheral metal atom. The two solid acids containing tungsten take up substaatiaUy larger 
quantities of NO2 than that containmg molybdenum. Eartier atended Hückel calculatious have 
pmdiaed that the ptonic  acidic strmgth of the soiids contahhg tungstea wouid be higher than 
those containing molybdenum meE3.4) and various arperimental methods for the measurement 
of acidity have pmvided connmiaton of this prrdictioa mefi.3.5 to 3.7). Evidently the acidity 
of these cluster compou11ds is dependent on their structure. More specüically, the acidity is 
dependent on the structure of the anion. Thus evideace exists for a relatioaship between the 
quantity of NO2 taken up and the Brensted acidity. 

Since the d a c e  areas of these solid acids are d (iess than 10 m21g) the NO2 which 
50x6s and is evidently penetrating, as found with other polar molecules, into the bulk 
structure of the solid, that is, between the cations and anions. lo a tirst step, in order to penetrate 
the bulk structure, NO2 molecules react with the water molecules surmunding the protons to 
produce HNQ which desorbs mto the gm phase. The stripping of the water molecules makes 
the protons available for NO2 to interact and be held by them. It is of interest to note that the 
maximum quantity of NO2 held on the 150°C-pretreated catalyst, as NO2 or other nitrugen- 
containing mdecules, corresponds (a* evacuatioa), with HPW and HSiW, to appmximately 3 
rnolecules per Keggin Unit while with HPMo the value is d y  about 0.10. This provides 
evidence both for the bulk diffusion of NO2 mto the acids and the dependence of the interactive 
process between NO2 and the acids on the acidic strength of the solids. Additimaliy, it was 
found in this study that the intmiucti*on of NO2 does not change the structure of the Keggin Unit 
itseIf. It was also found that af'?er exposun to NO2 and its sorption on and into the bulk of the 
solid acids, the protons were largely retamed withm the structure. 

Yang and Chen (Re63.8) introduced NO with 4 cm heteropoly acids and pmposeâ that 
the wata molecules smunding the protons are substituted by NO with a stoichiom~ of 3 NO 
per Keggin Unit. Howeva, they noted that without added Ob vanishingly smaU quantities of 
NO are sorbed. NO passed over the catalysts could only be sorbed afkr exposue for long 
period of time (days). 



Fig. 3.23 '% { 'H MAS-NMR of HPW exposai to 'ho2 at 1 5 0 ~ ~ .  



Fig. 3.24 'h MAS-NMR of HPW exposed to 'ho2 at 1 50°C. 



The resdts of Yang and CheD m aot suiprishg since it is expected that NO will rapidiy 
react with the added O2 to fonn NO2 @ef3.9). 

The quane  of NO2 sorbed is m g l y  dependent on the teaiperanire to which the 
catalysts bave previously been heated. For example HPW heated to 60O0C sorbs rdatively smaU 
quantities ofN02 This suggests that the quanti@ of NO2 sorbed may be mlated to the protons 
and/or watex which is present on and in the soli& as weU as the plsence of the Keggb structure. 

From TPD d t s ,  the quantity of w a t a  desorkd by the timgsten-cmfainhg acids at 300°C 
clearly deneases with kcrrase in the amount ofN02 which is sorbeci. The desorption at thk 
temperature has previously been show to be associated with datively low energies and thus to 
water existiag on and in the soiid in hydrogen-boaded fom There are two processes which are 
consistent with this observation: the hydmgen-bonded water may be displaced by a d o r  reacts 
with the added NO2. 

The higher temperature (appmximateIy 5S0°C) TPD water peaks have previously been 
shown to be with relatively high energies and in magnitude with the approximate 
number of protons on and in the soiid. This peak is observeci to increase substantiaily in 
intensity as the amount of NO2 contained in the solid inmeases. Thus the decrease of the lower 
temperature peak and the increase in the higher temperature peak cm be rationalized tbrough the 
process in which NO2 reacts with water ccmtaiaed within the solid to produce nitric acid ( ) IN03) ,  
niûic oxide (NO), and nitrous acid (HNO3. 

Substantial quantities of nihic acid were produced by the d o n  of NO2 with the water 
contained within the buk of the acids. In the effluent, traces of NO and 4 were detected dong 
with the nioic acid and the excess NO2. The NO may arise, in put, as a second pmduct h m  the 
aforementioned &on (Eq.3.1) whiie the 4 may result h m  the decomposition of HNO,. 
Experiments in which HNO, was passed over HPW at 3ûû°C produced 48% mole 4 per mole 
mo3 Lijected. 

NO2 can directly react with water to give nittic acid Pqs3.1 and 32). NO Carnot react 
directly with water without the prsence of a base (OH-) to produce HN02 and NzO. Under the 
present teaction conditiom, nitrous acid would rapidly decompose to NOt, NO and watcr 

(Ref3.10). 



In the sorption apaùnents of NOx on the hederapoly acids, no nitrous oxide (&O) was 

detected 
Protonated niüic acid m2~03+) is very unstable and rradüy dissociates into nitmnium 

ion (NO*+> and water (Ref3.10). 

Nitric acid wüi act as a base when in contact with a stmnger acid to give nitroniuni ions. A good 
example is the mixture of aitric acid and sulnuic acid (Ref3.11). Sulfiirc acid is a stmnger acid 
than nitric acid and nitronitun bbuhte is the p r e d h a n t  product fomd in solution. 

The formation and existence of nibr,niuai salts are weli undrrstood (ReS.3.11 to 3-19). 

By compatison the f m t i o a  of the nitrosonium ion (NO+) is u s d y  achieved by the 
ionization or protonation of iïquid dinitmgen tetmxide (NZo4) mef3.l O). 

If placed in sulfMc acid, dinitmgen dioxide will give equimolar quantities of NO+ and  NO^+ 
(Ref.3 20). 

A mixture of diitrogen trioxide and s u M c  acid also pduces mainly NO+. 

N203 + 3H2s04 O 2 ~ 0 +  + 3HSOc + HG+ 



Dinimgen pentoxide placeci in sulninc &d, and also in nitric aciâ, wiü produce only NO; 
(Refk3.19 and 321). 

Howeva, the presence of water wiii a'ansfomi the nitroniurn and nittosonium ions by converting 
them to nitric and aitrous aciâ, rspcctively (Ref320). 

 NO^+ + 2HSQ- + H,O+ t, HNO, + 2H2S04 
(Eq.3.11) 

NO+ + 2HS04- + H,O+ O HNO, + 2H2S04 
(Eq.3.12) 

Another route for the formatiou of the protonated nitroniun ion is the direct association 
of the NO2 with a p a n  as in Equation 3.13; 

As mentioued &*er, HN@ is a thennaily unstable molecule and d y  decomposes. 
However, the pmtonated nitroniun ion, HNo2+, is themiaiiy more stable than nitmus acid The 
HNO,+ mo1ecuies wül then decompose at appmximately 550°C to give mainly NO2 in the gas 

phase, and traces of water h m  the associative reaction of the residual proto11s and protniding 
oxygen atoms from the Keggin Units. 

The chemical aaalysis of the strmg desorption peak at approximately 500-S50°C (see 
Figs.3.10 and 3.1 1) revealed that its colllp~sition was mainiy NO,. However due to thennal 
decomposition, quantities of NO and N2 were d d .  

Yang and Chen (Ref.3.8) also qorted that the quantity of NO and N2 in the effluent 
during the thamal desorption was stmgly dependent on the heating rate. 1f NO+ (or HNO+) 
was the molecular species SOM on the hetaopoly acid, equimolar quantities of water adoc 
oxygen -would be expected to desorb concornitantly with the N2 ûom the reactiton of the protons 
and the extra oxygen atoms provideci by the oxide of nitmgen. Nitric oxide is 
themrodynamicaliy unstable and undergoes dispraportiomtion (Ref3.l O). The detection of N2 
without N20 is suprishg if NO (as NO+ or HNO+) is the species sorbed. 



However, NO2 wodd only be detected if species like  NO^+ or mo2+ were sorbed on the acids. 
The thermai desoption of NOz, with minimum dec~mposition, is possible if &ne at slow 
heating rate. The f m t i o n  of NO and N2 would ody be due to t h d  deco-tion in the 
gas phase. The tbrmaticm of niiric acid, accordhg to Equatiiosis 3-1 and 3.2, by mjection of water 

on a NO2-saturateci sarnple would d y  be possible ifspecies Wre NOz.  NO^+, or HNo2+ exist on 
the catalyst. 

As mentioned earüer, Yang and Chen (Ref3.8) reporkd the production of Nz when the 
adsorption products on the cataiyst HPW were thamaliy daorbing at 4OO0C. In the p-nt 
work, nitmgen (Na was not de- as a desorptîon pioduct, for any desorption temperature. 
They a h  repoRed the pduction of N2 when HPW was exposed to NO. In tbe p-t wotk 
with the heteropoly acids, no nitmgen was detected in the gas phase a f f a  the sorptian of NO2 or 
NO on the three aci& at both lSO°C and 30°C. Furthemore, the detectïon of N2 in the effluent 
may result h m  the detectiCon method used The injection of NO, NOz, or HN03 in a mass 
spectrometer wül give a signal at 28 mu.  However, it was fouad in the present work that HPW 
was capable of sorbing very M e  NO (0.07 N O N  as seen by adorption-âesofption isothexm 
measurements) and much more ifN02 was previously sorbed 

In view of the observations showing that the pqmnderaace of the effluent g a ~ s  ftom the 
catalystF on exposun to NO2 is HNOl the interaction ôetween NO2 and H20 appears to play a 
major role in the overali process* The change in the production of HN03 at 150°C cm be 
rationabxi from the stoichiometric Equatioas 3.1 and 32. The position of the maximum 
observed for the tungstenumtaining acids is dependent on the quaatity of water containeci in 
and on the solid aciâs and moves to a higher pulse number when the water content is higher, 
retlecting a higher production of HN03. With a high water content, more NO2 pulses wili be 
aeeded to remove the water molecules (as H20 and HN03) to eventuaiiy enter the cation cage. 
Even though the water content changes according to the pretreatment (temperature and pressure), 
the aumber of water rnolecule diredy associateci with the protons remains basically the same for 
low pretreatment ternperature (100-3ûû°C). Thus the production of HNO, wiU show 
appmximately the same maximum value for a given acid Hence, as it was found, the quantity of 
NO2 çtmed in the secondary Keggin structure wiU be smaiîer for a water-saipped acid This 
behaviour is not siuprising if the NO2 has to enter the bulk to associate with the proton as 

mO]+  (eitha hm the direct association of nitmgen dioxide or the pmtonation of nitrie acid). + 
The H sites were found to be regenerated by rehydratirg the a d  A sequeace of pulses 

of water injected at 150°C on HPW containing previous1y sorbeci NO2 showed that HNO, was 
desorbed in diminishing quantity with each puise, whüe the quantity of NO2 rernaining on the 
catalyst also demased with each pulse (Table3.3). Thus the NO2 in the 



TABLE 3 3  

REGENERATION AND PRODUCTION OF HNO, BY INJECTION OF WATER ON 
NOflATURATED HPW AT 150°C 

1 
2 
3 
4 
5 
6 
7 

total 

a Injection of water (55.6pmoledpL) on 0.075 g ( 2 6 . 0 ~ 1 ~ )  of HPW p-ted Ui 
heiium flow (60 Wmin) at 150°C for 45 min and then saturated with NO2 (30 mUmin) 
for 5 min) at lSO°C. 
713 pmoi of NO2 were sohed on HPW at 150°C (at saniration) (2.7 NOfiU). 

c 59.9 mol of NO2 mnained on HPW (23 N021KU). 
The NO2 removeci fiwi HPW as HN03 can be repiaced by re-exposing HPW to NOp 



secondary KeggÏn structure is also available for water molecules to rain The displaced NO2 
was readiiy ~placed by again contacting the catalyst contaiuing the residual NO2 with additional 
quantities of NOt. At low teniperature, the production of ANO3 and the soiption of NOz can be 
repeated indehitely. It is also devant to note that HPW hrs a relatively sxnail capacity for 
HN03 with only 2.3 and 3.1 p l e s  ofHN03 (on 0.076 g a 26.0 pnola  HPW) sorbed at 150 
and 3û0°C, rrspectiveiy. 

When NOz is mjected on the soiid acids, the production of nitrie acid presumably foliows 
Equations 3.1 and 32, one of which suggests that NO may be among the expected produc&. 
Nitric oxide was not seen in the gas phase with W W  and HSiW at held at it 50°C. Obviously the 
NO produced, accordhg to Equations 3.1, 3.2, and 3.4, sorbs or mets with specia on the 
catalysb. It is believed that NO would react with probably HNo3 (or No3-) according to 
Equation 3.16 or associates with NO2 (as in Eq.3.17X and the oiaogen dioxide fomed will react 
with water molecules it~ld/or sorb. 

Of course, if 4 is produced (hm the decomposition of HN03), NO could react with it to 
produce NOz. The NO sorption is maximum at lSO°C, for between 10 and 15 -les of NO2 
sorbed (in whatever fom). As expected for pulse experiments, the adsorption of NO2 in the 
reactor is not homogeneous but hear h m  the head to the foot of the catalyst bed. Furtbemiore, 
it is known h m  TPD rneasurements that HNO, desorbs with the wam molecules and/or 
thermaliy decomposes. When NO2 is injected on the solid acids, it sorbs and mcts with water 

molecules to produce HN03 and NO (as in Equation 3.1). Part of the HNO, produced will sorb 
(probably as NO3-) in a later position m the reactor (for T<300°C) and any NO produced (or 
injected) wüi met according to Equation 3.16 or 3.1 7. Furthermore, NO2 would also displace 
KNO, h m  the solid to the gas phase, since hcreasing the amount of NO, on the catalyst 
decreases the amount of water on it and the amount of NO king pick-up whem injected a* 
NO2 aliquots. Evidences for the formation of &O3 wtxe found by infiared qectmscopy 
(Fig.3.16) at 1304 cm-' when the acid was saturateci with NO2 at lSO°C fhst and thea foiiowed 
by NO at 2S°C (Ref3.22). Thenmdynarnicaliy, and in reasonabIe amount, a direct association 
of NO with NO2 is ody passible at low temperature. 

in view of the chemistry, the forniaton of nitroniun and niîmonium ions, and the 
present catalytic system, stmug evidence e x h  for the prutonation of niîmgen dioxide (or nitric 



acid) and the fomration of [wrOJ+. The mute for the fomtion of m O $ ,  with the ùijection 
of NO, is much more direct th= the formation of NO+ or Do]+with injection of NOx on the 
hetaopoly acids. However, the formation of quantities of NO+ is not to be completely rejected. 

INFRARErD SPECîROSCOPY OF H E ~ O P O L Y A C D S  
Although infiarrd spectroscopy is  a useful tool for the mvedgation of SOM molecules, 

overlap of bands may compiicate the interpretatim of d t s  (Ref3.23). Hetempoly 
oxometalates display large absorption bands in a regioa of the oiErarrd spectmm w h m  a large 
nwnber of small molecules wodd show cham%xWc ir-baads. 

After saturation of HPW with NO, a new, u~lsy~~unetcical, band appeand at 2264 
cm-', and ushg dü'fiérriice speceum, another band couid be seen at 600 cm-'. For NOrHSiW the 
former band was lmated at 2257 cm-'. Aithough procautions were taken to minimize the loss of 
SOM nitmgen spocies, the new band was, nevertheles, not intense. Possible new vibrational 
bands in the XKl-18ûû cm" region were most likely shadowed by the strcmg Keggin bands. 

Afkr saturation of HPW with '%JO, the aforernentioned band shifted to 2215 cm-', 
while the remainder of the spectnmi remainecl unchanged. 

The active b f b d  bands of molecules of interest containing '% cm be found in Table 
3.4 (ReE3.24). The v, VI, Y, and v3 correspond to the stretching, s y m m d c  sûetching, 
bending, and antisymmetric stretching modes of vibraton, respedvely. 

The nomial stretching vi'bration of NO is found at 1876 cm-'. However, one NO electrm 
occupies the x*-orbital. This electron is expected to be transferred to the metal during the 
forniaton of the bond, giving the nitrosonium ion NO+ with a ftli triple bond (Ref.323). This 
alteration of îhe eelectmn density in this antibonding orbital wili change greatly the vibration 
fiequency. Although the stretchmg frequeucy of NO* is found at appmxirnate1y 2300 cm-', its 
magnitude wül decrease with increase of the size of the anion (Reii.3.23 and 3.24). The highest 
stretching fkquency is found with (NO)2GeF6 at 2391 cm-', and the lowest with (NOkTiCk at 
2165 cm*'. Therefore, the sorption of NO, and formation O~NO+,  as proposed by Yang and 
Chen (Ref325), on 12-tungstophospbonc acid is expected to m e r  decrease the stretching 
kquency of NO+. The observation of a band at 2264 cm-' would correspond appidximately to 

the molecular d u s  of CuC1,. Obviously the Keggin Unis are much iarger than copper 0 
chloride. Another factor affecting the stretching fkquency is the type of bond between NO (or 
NO+) and a metal weE3.23). For covalemt, coordination, ionic, and ion-coordination bonds, the 
frrquency ranges are found at approximately 1600-1800, 1700-1870, 1500-2400, and 1900- 
2 1 O0 cm-', respectively . 



TABLE 3.4 

INFRARED FREQUENCIESa OF MOLECULES OF INTEREST 

Molecule: wb WC mb m* 
Modes 
V (-h) 1876.0 21 50-2400 
(sym) 1320.0 Inactive 

V2 (bend) 749.7 538-605 

v3 (antisym) 16 16.9 2360-2392 
v2+v3 2355.2 

a aï1. 
b Gas phase. 
c Range fm most hoiganic salts. 



Using the simple harmonic oscillator mode1 for a nom1 and isotopic diatomic molecule 
gives a very good approximation for the ratio of the isotopic fundamental stretching frequencics 
of such real (anharmonic) molecules (Ref3.26). 

Where vi and v are the stretching kquencies for the isotopic and wmal molecules, 
respectively, and p and pi are the reduced masses for the nomal and isotopic mokcules, 
respectively. Ushg Equation 3.18, vi/v fôr '%O and '%IO can be calnilatecl as 0.9989. Using 
the experimental values (2215 cm'' and 2264 cm-', for 'k and '% labelled molecules, 
respedvely) we get, vi/v = 0.978 * 0.001. These two values are significaatly diffèrent. The 
number obtained h m  o u  results compares to that for NO2 calculateci h m  literature values 
(Ref3.24); vi/v for %O, %O = 09824, and v 3 h 3  for '%los, '%Q = 0.9785. 

The same calculatioa cm be done for '%oz and '%O= However, since NO2 is aot a 
linear diatomic molecule, another equation m u t  be us&. For hmmaic, non-linear, symmetrical 
labelled Y-X-Y molecules, Equation 3.19 (Ref3.26) can be used: 

where oj is the notmal antisyuunetric satching kquency of the Y-X-Y molecule, mX and my 
are the atornic weights of its X and Y atoms, a is balf the YXY angle, and the superscript i 
denotes quantities belonging to the respective labcüeâ mo1ecuIe. do3 has been used înstead of v3 

in order to emphasize that the formula holds mictly ody for the zerolorder fiequencies 
(ReE3 .t7). Using Equation 3.1 9 and a literature value of 134' for the O-N-O angle (Ref.3 -9). we 
get oi3/a3 = 0.978, which is exactly the ratio found with the experbnental values. This result 
would suggest that the antisymmetric stretching fkquency of NOz is responsible for the aew 

uifiared band However, according to Table 3.4, the antisymmetric stcetching fktqumcy of NOz 
is n o d y  found at 1616.9 cm-'. 

It is found that the angle in the aiatomic molecule has little efféct on the ratio o>5103. 
For harmcmic linear Y-X-Y molecules, the foilowing expression (Ret3.26) cm be used to 
calculate &a3: 

Using Equation 3.20 for free NO,+, which is a linear molecule, we obtain a ratio mi3/a3 
of 0.977. If we compare this last result with the values h m  Table 3.4, the fact that NO*+ exists 



sorbed on HPW (or HSiW), and the observation of a band at 2264 cm-', which k a littie lower 
than the nomial range found m Table 3.4, for v3~02+, one cm conclude that if it is NO?+, then 
the m o l d e  mut be bent and not pmly linear. 

It was also Rported in the literature mefi.3.9 and 3.24) tbat when NO2 (as  NO^ is 
attached to a grwp (OZ), the sntisynmietnCc stretching fkquency of  NO^+ wili demase with an 
mcrease m the electronegativity of tüe latter. For example, the NO?+ antisynmietric süetching 

kquency in MO2 is hund at 1793 cm-', whereas in R3CN02 (where R is any organic wup) it 
is found at 1540 cm-'. For the case where unbound, purely ioaic,  NO^+, the antisymmietnc 
stretching firequency is found at appmximately 2375 cm? 

The definite assignment of the additional iiifiand band is difficult beuuse of the srnail 
intensity of the band and the screening e f f i  of the Keggùi Uni6 on the idkami signal. Raman 
spectroscopy cm provide supplementary information on the nature ofthe SOM @e(s). 

RAMW SPECTROSCOPY OF HETEROPOLYACIDS 
Raman spectroscopy bas been extensïvely used to study sorbeci molecules at the d a c e  

of catalysts mef.328, and references therein). hpnwmients in the sampling techniques, 
excitation sources and detectom have made the technique extremely sensitive. Even molecules 
sorbed on optically opaque samples can be detected. It should be noted that Raman and infrared 
spectroscopy are cornplementary techniques to each other. 

AU Raman spectra of the acids present the usual Keggin bands between O and 1 100 cm-'. 
The assignments for these vibrational modes are found in Refereice 3.29. 

Yang and Chen, using oniy innared spectn,scopy, amibutbd the 2264 cm" mfiarrd band 
to the metchkg of NO+ (Ref3.25). This band could also, as explained previously, come €mm 

the v3 antisymtnettic stretching mode. However, this mode is no&y Raman inactive for D,h 
molecules. This mode would be Raman inactive if it was a purely  NO^+ cation. The above 
obsewatiom and calculations would suggest that the angle in  NO^+ is less (han 180° when the 
molecule is sorbed on the acids, thus v3 of  NO^+ (now of C2, symmetry) would now becorne 
Raman active. Further, the symmetrical strrtching (VI) band is expected to be polarized. The 
experimental rrsults suggest that this band is the antisymmetrical straching, v3. 

The Riwan activity of v3 for  NO^+ was observecl and quantified for solid nitroniun salts 
by Barbes and Vast (ReE3.30). The Raman activity of v 3 ~ 0 2 +  was caused by the non-linearity 
of the molecuk due to anion-cation interactions in the solid sala. The partial covalent bond 
between the anion and the cation would be respomible for the change in the synunetry of the 
molecule. The authors quantified the NO*+ bands for a series of saits ( h m  totally covalent to 
totally ionic bondings) using infkred and Raman spectmscopy, relating the shift of fiequency to 



the angle of  NO^? Fmm their catculatioas, the angle of NO2+ on the heteropoly acids would be 
between 160 and 1 îOO. In gaseous NOLt the angle O-N-0 is 134" rnef3.9). 

If the molecular specie was NO+, no other band would appear in the Raman specaum. 
The observation of a setond band at approxiniately 610 miL, to the bending mode of 
NO,+ (vz), sûongly suggests that NO (or NO+) is aot the sorbed molecular specie. For aost 
nitronium saits y is found between appmximately -500 cm-' and 800 cm-'. Aithough the 

h*eropoly are uot p o w  materiais and thus do not contain micropores, t is expected, 
however, that since NO2 is penetrating mm the bulk and associates with the proton, the high 
value found fot v2N02f on hem~poly aciâs could then be explained by the presence of the 

proton and the surromding Keggin Units. The shoulder on the band above 2200 cm-' would 
also suggest that [IINO,]+ exists in diffèrent sites with a siightly smaiier angle. It is possible that 

the NOz molecules bonded to the surface protons (compared to buik protons) could be 
respousiile for this shoulder on the band. 

' S ~ - ~ ~ ~  OF HEEROPOL Y ACIDS 
Shce the afomentioned observations provide evidence for the association of NOz 

molecules with the protons contained on and in the beteropoly acids but provide liale or no 
information on the geometrical configuration of [EINO~]+ species, the application of NMR - 

spectroscopy appeared both interesthg and relevant 
While the chemical shift in NMR spectroscopy gives ody a crude indication of the 

environment of individual nuclei, nitmgen N M R  is very sensitive to the envirotunent of the 
nuclei. It was obsetved that, for simple molecules containhg nitmgen, the shielding of the - 
nitmgen - was proportional to the angle -No (Ref3.31). Thus, NO, is more deshielded than 
NO2 , which is more deshielded than NO or NO2+. 

Two ciiffereut techniques. are used in the preseat work; pmtondecoupling 
('~decoupled) and heteroatom coupiing expaiments. The pmtondecoupling NMR experiment 
is the measuremeat of the spin-auclei itseif, where the spio-coupüng of the protons are rernoved. 
Since ody  one NO, is apparently associated with each protw, a smglet is expected. Since only 
one peak at 4.14 ppm (Fig.323) was daected, the prrseace of a single monomer 'SN was 
conhned by the experiment. Gaseous or liquid NO2 cannot be rneaswed by NMR because of 
its doublet state- NO2+, which is linear, is expecteci to have a chemical shift between -1 00 ppm 
and -150 ppm, whenas NO+ and NO3' are expected to show a chemical shüt of 
approximately -50 and -10 ppm, respectively. FuRher, aII '% have the same environment 
since the single peak is symmetrîcal in shape. A chemical SM of 4.14 ppm corresponds 
approximately b a bent and charged O-N-O molecule bonded to a proton and an oxygen of the 
anion. 



- Heteroatom-pmton coupiing experiments CO& in rneasuring the couphg between the 
spin of the heteroatom, here 'SN, and the spm of pmton(s). For our system, [IINO$, a single 
peak is ex- ifthe proton is situated fàr h m  the '%. However, if the pmton is @%onded" to 

the 'SN, a doublet wodd be seen because of spïn-coupüng between the two nucleii. Figure 3.24 
shows the '%-*H couphg exparnieutal d Only a single peak is obsened also at 4.14 ppm. 
This suggests that the proton is dated with the oxygen atom and not the Ditrogen atom of 
NO,. 

C. Conclusions 

NO2 has been shown to diffiise into the bulk structure of heteropoly acids, paiticululy 
those containing tungsten, where mctioa occurs with the water contained therein, ppFouucing 
HNOI, which is readily desorbed. The bared protons are then available m sorb a NO2 molecule 
(1 NO2 per proton). Residual quantities of water are held within the soli& apparently in 
association with the protons. 

Although relatively smali quantities of NO are sorbed on any of the present soüd acids, 
prior sorption of NO2, on HPW and HSiW, signincantiy inmases the sorption of NO. The 
previously sorbed NO2 facilitates the formation ofN,O, on addition of NO at 25°C. 

The differences seen with changes of the temperature of the reactor is believe to corne 
only fiwi changes in the mtes rather than changes in the mechanisms since no new products 
were observeci in the gas phase with changes of the tcmpetature. However, increasing the 
pretreatment temperature d l  change the amount of HN03 produced as well as (to a certain 
extent) the quantity of NOz pick-up. 

The tungsten-containing acids show a much higher capacity for storing NOn than those 
containing molybdenua This behaviour is found to be consistent with the Bmmted acidity of 
these compounds. It was also found that the nurnber of NO2 rnoiecules on the acids was 

approximately that of the protons per anion on the acids, suggesting a one-&-one association of 
NO2 molecules with protous. However, the NO2 bonded to the protons may cause a change in 
the charge distribution inside the Keggin Unit itseif, which could resu1t in a stronger bond for the 
protons (those which are not açsociated witb NO3 lefi within the soiid acids. In the case of 
HSiW, this is even more convincing since approximately 3N02 are distributed around the 
Keggin Unit, leaving one proton without NO2. The acidic strength of this last proton could be 

sipnincantly Rduced, prevmting the protonation of a fourth NO2. 
From the observations of the sorption of NO2 by the heteropoIy acids, and most 

especially the infrared and Raman observations and calculations, it is evident that [)1NOJ+ 
exists on these acids (HPW and HSiW). Moreover, the results suggest that the NO2 is bonded to 

the proton causing the O-N-O in [HNoJ+ to be bent. This in tum would cause the 



antisynnneûic s&etching mode to be Raman active. NO+ (or mol+) as a posstcble species is 
rejected because the expected shift of the NO+ stretchmg ncqUency, caused by the size of the 

anions, does not support the prcsent observations, and the fkct that another band, firDm O-N-O 
bending mode, was obscrved with speccioscopy. 

F m  the NMR d i s ,  the NO2 is a s d a h g  with the proton via one of the oxygen 
atorns. The positive charge is betieved to k on the proton and is respomibIe for the increase of 
the angle of NO2 ibn 134' to apploximately 165'. 

The -O]+ fOmvd is accountabk for the qwûmmpic muhs. The protoaation of 
NO2 an the hctcropoly acids is responsiôk fiir the finmation of the new nittonim sa l f  
~02hPW,2040= 

With the exception of the Raman spcctrq the '% NMR resuits, and the ïnfhd 
cdculations wah %02, the d t s  presented in this sedon w a e  published m Reférenca 3-32, 
3.33, ancl 3.34. 
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SORPnON AND REACTION OF NO AND NOz 
ON AMMONIUM 12-TUNGSTOPHOSPHATE (?JH*PW) 

ûn ex- of NH4PW to NO2 at 1 50°C the principal product in the effluent is, initially, 
N2 (Fig.4.1). However, with continuai addition of p u b  of NO2 the selectivity to N2 dec~eases, 
becorning vauishingly smali aîter appmximate1y 100 pno1es have been h j d .  The selectivity 
to NO is relatively high for the fkst injection of NO2 and decrrases as the number of pulses 
increases. The selectivity to N20 and O2 remaiiis Uùsiificacant for ail injections. 

In addition to the products found in the reactor effluent quantities of uureacted NO2 are 

also present In the first pulse, the quanti@ conesponds to approximately 29% of the NO2 
injected. The NO2 detected in the efFIuent inmeases rapidly with increase in the number of 
pulses and reaches a plateau at the third pulse. 

The quantities of the various producs as well as NO2 found in the efliuent after expure 
of NH$W to various pulses ofN02 at 300°C are summarued in Figure 4.2. With the füst pulse 
of NO2 the selectivity b is now hi& while the quantity of NO2 found in the efflueut is very 

low. With subsequent pulses the quantities of & and NO2 demase and hcrease, respectively, 
untiI aAer appmximately 100 pnoles of NO, have beai addeâ, the selectivity to N2 is 
vanishingly d and the quaotity of NO2 continues to increase. At 300°C, the selectivity to 
N20 is comparable to Nz for the first injection and demases almost Linearly with increasing 
injection number to reach vanishingly srnali quantities at high pulse number. Concomitantly 
with these changes the selectivity to 4 increases, passes thruugh a maximum and decreases 
while that of NO rexnains relatively smali. 

In the ammonium salt prepared as stoichiometric, at room temperature approximately 3 
ammonium cation per Keggin Unit are contained within the stnicturr (Fig.43). However, with 
an bcrease of pretreatment temperature, and without any introduction of NOx, approximately 
one molecule of ammonia per Keggia Unit is lost h m  the catalyst at temperatures up to 450°C. 
Above 450°C, more ammonia desorbs and h m  500°C the mnaining ammonia molecules are 
desorbing as weiî as releasing water molecules h m  the association of the protons and m e  of 
the protruding oxygen atoms of the anions. After the& decomposition, the salt does not sorb 
any quantities of ammonia either ûom the gas phase or aqumus solution. 
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Fig. 4.1 Concentration of Nz. NOr, N20, 0% aad NO. for cach pulse of NOb in the 
effluent of a mimreactot containhg stoichiometric NH,PW held at 150°C. Mass 
in reactor = 0.075g (38.8p1noIes). Pulse s in  = 17 ml NOz. Heüum flow = 15 
Wmin. 
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Effect of pretreatment t e m p t u t e  on the quantity of ammonium cation per 
Keggin Unit contained within the stoichiometric ammonium 12-tun8stopbospbate 
pretreated in heüum. Mass in reactor = 0.075g (38.8pnoIes). Heiiurn Row = 15 

niwmin. 



The idluence of the =action temperature is iuustrated in Figures 4.4 to 4.6. With the 

fbt pulse yields of N, although nü at 2S°C, are substantial at all temperatures presented in 

Figure 4.4. However the yields of N2 at these temperatures demase with the quantities of NO, 

added and have becorne iiisiifieant a f k  1 0  pnoles of NO, have been injected. Although the 
yieid of N2 is higher at 3W°C at the first pulse, the yield of N2 at 150°C demases less rapidly 
than the other cempera~es studied. 

The selectivity to N20 is =*tive to the temperature of the mctotS At temperatures 

lower t h  2ûû°C, the selectivity nmallrs vanishhgly small (Fig.4.5). However, above 200°C, 
the seiectiviîy is relaoivdy high. From 200°C to 250°C the selectivity iacreases by a factor of 5, 
and h m  250°C to 300°C the selectivity increases by a factor of 2. This suggests that the 
production of NLO is initiateci at appmximately 2ûû°C. 

Seiectivities to NO are signincantly high at 25 and 150°C, but vütually nonexistent h m  
200°C and abuve for the fust pulse (Fig.46). Futthermoie, ûom 150°C and up, the selectivîty to 

N2 m i n s  highet than that of all o t k  species in the effluent although at 300°C the dectivity to 
N20 is similar to that ofN2. A relatively smali quantity of oxygen (09 is detccted at 300°C with 
the fkt pulse but noue is detected at 25 and 150°C except for a srnail amount aAa the 4th pulse 
for 1 50°C. With increase in NOz, the selectivity to oxygen is greater at 30O0C than at 1 50°C (see 

iater). 
In the synthesis of the micropomus ammonium salts, it is possible to obtah salts with 

dflerent stoichiometry relating to the ammonium content. In Figures 4.7 to 4.1 1 are presented 
the resultî of the injection of NO2 at 3OO0C on salts having differeut ammonium content: 15% 
excess ammonium, stoichiometric, and 15% deficit ammonium, NHPW (+15%), NHQW, and 
NH$W (-1 5%), respectively. 

The quantity of N2 found in the reactor effluent h m  the i n j e c h  of NO2 is maxünum 
for the fht pulse for all stoichiomeaies. However, for the first pulse, the stoichiomeûic salt 
yields the maximum Nb followed by +15% and -15% respectively. Fmm the maximum value 
fomd for all stoichiometries, the quantity of N, in the effluent demases rapidly b vanishingly 
smaU quantities at the 6th pulse. However, the production of NzO (Fig.4.8) is higher for the salt 
having an excess of NH4+ and increases to a maximum of 68% at the second pulse of NOz and 
decreases linemiy for additional pulses. The stoichiometric and ammoniumdcficient salts show 
no maximum in the quantity of N20 produced, but the linear declgie in this quanti@ commeaces 
with the &pulse. The a~ntl[~)niumdeficient sasalt shows a srnalier ykId of NzO. 

NO was observed nwi the first puise with the armnoniwndeficient cataiyst, but no NO 
was detected ia the reactm effluent stream under similat conditions with the ammonium-excess 
and stoichiometric salts (Fig.4.9). However, sigDiticant quantities of NO were fond  h m  the 
second pulse of NOz with al1 three catalysts. With the ammonium-excess and stoichiometric 



Fig. 4.4 Cotlcentratiou of aimgen (Nd fbr each puise of NO2 introduced, for reactors 
containhg stoiehiometric N H g W  held at dinerent temperatwes. Mass in reactot 

= 0.075g (38.8pmoles). Pulse size = 17 -1 NO,. Heüum flow = 15 mUarin. 



Fig. 4.5 Concentration of nitmus oxide (w) for each pulse of NO2 htduccd, for 
reactors containing stoichiometric W P W  held at different temperatures. Mass 
in reactor = 0.075g (38.8pmoIes). Pulse size = 17 ml NOL. Helium flow = I 5 
niumin. 
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Fig. 4.6 Quantity of Na, Nfi and NO, foud in the effluent of  a nactor containhg 
stoichiometcic NH,PW, when ody 1 puise of NO2 is iajected for düfemt 

temperatures. M a s  in mctor = 0.07Sg (38.8pmoles). Puise sue = 17 m o l  
NO2. Helium flow = 15 Wmin. 
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Fig. 4.8 N20 detected in the gas phase for each pulse of NO2 on stoichiometric and non- 
stoichiometric NH,PW, for ptetreatmeat aud reactor temperatures of 3ûû°C. 
Mass in reactor = 0.075g. ?Use size = 17 p l  NOs. Helium flow = IS mLhh.  



PULSE NüMBER 

Fig. 4.9 NO daeaed in the gas phase for each pulse of NOs on stoichiometric and non- 
stoichiomeaic NH,PW. for prebeatment and reactor temperatures of 3ûû°C. 
M a s  in reactor = 0.OSOg. Pulse s k  = 17 )unol NO2. Helium flow = 15 mlhnia. 
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salts the pduction of NO ~afhed  a maxinium at the diird pulse while with the ammonium- 
deficient salt a steady decline in the amount of NO generated was obsened after the second 
puise. 

The amount of 4 (Fig.4.10) in the gas at the exit of the reactor, for al1 so~ichiomet~es, 
incrraKd to a maximum with uicreashg anmunt of NOs m d u c e d  into the reactor. However, 
the maximum is found at the 4& and 6th puise of NO2, for the deficient and for the excess and 
stoichiometric salts, respectively. The m u n t  ofN02 found in the reactor efluent is show on 
Figure 4.1 1. For ail stoichiometries studied, the qmtily of NO2 increases wi& the p u k  
number. However, the stoichiometric salt sorbs and converts more NO2 for each pulse. 

Temperature-programmed reaction W R )  ofN& on IabeUed '%H,PW (FigA.12) shows 
that NO2 is reduced at temperature as low as 100°C. As the temperature of d o n  is increased, 
the fomiation of molecular nitmgen, as NN and '%IV, inmeases and rraches a maximum at 
210°C for normal N2 and at 360°C for labeiled Np However, at temperatures above 440°C, no 

molecular nitmgen could be detected. A gnat quantity of water is detected with the duction of 
NO,. The concentrations of NO2 and NO reach a miatoium at 360°C. Howevet at 360°C the 
concentration of N20, as N'NO and '%NO reaches a maximum. The formation of NzO can be 
observeci h m  190°C for both isotopes. The formation of '%NO is insigdicant at temperatures 
above 440°C, but small quantities of NNO are stiU detectable above that tempesature. The - 
formation of labelied '%O remains at trace concentration thrioughout the TPR experiment. 

The resuits of temperature pmgrammed desorptiioa experiments are recordecl in Figures 
4.1 3 to 4.16. The stoichiometric washed (SW) catalyst pretreated in helium at 30°C and 1 50°C 
for 1 hour (Fig.4.13A and D, respectively) shows ody smaU peaks at appmximately 175OC for 
desorbed wata: It is to be noted however biat, with the catalyst pretreated at 150°C the water 
peak has slightiy shiM to a somewhat higher temperature. AAer saturation with NO or NOz at 
30°C (Fig.4.13B and C, respectively), the peak at 1 7S°C due to desohxi water has increased 
markedly, particularly aAer introduction of NO2. The SW catalyst, a h  pretreatment at 150°C 
and exposure to NO at the same temperature displays an edarged water peak at 17S°C in 
addition to s e v d  overtapping pealrs at temperatures mging frwi 300-5W°C vig.4.13E). In 
con- the SW catalyst pretreated at 3OO0C and saturateâ with NO at the same temperature 
shows a large peak whose maximum occus at approximately 475OC (Fig.4.13F) while after 
saturation with NO2 the latter peak is similar in magnitude but the water p d  at 2ûû°C is 
significantly enlarged (Fig.4. 1 3G). 

The TPD pattern for NHPW prepared h m  a 15% deficit of the ammonium ion shows 
two celatively large overlapping peaks between 100 and 350°C with a srnalier peak at 475°C 
(Fig.4. MA). AAer exposure to NO2 the three peaks obsmed in the absence of NOz remain but 



O 100 200 300 400 500 600 
TEMPERATURE OF REACTOR IoCl 

Fig. 4.12 Higher iesolution t e m p e p  madon of 0.075g (38.7pmoles) of 
'%HSW exposeci to a continuou flow of 4960 ppm of NO2. Heatiag rate = 
1 O°C/min and Flow rate = 20 Wmin.  = Jsotope 15. 
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Fig. 4.13 TPD of NH~W{stoichioIllCtrjc-dcd) (A) preûmted in helium at 30°C for 1 

hour, then (B) saturateci witb NO at 30°C fbr 1 bw, (C) seme pretmûnent as in 
(A) but saturatcd with NO2 at 30°C f9r 1 hoin. @) NHgW{stoichiometric- 
wasbed} pretmted at l SO°C fa 1 how then (E) saturateci with NO at 150°C for 
1 how, (F) NHJW(stoichiometrk-wasbed} pmtreated at 3W°C for 1 hou, then 
saturateci with NO at 3W°C for heur. (0) same pretreamient as in @) but 
saturated with NO2 at lSO°C for 1 hou. Mass of solid in mctor = 0.075g 
(38.8pmles). Puise size = 1 7 ml of NO2. Helium flow rate = 45 Wrnin. 
T v t u r e  mk = 60°C/niin. LEGEND: 1) H20; 2) NH3; 3) NOz; 4) NzO. 



Fig. 4.14 TPD of NH,PW{-15%NH4) (A) p- in heîiurn at 30°C for 15 min; then 
@) exposed O 25 puises of NO2 at 30°C; TPD of NH,PW{stoicbiornetric- 
unwashed) @) pretreated in heiim at 30°C for 15 min; then exposcd to 25 
puises of NO2 at 30°C; TPD of NH$W (+1 S%NH,) (C) pretreated in helium at 

30°C for 15 min; then (F) aposcd to 25 pulses of NO2 at 30°C. M a s  of solid in 
reactor = 0.07Sg. Pulse size = 17 -1 of NO,. Heiium flow rate = 45 d h . i n m  
Temperature rate = 6O0Urnin. LEGEIUIX 1) H20; 2) MI3; 3) NO2; 4) NP. 



Fig. 4.15 TPD of NH,PW{-lS%NH,) (A) pmeated in helium gt 3ûû°C for 15 min; then 
(D) ex@ to 25 pulses of NO2 at 3ûû°C; TPD of NH4PW{stoichiomeûic- 
unwashed) (B) pretreated in helium at 3ûû°C fm 15 min; then (E) exposed to 25 
puises of NOL at 30û0C; TPD of NHQW{+1S%NH,} (C) p- in helium at 
3ûû°C for 15 dl; t h  (F) exposed to 25 pulses of NO2 at 300°C. M a s  of sdid 
in reactor = 0.075g. Pulse size = 17 pmol of NOz. Helium flow rate = 45 mUmin. 
Temperature rate = 6û°C/mh. LEGEND: 1) H20; 2) NH,; 3) NO2; 4) N20. 



Fig. 4.16 TPD of NH,PW {stoichiornetric-washed) (A) pmtmted in helium at 30°C for 15 
min; then ) exposed to 25 pulses of NO2 at 30%; TPD of 
NHgW{sioic&iometric-washsd} (C) pretreatcd in heiium at l SO°C for 15 min; 
then (D) exposed to 25 pulses of NO2 at 150°C; TPD of NH,PW{stoichiomebic- 
washed} (E) pretreated in heiium at 30O0C fbr 15 min; then 0 exposed to 25 
pulses of NO2 at 300°C. M a s  of solid in rracta = O.075g (38.8pmoIes). Puise 
size = 17 pnol of NO,. Helium flow nte = 45 mUmm. Temperature rate = 
6 0 ° C / ~ .  LEGEND 1) HzO; 2) Ml3; 3) NO2; 4) N2O. 



the higher of the two overlapping peaks is more substantid (Fig A. MD). Stoichiomeûic NH4PW 
also displays the two overiapping peaks noted above, but in wntrast, that at the higher 
temperature is considerably lower in intensity than biat at the lower temperatures. No peak at 

475OC is evident. Atta exposure of this catalyst to NO2 the higher temperature peak of the two 

similady overiapping peaks has enlarged considerably pig.4.14E). The TPD spectra of the 

NH,PW sample prepared h m  a 15% excess of the ammonium ion also shows the two smiüarly 
ovdappmg pealrs between 100 and 350°C, but of these, the peak at the bighet temperature is 
now reduced to a shoulder (Fig.4.14C). At\er exposiirr to NO2 this shoulder has been 
transformed to a significantiy large peak (Fig.4. MF). 

The TPD patterns for the aforementioned three samples preüeated at a higher 
temperature of 300°C show drastic d i f f e ~ e ~ ~ c e s  as compared with those pretreated at 30°C 
(Fig.4.15). The ammonium ion deficient sample displays one relatively small peak at 47SoC 
(Fig.4.15A) which, afta ewposure of the sample to NOu has grown significantly in inteasity 
(Fig.4.15D). The stoichiometric and excess ammonium samples both before and after exposure 

to NO2 show similar behavior. 
Temperature-pmgramnied desorption (TPD) of the stoichiometnc-washed sample a f h  

exposure to NOt showed two overlapping peaks at 175 and 250°C (Fig.4.16B). Mer 
pretreatment at lSO°C foilowed by exposure to NO2 at the same ternpemture threc pealrs at 175, - 

300 and 500°C are evident by ail substantiaiiy d e r  that those observed after 30°C 
pretreatment and exponve (Fig.4. MD). With pretreatment and exposure to NO2 at 300°C oniy a 
large peak at 500°C ce~nains. It was shown by TPD that when the salts were satwated with NO2 
at 300°C, the ody produa of desorption was NOz. The determination of this NO2 on aii sala 
used is found in Figure 4.17 and represented as nitmgen (N) per Keggin Unit The niaogen 
found corresponds to the approxiniate stoichiometry calcuiated. 

Temperature-pmgramnied desorption experiments, using MS detection, show that NH3 
does not begin to desorb from 'hH4~w untii 4W°C and the greater portion of the evolution 
takes place at temperatutes higher than 550°C (Fig.4.18A). Atter exposure to NO2 at 1 50°C for 
2 hom, TPD (Fig.4.18B) shows that H20 is desorbed h m  110 to 650°C, a h g  with smali 
quantities of N@ benueai 150 and 650°C. Smaiier quantities of NO2 are detected at 1 10 a d  
410°C. - However, significant quantities of N2 (as 'h) with maxima at 340 and 4ûû°C desoh 
between 100 and 5ûû°C with smali quantities of '%hl at 590°C. NO can be seen betweeu 30 
and 500°C with maxima at 1 10,410, and 590°C. Findy, a small quantity of NH3 above 550°C 
is seen desohmg h m  the catalyst '%H4pw pretreated and exposed to NO2 at 300°C displays 
a s d  water peak at 200°C fobwed a broader peak between 350°C and 600°C. This later 
evolution of water is accompanied by a substantial evolution of NO and NOz at 5ûû°C. No 
labeiled nitrogen compound was sorbed (Fig.4.18C). It was fouad that most of the 
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Fig. 4.18A Temperature-pmgrammeâ desorption of 0.050g (25.8pmotes) of '%H+w as 
prepared. Helium flow = 20 Wmin.  Heating rate = 10°C/min. * = Isotope I S. 
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Fig. 4.1 8 8  Tempemaire-progrPmmed demption of 0.075g (38.7pmoIes) of '-+W 
pretreated with 4960 ppm NO2 flow(20 Wmin) for 2 hours at 150°C. Heliwi 
flow = 2 W ' .  Heating rate = 10°C/min. + = Isotope 15. 
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Fig. 4.1 8C Temperature-pmgrammed desorptioo of 0.075g (38.7pmoles) of '%H,Pw 
preapated with 4960 ppm NO2 flow(20 mL/rnin) for 2 houn at 3ûû°C. Heliwi 
flow = 20mUmin. Heating rate = 10°Umin. 



peak at 450°C is due to NO2 but because of the temperature rate used most of the NOz is 
t h d y  decomposed to NO. At higher temperature rates, the crnicenûation of NO3 compared 
to NO, was miie miportant. 

At 150°C, although N2 is produceci and tapidy desorbed, less than the sioichiornetric 
quantity of NH3 is consumeci and subsequently the residuai NH3 is desorbeci at elevated 
temperatures. The formation of N2 seems to originate fmm two separate mechaaisms; by 

reaction ofN02 and NH,, and firom the auto-reduction of NO2. The water desorbed results h m  
the reacti*on of MI3 and NO2. The N20 may be f o m d  fbxn the themial decomposition of 
w4No3, the latter resulting h m  added NO2. AAer expure of the ammonium salt to NO2 for 
two h o m  the ulveacted NO2 reacted with the -nia to give N2 as the temperature of the 
reactor was raised. 

At the higher temperature of 3ûû°C, virtually au of the NH3 has been corisirmed by NO2 
and the unconverted NO2 can fernain sorbed on the catalyst. No NH3 or N20 desorptim was 

O bserved. 
Isotherrnal contmuous reactim (ICR) experimentr of NO2 with '-w (Fig.4.19) 

show that the quantity of %N and H20 produceci is smailer at lSO°C than that at 300°C. 
However when the reaction is conducted at 300°C the reduction to '%IN is vanishingiy mal1 
afier 90 minutes but continues to occur at 150°C. The concentration of N20 (as '%No and 
NNO) is vexy smaîi at 150°C but important at 300°C. 

The quatltities of the dflerent moIecules found in the gas phase, for the fint how of 
reaction, are presented in Table 4.1. These values are CO& to take into consideration the 

fragmentation due to the MS detector. The results a b  follow the observations &cm TPR. 
The stoichiometric-washed NH4PW shows, as expected, the characteristic infiared bands 

of the Keggin anion in the 800-1200 cm-' region, as weU as bauds at 3200 and 1421 cm-' 
atûibuted to the ammonium ion (Fig.420A). After ex- to NO2 at lSO°C the former and 
latter bands remain, although the latter are somewhat deereased in intensity (F+g.4.20B) and, in 
addition, a s d i  band appears at 2263 cm-', which is intensifid in the spectra of the sample 
pretreated and exposed to NO2 at 30O0C. 

The unwashed stoichiometric and non-stoichiomeaic sampla display simiiar spectra 
before exposure to NO2 (Fig.4.2 1). 

A f k  exposure to NO2 the band at 2263 cm-' is cleariy evident particulariy with the 
stoichiometnc and the excess ammoniwn samples (Fig.4.21E, D, F). IntereSfiDgly the three 
overlapping bands between 1400 and 1500 cm-' in the N O r k  sarnples are convened to two 
distinct bands in the sarne region a& exposure to NO2 at 300°C, with the band due to the 
ammonium ion having vanished. 



Fig. 4.19 Isothermal continuous reactions of O.O7Sg (38.7pmles) '%H,Pw and 4960 ppm 
NO2 flow(20 mUmin)at 150 and 30O0C. + = Isotope 15. 



TABLE 4.1 

INTEGRATED AREA FOR THE ISOTHERMAL CONTINUOUS REACTlON 
OF '%H,PW AND Na 

ICR O.OXg (38.7p11101e~) '-w + 4960 ppmN02 
Masses b!wsaki -le dctected/mole NOi iniecteda 

U Q s  30DOC3 
18 HOH 5.5 16.7 
28 NN 0.0 O. 1 
29 l?W 3.9 8.7 
30 NO 12.3 11.0 
31 '%O O. 1 0.4 
44 NNO 0.4 0.6 
45 '%No 0.0 9.5 
46 ON0 50.9 42.2 

a % mole detected corrrçtod pg Total Ion of NOz mjected fm 60 min integration of 
Fig.4.19. 



Fig. 4.20 uinPnd spectni of (A) stoichiomeûic-washed NHIPW at 2S°C, then (B) 
pretreated and exposed to 20 pulses of NO2 at 150°C. Sarne salt as in (A) but (C) 
preüeated and exposed to 14 pulses of NO2 at 300°C. * = NUJOL bands. 



WAVENUMBER (CM-1) 

Fig. 4.2 1 Iilnarrd spectra of (A) NHQW(-ISYWH,} at 2S°C, then @) pretreated and 
saturateci with NO2 at 3000C; (B) NH,PW{stoicâiomettic-unwasbed} at 2S°C, 
then (E) pretreated and saturated with NO2 at 300°C; (C) NH,PW{+IS%NH,) at 

2S°C, the0 (F) pretreated and sabrated with NO2 at 3ûû°C. * = NUJOL bands. 



The powder X-ray difhction patterns of washed N&PW before and af'ter exposure to 

NO2 (Fig.422A and B. respectively) show that the crystaUinity of the sample is essentially 
retained although the 20 values are shifted a b  exposure to NOz. 

Fiirther information on the mteraction of NOz with the pamt acid WW) and the 

ammonium salt m P W )  can be obtained h m  'H NMR specîra Fig.423). Pretmïtment of 
HPW in helium at 150°C followed by saturation with NO2 at the same temperature produca an 
increase in the chemical shifb but no diminution in the intensity of the protium peaks 

(Fig.4.23Al and A2). 
In contrast the speFtra for stoichiometric NH4PW p m  in helim at 300°C contains 

fo, peaks, the most prominent appearïng at 4.85 ppm but, a f k  saturation witû NO2 at 300°C 
only one peak remairis at 7.89 ppm, sllnilar to that found with HPW (Fig.4.23Bl and B2). The 
effect of deficiencies and excesses of the ammonium ion cm be seen h m  Figure 4.23CI and C2 
in which the former solid displays two prominent peaks whüe the latter shows one prominent 

peak with three subsidiary peaks. 
The effect of the introduction of NO2 on the surface areas of the NH4PW samples is 

shown in Table 4.2. It is clear that, regardles of the nature of the NETSW, exposun to NO2 
reduces the surface areas by appmximately 50%. 

However the surface areas, after coatact of the samples with NO2, remain substantially 
higher thau those of the parent acid (EWW). 

On increase of the m a s  of the ammonium salt contained in the reactor hetd at 150°C 
NO2 was esse~ltially completely reduced with little or no NO cootained in the effluent (Table 
4.3). No trace of N20 was found in the effluent after each injection of NOz. 

Littie interaction was observed when NO was injected on the ammonium salt, NH4PW. 
9 was It was also observai that NO did not intemct with the parent acid, HPW, except when NO_ 

previously injected. 

Temperature-pmgrammed reaction of NO on the labelled 'WSW reveals that NO is 
not reduced to N2 at temperatures below 400°C (Fig.424). However, traces of NO2 were 
obsemed at 100°C, as well as some '%IN which is consistent with the mduction of NO2 on 
NHSW. At temperatures above 400°C, NO is reduced to '?VN with only traces of '-0 in the 
effluent of the reactor. 

In orda to separate the signal for H20 and 'h, both fouad at 18 amu, the experiment 
was qeated on micropomus NQIIPW, prepared h m  ND4CI and HPW (Fig.4.25). The 
observations for the reduction of NO to N, are comparable, but amaionïa was d y  partially 
coasumed during the process. 

Figures 424 and 4.25 reveal that NO was not reduced at 150°C when injected on the 
NH4PW. However, when nitric acid or NO2 was injected onto the NH4PW pnor to the 



Fig. 4.22 X-ray difIiactiotl patterns of (A) washed-NH,PW at 2S°C, then (B) pretteated and 
saturateci with NO2 at 3ûû°C. 



Fig. 4.23 'H MAS NMR of (A) 1. HPW pmmted at 150°C, 2. HPW pretreated and 
sahuatecl with NO2 at 150°C; (B) 1 . stoichimetric-washed NH4PW pretreated at 

3ûû°C, 2. stoichiometric-washed NH4PW prctreated and saturated with NO2 at 

300°C; and (C) 1. N H g W  (-15%) preûeated at 3ûû°C, 2. NH4PW (-15%) 
psetreated at 30°C. 



TABLE 4.2 

SURFACEAREAS 

a Repared by evaporation only. 
b Ruincd by multiple washing. 
c Pretreatment (30 min in He flow) and treaannit (5 min in NO2 flow) temperature. 

Sorpticm at 300°C. 
e BET N, (78 K). 

Saturateci fbst with NO3 then with NH,. 



TABLE 4 3  

EFFECT OF INCREASING THE MASS OF NH$Wa 
HELD AT 150°cb ON THE REDUCMON OF NO, 

a Stoichiometric-washed NH4PW. 

b Pretreatment and injection temperatm. 
c 1 puise = 17 pmoles of NO? 
d % mole of N per mole of NO2 injected in one pulse. 
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Fig. 4.24 TPR of O.07Sg (38.7-les) of '%H4pw exposed to flow(15.6 mUniia)of 4950 

ppm NO. 



v I 1 I - 1 - - -  = - - - -  l - - - - '  8 

O 1 O0 200 300 400 500 600 
TEMPERATURE OF REACTOR (OC) 

Fig. 4.25 TPR of 0.07Sg (25.5poles) of ND3HPW exposed to flow(15.6 mUmin)of 4950 

ppm NO. 



introduction of NO iato the TeaCfOr rnaintained at lSO°C, NO is reduced to N, without the 
production of NsO (Table 4-4). 

B. 
Nitmgen (Nd is the prcQmmaat N - c o n ~ g  pmduct ~sulting nwi the expuTe  of 

W P W  to NO, at tmiperaturrs above 150°C. Although O2 and NO are fou4 the selectivities 
to these are relatively srnall, at least in the first severai puises. This is in sharp contrast with the 

observations fm 12-t~n8sfopho~ph0ric a d ,  the prrciirs<a to the present catalyst, with which the 
p ~ c i p a l  gaseous product was HN03. 

Smce, with NE&PW, it is evident that a ddcm of NO2 is occuning and since the 
quanti@ of N2 pmâuced deazases while diat of NO2 mnrifimg in the emuent inacases with 
mcreasirig exposurr of the catalyst to NOz, it seems clear that the ductant is itseifdiminïshed as 

the process continues. Fiahn, since no duction proces o c c d  with HPW whereas with 
NH,,PW such a pmcess is clearly operative, the ductant is evidently the cation in the 
ammonium Salt or, aore particulariy, ammonk The elimination of the hi@-temperature ïPD 
peak due to ammonia a f k  saturation of NBgW with eitha NO or NO2 (e.g. Figure 4.13) and 
the regetteration of the 'H MAS NMR spectra of IWH a f k  exposure of NHEPW to NO2 
(Fig.4.23) provide tangible support for this contention and for the recovery of the parent solid 
acid. 

Since the results of TPD experimen~s show that temperatures of 600°C or higher are 
required for the desorption of NH3 âom NaPW, it is evident that, in order for a reaction to 
pmeed between the ammonium cation and NOs, a temperatures lown than 600°C, the latter 

molecular species must enter the bulk of the solid- E d e r  photoacoustic FTIR expaiments have 
provideci direct evidence for the ability of polar molecules such as amnonia, pyridine, and 
methmol to penetrate into the buk structure of HPW, that is between the cations and anions, 
(Re&. 4.1 to 4.3) and in chapter III it bas boen shown that NO2 interacts with both d a c e  and 
interior protons. 

Furthet., since NHQW possesses a high, dative to HPW, sraface a m ,  resulting 
priniarily h m  the existence of a micropomus stnicturr, the m W o n  of NO2 with the Mi3 
contain& within the buik of the solid wiii be bther fàcilitaed. 

A wide variety of catalysts and reactor systems has b a n  sbdied for the selective catalytic 
reduction of NOx, mefk.4.4 to 4.6, and 4.7). In sdniticm various gases including NH3, CO, Hz, 
and Ci& have been tested as rrductants fm these nitrogen oxides (Ref.4.7). Since the catalyst 
employed in the present woIL is an ammonium compound, discussion WU be limiteci here to 
NH, as a ductant. 



TABLE 4.4 

a Injection of HNO, and NO2 directly on the M&PW containeci in the fe8ctor held at 

lSO°C prior to the injection ofN0 pulses. 
b 1 puise = IO pmoles O~NO.  
c % d e  of nitrogen atoms per mole of NO injected 



A number of d o n s  have beea suggested as relevant to the selective catalytic reduction 
(SCR) of NOx by NH3 (Rcf.4.8). 

NO2 + NH, + N2 + 3/2H20 + 1/44 (Eq. 4.1) 

NO + NH, + 1/* ++ N2 + 3/2H20 (Eq. 4.3) 

For the analogous non-cataiytic ducticm (SNCR) developed by Exxm mef4.9) which 
operates at 850-1O5O0C, the overaii reacfions have ôeen fomd to be - 

and a side reaction 

Although it is evident h m  TPD and Sifiared d t s  that NO2 c m  penetrate the bulk and 
be sorûed ont0 the catalyst bullr structure, where reducfim occurs, the nature of the participation 
of the catalyst in the redudon of NO by NH3 on supparted and unsupported vanadium oxide bas 
suggested that the p e s s  is associateci with the coaversion of VsO to V-OH gn,ups with the 
latter reoxiâized by oxygen fi0111 unddying layas (Re&. 4.10 to 4.17). Bosch and 00-workas 
(Ref.4.18) suggested that the V=O groups may alro be d u c d  to elmental vanadium by 
ammonia itseK Janssen et al. (Ref.4-19) proposed a mm detaiied d o n  scheme in which 
N20, which begiDs to fom at 3ûû°C, is included. 

Two feabne~ of the present cataiyst appear to be devant to the preseat discussion. 
Firstly, the cataiyst is prepared by au acid-base d o n  m which the desired pmduct precipitates 
h m  aqueous solution. A surplus of protons wül rrmain if the base (anmioaia in tbe hm of an 
ammonium salt) is added in less than the stoichi~~~letric amount In fact photoamustic FIlR 
experbents have shown that NHQW prepared âom stoichiometric quaatities of the reactants is 

non-stoichiom~c, with residual protons present (Ref4.1). Secondly, the anion of NH4PW 



possesses two types of accessr'ble oxygen atoms, those bridging the paipheral metal atoms, in 
the present system, tungsten, and temiinal oxygen atoms (W=û) which pmtmde fhxn the anion. 
Earlier wodE fbm this laboratory suggested h& at least m the catalysis of oxidatïon processes, 
the temiinal orrygen atoüis are mnr Wrely b be mvolved @ef,420). and more ment w& has 
pmvided support far the contention mef.4.21). 

The resuits fiom the present work süongiy suggest that the protons play an active d e  in 
the reduct*on pcocess. Aithough the nshm of the participation of protons in the dewmposition 
or reduction of NO andk NO2 is as yet unclear (Ref4.22). Kantcheva et al. in theu studies of 
the interactim of NO2 and NH, on anatase have suggested that the protons are required for the 
formation of the ammonium ion, which is c b e d  to be an integral feature of the reduction 
p m e s s  (Ref.4.23). Parenthea'dy, it i t y  be noted that pmtoas have been shown to play a d e ,  

albeit indirecf in the partial oxidatim of methane on the heteropoly acids, by generating oxygen 
vacancies in the heteropoly anion (Ref4.24). 

Dutfy et al. have pmpsed that oxygen vacancies are participants in the NO/NH3 procw 
on vanadia-titania catdysts (Ref4.25). 

A mechanism analogous to that pIoposed by Kantcheva et al. (Ref4.23) may be 
suggested: 

W~+-O-NO,N&+ + w6+-0° + [NH,NOJ + 
N2 + 2H20 + WOO (Eq. 4.8) 

Althougâ it is evident, particularly h m  the resuits of TPD expaiments, that water is a 
product of the reduction proces, oxygen is aiso fonned, but the quantity of the latter incteases 
with each pulse of NO2 while tbat of N2 decreases. A number of possible aplanatioos for these 
observations may be poposed. Any oxygen formed h m  the k t  pulses of NO2 may be 
employed, at least in part, in the oxidation of a portion of the NH,, which exists as Ml,,+ in the 
preseut catalyst, through a stoichiomeixy such as that m Equation 4.6. as propoBed by vzuious 
authors (Re&. 4.23. 4.26, and 427). Oxygen may also be involveci in the kxidation of a 
reduced site on the anion, as has been pmpased for vanadia-titania mef.4.25) and amstase 
(Ref.4.23). although NH3 may also affect this process met4.23). The maximum in the 
production of oxygen on apparent depletion of the ductant source may teatatively be nlated to 
the dissociation of the water fomed during the reduction process and held in the catalyst Wor 
its reaction with NO2 (Chapter m). 



Although the mechaniSm proposed f a  the d m  on anatase posailates the 

fomiation of ammoniimi nitrite as an intemiediate, the production of ammonium nitrate may alsa 
be occurring mef.4.23). It is well-known that aitrous oxide is p r e p d  indusûially km the 

contcoIIed -on of -Oj OS 

which process begins at approximdy 200°C (Rd4.28). Howeva since the parent acid of 
M, 12-ûmgstqhasphon*c acid, has been shown to @uce HN03 h m  NOb the d o n  
in which NH,t+ is oxidized by nibic acid may rlso be occimiag (ReC429). 

N H ~  + HNO, + H20 + H,O+ + N,O (Eq. 4.10) 

It is pertinent to note that, in the p m t  work, appreciable qmtities of N,O do not begin to 
fonn until 2ûû°C is reached. 

It was seen that NO was not reduced or sorbed on the parent acid, HPW (Chapta III). 
However, $NO2 was injected f h t  onto HPW then a substantial quantity of NO could be sodd. 

When NO was injected on a b h  sample of NHQW, vexy iittle sorption and reducth 
were observed at nlatively low temperatures. Although NO is produced at low temperature 

h m  the injection of NO2 on NH,PW, its reduction to Ni was ody observed at high temperature. 

Moreover. at low temperature (150°C), nitric oxide can be reduced successfuliy to Y if a 

pmmoter (N& or HN03) is added or formeci prior to its mjectïon on the NH,PW. 
The injection of reactants p m t i n g  the fomatiou of ammonium nitrate eahaoces the 

reduction of NO to Np The mecimisnu presented in Equations 4.3, 4.4, and 4.5 are possiile 
but were obsaved for very high tcmpaaturrs. At very high tempatwe it is also beiieved that 
NO could extract an oxygen atom b m  the Keggin Unit to fom NOz. which can be reduced as 
seen above. 

The association of NO with the NO3-, as seai in Chapter ïU, is a possible mechanism 
lcading to the d u d o n  of NO. From the d m  NO with No3', two molecules of NO2 would 
form and then react with the NH,+ to give Np Fmm this simple, yet plausible mechaoism, it 
would appear that NH,PW can only d u c e  NOs. It is thus possible to d u c e  NO, but only if 
NO is 01ùdized nRt to NO2. 

The p-t catalyst thus appeam to be dependent for its advantageous ductim 
propdes  on tbrce features: its Bmmted acidity, which parnits the generation of ammonium 
ions; its rnicropomity, which parnits NOx to petrate easüy m the structure and react with 
m4+; and h possession of relatively labile anionic oxygen atoms together with periphetal metal 



atoms which, white capable of aisting in s e v d  oxiâation states, have datively facile 
transformations betweea them. 

The spent catalyst can be regenerated via piocipitation from aqueous solution or injection 
of gaseous cmimonia Table 4.5 shows the reduction of NO2 after subsequeat regeneration 
cycles. The decrcase in N2 selectiVay can be expismed m pait by the build-up of ammonium 
nitrate, which am be removed by heatmg the atalyst above 2ûû°C. 

C. Conclusions 
The 12-~gstophosphoric ammonium sait cm be used to d u c e  NO2 efficiently. Since 

the "ammonia" is amtained within the sdid itseif, no loss is ape*cd m c011trast with standard 
SCR processes where the reducing agent is mjocted dinctly into the gas phase nwi the 

catalyst. The prrsent catalyst offas the possibüiry of reducing the los of ammonia, thus 
potmtially diminisihg or eImiinating ammcmia slip. 

The reaaion of NO2 and NH,+ is dependent on the accessicbiliity of the cation inside the 
bulk of the salt to NOz. The reactim is wre efficient if the @inities containeci in the solid 
catalyst are removed ôy washing it with water. Furthemore, the reaction for the reduction of 
NO2 with NH,,PW is mon efficient at ~latively high tcmpeniturr. The effective temperature 
cocrespo~ds to that used in SCR processes for the reduction of Nûx. 

The direct reduction of NO by NHQW was found to be slow and indncient (Le. more 
than one hout for the solid to k samted when exposed to a umtinuous flow of pure NO). 
However the ammonium 12-tungstopbosphate is mon effeaive for the reduction of NOz. 

After saturation with NO2 and co~lsumptiou of the amnonia containeci within the 
ammonium sah, the parent solid acid (HPW) is recovered and displays the propaties discussed 
in Chapter m. The ammonium salt can then be produceci, as befoie, by precipitation h m  
aqueous solution or by the exposurr of the solid acid to gaseous ammonia. 

The results presented in this section were recently published in Referaces 4.30 and 4.3 1. 



TABLE 425 

EFFECT OF GAS P U E  REGENERATION WITH NH, AT 150°C 

Regeneratioa Cyclesa N2 (%)b NO (%)b 
Original sah 41.1 12.3 

1st Cycie 52.9 0.0 
2nd Cycie 28.7 0.0 
3Kl Cyckc 34.4 0.0 

a 0.075g (3 8.8poles) NH#W pretnated in helium (1 5 mUmin) for 30 min. A 
regeneration cycle consistP of injection of 10 mL (NTP) of NH3, flushing in helium flow 
for 30 min, and then foliowed by 1 puise NO2 (17 p l e s )  . 

b mole Ns per mdc NO, injected. 
Between the second and third cycle, the sample was heated at 300°C for 30 min and then 
cooled back to lSO°C and chen atposed to 10 mL NI&. 
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SORPTlON AND REACTION OF NO AND NO2 
ON AMMONIUM 12-MOLYBDOPHOSPHATE M-PMO] 

A. ResulQ 
Thrce tempera- (150,300, and 40O0C) wac selected for investi-gation of the sorption 

and d o n  of NO and NO2 cm ammonium 12siolyWophospbate. 
Upon the mjeacm of pulses of NO2 on samples ofNH,PMo, the concentration of NO2 in 

the efnuent of the reactor is negiigible for tanpeniaircs of 300°C or higher for catalysts A ai~d B. 
which are p n p d  using h u m  nittate and ammaniammanium calmate, nspectiVely, mked with 
stoichiometric arxmunts of HPMo (FigS.1). Saits A and B were fiirther p d e d  by multiple 
washings with distilleci watcr. 

At 150°C, the concentration of NOL m the gas phase rrmains at approximatCly 100% 
NO2 At 300°C, catalysts A and B show the same behavior and the concentration in NO2 is 
smaU for the nRt two pulses ( k s t  34 -les NO3 but reaches a plateau at 60% with the 8th 
pulse. However, with =Mo-A at 4ûû°C, the concentration of NO, in the effluent remah 
insignifïcant fbr the fht  five pulses (85 pmoles) and then rises sharply to a plateau of 80985% at 
the 8th pulse. 

The pnQminant product nwi the reduction of NO2 is N2 Pig.5.2). The forniaton of N2 
is strongly nlated to the temperature of the mactot. For the nst pulse at 150°C, catalysts A and 
B generate 75 and 20% N (as NA respdvely. At 300°C, the reduction is found to yield 
appmximately 130% N (as NJ for the ttirae catalysts. The concentration of N (as Nd decrrases 
slowly to vanishingly d quantities at these former temperatures as the amber of pulses 
iacreases. However, at 400°C the fast pulse of NO2 produces approxmiately 200% N (as Na. 
At this temperature the production of N2 rmiaias high utü the nWi puise for catalyst B and C 
(At C was preparcd h m  stoichiomeaic amounts of ammonium nitrate and HPMo, without 
M e r  pdcation), breaks abniptly to reach vanishingly smali quantities at the 67th pulse 
number. The convemicm to N2 on catalyst A decreases qui-lineariy fiom the first pulse to 
vankhiagly d quantities at the 8th pulse. 

At temperatures above 3ûû°C, N20 is aiso foimd m the gas phase finn the injection of 
NO2 on-M&PMo (Fig.S.3). At 150°C, the quantity of N (as N@) is vanishingly small. Catalyst 
A and B do not show any N20 produceci, and only catalyst C displays selectivity b N20. 
Fuaha, at 300°C, the iqjectim of NO2 produces grrater quantities (>100%) of N (as N@) for 
the first pulse, fbr eoch of the three cataIysts, and the selectivities decrrase graduafiy to about 
20% at the seveatti pulse. However, the quantity of N (as N20) fomd in the effluent is lowa at 
400 than at 300°C. At 40O0C, only NH4pMo-A shows a signiiicant production of 



Fig. 5.1 Q~antity of NO2 detected m the effluent for each puise of NOz introduced on 
catalysts A and B at différent pretreatnient and mctoc temperaaires. M a s  in 
reacûx = 0.075g (40.0~1cs). Pulse size = 17 ml NO2. Helium flow = 15 

*. 



Fig. 5.2 Quantity of N (as Nd detected in the effluent for each pulse of NOz intmduced on 
catalysts A, B and C at düremt pretrram~at and ieactor tenipetatures. Mass in 
reactor = 0.0750 (40.0pmo1es). Puise size = 17 ml NOz. Helium flow = 15 
mlhnin. 



Fig. 5.3 Quantity of N (as N20) detected in the effluent for each pulse of NOz inooduced 
on catalysts A, B and C at diffamt pretreatment and reactor temperattues. Mass 
in rractor = 0.075g (40.0~1es). Puise size = 17 jmml NO2. Helium flow = 15 

Inunin. 



N20 in the first puise, but for the two other cataiysîs the quantitiies in the effluent are d e r  than 
10% N (as &O) for all pulses. 

NO is aLso produceâ ficm the reddon of B Q  on NH,PMo Vig.5.4). For the injedon 
of one pulse of NO2, catdpts A and B, held at lSO°C, pnoduce 10 and 30% of NO, nspectiveiy. 
At 300 and 4ûû°C, aU NBgMo u t a l .  sbow M e  or no &c oxide in the ga9 p h  fa the 
fkst puise. At 150°C, d y s t  A shows an increase m the se l ec t i .  to NO, to a maximum of 
18% at the 3rd puise, d e c k g  to vanishiagiy srnall qmtities at the 7th pulse. Catayst B, held 
at lSO°C, shows a maxmuim pioduction of 3W at the fb t  pulse, dccreaoing rapidly, reachhg 
5% at the 4th pulse and then deCrrasmg slowly. 

At 3ûû°C, thc production of NO rmiaios vanhhingiy small fa ail catalysts until the 4th 
pulse of NOz, at which catalyst C shows an in- to a maximum of 10% at the 8th pulse while 
for the ranaining two catatystP the quane of NO remains vaaishingly smaU for all pulses. 

When NO2 is hjected on NHgMo samples held at 400°C, aU ttuee catalysts show a 

maximum in the quanti@ of NO in the effluent. For catalyst A, a maximum of 48% is found at 

the 3rd pulse, and for B and C their maxima of 24 and 1496% respdvely, are found at the 6th 
puise. 

The reductim of NO2 on NHgMo also proQces d quantities of O2 (Fig.5.5). With 
catalysts A and B held at 300°C, the selectivity to 4 rises slowly âom the f a  pulse to - 

appmximately 2% h m  the 3rd puise. However, catalyst C held at 30û0C, behaves smiilarly to 
ail three catalysts held at 4ûû°C, with vanïshingly smaü seldvities to Oz until the 54th  pulse, at 
which the selectiMtia mcrease sharply to appmxhmtely 1 .H%. 

As is evident h m  the aforementimed results, the conversion of NO2 and the 
selectivities, are dependent on the temperature of the reactor. Figure 5.6 Summanzes the 
selectivities for the nist pulse of NO2 mmâuced in the nectar, as a îunction of the tempemture, 
for aü thm catalysts. The conversion of NO2 (with maximum N2 and minimum N20) is at its 
maximum at 4ûû°C. 

Nitric oxide can a h  be nduced on W P M o  (Fig.5.7). The monitoring of the effluent 

shows that at 3ûû°C, approximately 60% ofN0  is found in the gas phase for the nrst puise on 
catalyst A. The concentration of NO mcreases very slowly for the sutsequent pulses. At 4ûû°C, 
the conversion of NO is veiy différent. Appmxknate1y 100% of NO is removed fiom the gas 

phase in the f k t  pulse of NO, on catalysts A and C, and about 87% with cataiyst B. The 
q~aatity of NO in the effluent rises rapidly to high coacentrations at the 4th puise. With catalyst 

A, appmxhately 100% of NO mj- is detected from the 4th and subsequent pulses. For 
catalyst B. tbe quatltity of NO detected in the gas phase is much lower, appmximately 80% at the 
4th pulse, and then rises slowly. With catalyst C, the quantity of NO rernainiag in the effluent 



Fig. 5.4 Quantity of NO detecteâ in the efIluent for each puise of NO2 introduced on 
catalysa A, B and C at dif'tèrent pretreahnent and reactot temperanues. Mass in 
reactor = 0.075g (40.0poles). Pulse size = 17 ml NO2. Helium flow = 15 

*. 



Fig. 5.5 Quantity of O2 detected in the ernuent fm cach pulse of NO2 inaoduced on 
catalysts A, B and C at dinemt pretreatment and reactor tempelilniffs. M a s  in 
reactor = 0.075s (40.O~les) .  Pulse s k  = 17 -1 NOr HeIium flow = 15 

mwmin. 



Fig. 5.6 Quane of NO3 N (as Nd, N (as N20), and NO detected in the diluent for the 

fkst pulse of NO2 htroduced on catalysts A, B and C at d i n a n t  pretreatmeat 
and reactor tempemhires. Mass m reactor = 0.0751 (40.0pola). Pulse size = 
17 pmol NO2. Helium flow = 15 ndhin. 



Fig. 5.7 Quantity of NO detected iu the etThent for eacb puise of NO intmduced on 
catalysts A, B and C at difkrent pretreament and reactor temperatures. M a s  in 
reacûx = 0.07Sg (40.0pmles). PuIse size = 10 p m l  NO. Helium flow = IS 
mumin. 



inmases shaiply with the numbei. of pulses rez~ching 80% at the 4th pulse and, with fùrther 
injections, increasmg to values near 100%. 

The p ~ c i p a i  product found in the d u e n t  fian the redudon of NO on NHgMo is N2 
(Fig.5.8). As expeded h m  Figure 5.7, the production of N2 gctlerally deQCBSCS with iucrease 
in the number of pulses. Figure 5.8- is almDst a horizontal miiror image of Figure 5.7. When NO 
is  injected at 400°C, the selectivities to N (as &) are hi@, appmximately 200.h N (as Nd, fbr ail 
t h  catalysts. However, when niûic oxide is injecteci oa cptilyst A at 300°C, the selectivity to 
N (as Na cormiponds O appmrrimately 1ûû%. The concenmion ofN (as Na decreeses slowly 
with the puise number. 

Whüe the injection of NOz produces a relatively high selectnnty to NzO, the reaction of 
NO on NHQMo generates much smaIler se1ecti.e~ to this oxide of nitogen (Fig.5.9). With 
cataiyst A exposed to niûic oxide at 300°C, the selectivity to N (as N20) remaius constant at 5% 
for three pulses of NO, which is d e r  than that obtaiaed h m  the injection of NO2 At 400°C, 
the selectivity to N20 varies similady to that fhm the mjection of NO2 on -Mo but the 
quantities are srnalier. The maximum N (as ND) producd is l e s  than 20% of the NO injected. 
For aii catalysts held at 4ûû°C, the selectivities to N20 poduced decrease rapidly fmm th& 
highest values, at the first pulse, to a plateau 

Little or no selectivity to 4 was observeci h m  the injection of NO on the catalysts at 
both 300 and 400°C. 

The conversion of NO as well as the selectivities, are dependent on the temperature of the 

reactor. Figure 5.10 sunmiarizes the selectivities for the nRt puise of NO mooduced in the 
reactor, as a bction of the tempetatue, for aii t h  cataiysts. The conversion of NO (with 
maximum N2 and minimuni N20) is at its maximum at 40o0C. 

Isothermal contiuuous teaction @CR) expaiments of NO2 on 'WPMO, f i  the first 
hou of d o n ,  are presented in Table 5.1. These values are c~crected to take mto 
consideration the fragmentation due to the MS detcctor. The values show that the selectivities to 
'%N and H20 inmase with tempaaturr, passing through maxima at 3ûû°C. 

The selectivity to NO in the effluent decmses as the teniperature of the &on is 
inmasci, and since w labeiied NO is detected this oxide of nitmgen must ofighate solely frwi 
NO2 without any apparent participation of the NH3 ccmGrined within the catalyst. The 
conversion ofNOz to NO is expected to inmase with tanpaotitic, but, as it was seen, the NO 
itselfis reducd at hi* temperatures. The ~~~centmtiion of N20 (as '-0 and NNO) is v a y  
smali et lSO°C, but sigdicant at 30O0C and at 42S°C. 

The analysis of the effluent fiom a Nofie féedstrram passed wntinuously over '%- 
ammonium 12-molybdophosphate, heated at 10°C/min h m  nwnn tempcraaur to 650°C, is 
show in Figure 5.1 1. The d t s  reveal that NO2 is reduced to NI at temperahues as low as 



Fig. 5.8 Quantity of N (as Na detected in the effluent for eacb p u k  of NO iatroduced on 
catalysts A, B and C ai diffaeot pretreatment and maor tempetatures. Mass in 
maMr = 0.075g (40.0pumles). Puise size = 10 p m l  NO. Helium flow = 15 
mLimin. 



Fig. 5.9 Quantity of N (as N20) detcctcd in the effluent for each pulse of NO introduccd 
on catalysb A, B and C at diflTereat pretmtment and mctor temperanires. M a s  
in reactot = 0.075g (40 .0~Ies ) .  Pulse size = IO pu101 NO. Heli" flow = 15 

&min. 



QUANTITY DETECTED IN THE EFFLUENT 
FOR FSRST PULSE OF NO 

( W mole detectedhnole NO iniected) 



INTEGRATED AEtEA FOR TEE ISOTHERMAL CONTINUOUS REACTION 
OF '%MO AND NO, 

ICR 0.075g (39.9pmoles) 'JNHQMo + 4960 ppm NOt 
Masses Molecules %mole detectedimole NO, iniecteda 

15OoC 3OO0C 42SoC 
18 HOH 5.0 9.4 3.5 

44 NNO 0.6 0.3 O. 1 

a % d e  dacacd corrected Total Ion of NOz injected for 60 min intewon time. 



O 100 200 300 400 500 600 
TEMPERATURE OF REACTOR (OC) 

Fig. S. 1 1 Temperature-ptogtammed reactioa of 0.075s (39.9mles) of '?UH4~bfo 
exposcd to a continuous flow of 4960 ppm of NOz. Heating rate4 OOUmin and 
Flow rate=20 &min.+ = Isotope 1 S. 



80°C and up to 5ûû°C, with maxima at 3ûO and 420°C, the latter king higher thaa the hnner. 
H,O, NO, and N20 foxm cmcomitantly with N2 at 420°C. As will be shown later, with TPD 
resuits, the water peaks obsaved at 100 and 430°C resuh âom hydmgen b d e d  and 
associatively d e s a k d  wata molecules, nqedively. AIthough the variation of the relative 
intensity of N20 with temperature is siniilar to that of NI, a ndl pomt exists fm the former 
species between 380 and 410°C. The c ~ c i c e n ~ i o n  of NO, which is higha than apectcd 
because of the fhpentation m the MS dekctor, shows a maximum between 430 aad 530°C. 
This pduction of NO occm at a hi* kmpaatm than that at which the maxima appear for 
H20, N, and N20. However, this maximum m the NO concentration conesponds to a minimum 
in the quantity of NO2 in the gas phase. 

Temperature-prognummd reaction of the iabelled 'hnmoniurn 12-molybdophosphate 
exposed to a contmwus flow of NO also shows the reductim of NO to mainly N2 Vig.5.12). 
Nitrogea molecuies fonned âom the -nia (as N&+> colltained withni the catdyst and the 
NO h m  the ges phase are producecl in relatively small puantities at 100°C, but much pater  
quautities are f o d  betweea 220 and 520°C with a maximum at 360°C. The maximum in the 
formation of N2 is concomitant with the formation of wata and the minimum in the 
concentration of NO in the effluent. However, at tempaatuns lower t h a ~  380°C, no N20 was 

detected in the gas phase. Smail quantities of N20 are fmed between 380 and 530°C with a 
maximum at 430°C. The concentration of NO2 was negiigiile for the whole m g e  of 
temperature except for vanishiagly smali quantities at 10û°C (not shown). 

Tempefatme-pmgmmmed desorption c w e s  for the four salts of NH4PMo as prepared 
are found in Figures 5.13 to 5.16. The fourth salt was prepared hm l?N-ammonim nitrate 
(%H,&o~ and HPMo. Catalyst A show the atpccad TPD profile for an ammonium salt of a 
hetaopoly oxometalate (Fig5.13). Physisorbed (or hyhgen-bonded), water molecules 
containeci at the surfàce and withm the bu& of the salt desorb approximately at 100°C, as weU as 
traces of ammonia. The peak which emerges between 400 and 550°C is due to associatively 
desorbeci wata resulting fiom the extradon of oxygen atoms âom the by at least a 
portion of the protons. The latter peak is accompenied ôy the desorption of d a ,  h m  the 
ammonium cations, and Na apparently produceci fiom the oxidation of NH,. Two maxima ere 
observed fm the desorption of Ni. The tirst maximum, at 440°C, is observed cmcomitantly with 
the desorptim of wata and amnonia, whüc a second peak for N2 can be seen at 600°C. 

Catalyst B, prepared fran ammonium carbonate, shows sigaincant differe~~ces 
(FigJ.14). This sait contains rclatively small numbeis of weaLly bounâ, physisorbed, water 
molecules capable of desorbing at low temperature. hami, two peaks due to ammonia 
desoption h m  the d t  are seen. The main peak for ammonia appears at 280°C, immediately 
foflowed by a fht water peak at 3 10°C. No nitmgen is observed with the first ammonia peak. 



NN* 

TEMPERATURE OF REACTOR eC) 

Fig. 5-12 Tetnperature-ptogmmned radon of 0.075g (39.9prnoles) of '%H4p~o 
exposed to a continuous flow of 4950 ppm of NO. HeatiDg rate=lO°C/min and 
Flow rate=20 mUmin.* = Isotope 15. 
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Fig. 5.13 Temperature-progranuned desorption of 0.075g (40.0cu~)Ies) of NH,PMo-A as 
prepared. Heating rate4 O°C/min and Fiow rates20 mLhh.  
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Fig. 5.14 Temperature-progranuned desorption of 0.07Sg (40.0pmoles) of NH,PMo-B as 
p r q k d .  Heating rate=lO°C/mia and Flow rate=20 mUmm. 
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Fig. 5.15 Temperature-programmed desorptiou of 0.0750 (4O.Opmoles) of NHQMo-C as 
prepared. Heating rate=1 OOUmin and Flow rate=20 mLhb. 



Fig. 5.16 

TEMPERATURE OF REACTOR (OC) 

Tempetanire-programnied desorption of 0.075g (39.9poles) of %H,PMO as 

prepated. Heating rate= 10°Clmin and Fîow rate=20 mUmin. = Isotope 15. 



A second peak for the -nia can be observed at 490°C, concomitantly with a second water 
peak and m e  due to N2. This maximum c~~fesponds, bot& quantitatively and quatitatively, to the 
same type of ammonium found in catalyst A, but the hi& ûmpemûm peak fin the desorption of 
nitmgen., at6O0C, as obsaveû fk catalyst A, is not found COrthis ammonium sait. 

The TPD obscrveâ fot the cstalysi C, which was also p r e p d  fiom a m m m h  -te, 

however unwashed, sbom a siniilar TPD as observed fOr cataJyst A Pig.5.15)). Howeva, the 
impurities (maHily unrroctcd ammunium nitrate) aise desorb fIom the cataiyst at temperatures 

beiow 280°C, as NO, NOa and N@. Very small quantities of rmnnoDia a b  desoh in this 
temperature range. Further, the high temperature aitrogen peak, found at 600°C, is also obsaved 
for this sait. 

The '%-ammonim 12-molybQpho6pbate catalyst also shows the same type of TPD 
ncorded for cataiyst C (FigS.16). The impiirities nmainmg on the cataiyst, as wel  as the 
physisorbed water, desorb at iow temperahirc. This This foilowed by associatively desorbed water, 

concomitantly with amnonia (ah with m u  of 18) and N2. The high temperature (6ûû°C) 
nitmgen peak is also observed fiam the TPD. Further, one labeiled nitmgen fomis part of this 
molecular nitmgen, but this decule  is found at very little c011centration (see relative intensity). 
Similady to catatysts A and C, the peak obsewed at 600°C is the doubly-Iabeiled nitmgen 
('%%) h m  the autooxidatiion of1& (h '%H,+). 

Nitrogen dioxide was introduced into the reactor amtaining '%-ammonium 12- 
molybdophosphate ptetreated and held at three daférent teaiperanires, 150, 300 and 425OC 
(Figs.5.17 to 5.1 9). respcctively. 

The temperature-progranmieci desorptim anaiysis of '%H4p~o, pretreated and exposed 
to NO2 at lSO°C (Fig5.17), shows srnail quatities of water desorbing fiom 200 to 420°C, at 
which temperature a significant desorption peak is observeci. This desorption peak possesses 
two maxima obsexved at 450 and 500°C. The desorption of water, at 200°C, is concomitant with 
the desorption of '%IN and traces of NO and NOz. However, quantitîes of NO, and traces of 
NOb desorb conmmitantly wàh the major peak of water observeci at high temperature. No 
signiticant amount of N20 (or '%NO) was daacted throughout the TPD. 

For a m e n t  and ex- to NO2 at 300°C, signifiant differetlces are observeci 
(Fig.5.18)- The mtensity of the signai can be seen fiom an evaluatim of the signailnoise ratio 
(in) of the m e .  Very small qtmtities of anter were detected with a maximum at 410°C. Nitnc 
oxide was detected in the effluent without a definite maximum. Traces of NOz were obsexved 
desorhg fiom the catalyst at 70°C and above 610°C. No detectabk quantity of '%IN couid be 
observed in the effluent. 



Fig. 5.17 

100 200 300 400 500 600 
TEMPERATURE OF REACTOR (OC) 

Temperature-proptnmed desoption of 0.075g (39.9pmoles) of '%H,PMo 
pretreated and exposed bo flow of 4960ppm NO2 at lSO°C. Heating 
nitetlO°C/rnin and NO,, He Fiow tate=20 mUmM. = hotape 15. 
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Temperature-progtammed desofptim of 0.07Sg (39.9poles) of 'M,PMO 
pretreated and exposed to flow of 4960ppm NO2 at 3ûû°C. Heating 
nite=l O°C/min and NOz, He Fiow rate=20 mLlinia. = Isotope 15. 



Fig. 5.19 

100 200 300 400 500 600 
TEMPERAfURE OF REACTOR eC) 

Temperature-programmeci desorption of 0.075g (39.9pmoles) of 'SNH4p~0 
pretreated and ex@ to flow of 4960ppm NO, at 42S°C. Heating 

. rate'lO°C/mLi and NOz, He Flow rate=20 mUmia = Isotope 15. 



When the labeiled catalyst was pretreated and ex& to NO2 at 42S°C (FigS.19, very 
d quantities of wata muid be obsaved desabhg fbm the solid The du is lower than that 
of Figure 5.18. The sait appears to k d e w n p d  d k  eirposinc to NO2 at this high 
temperature, as obsaved using inûared (see later). 

The sudàce areas of Prmiwiimi 12-molybdophospbate B (FigS.20), p ü e a t d  at 25, 
300 and 4ûû°C, arc 4.68 and 170 m2/g, mpedveiy. Such d i f f ~ ~ ~ l c e s  may be aîtriiuted to the 
loss of water at 25&350°C (see Fig.5.14). Afkr aposurr to NO2 at 300 and 400°C, the siirface 
areas d e m e a d  to 27 and 5 m21g, nspectiveiy. The rieduction o f N 0  on =PM0 at 40O0C a h  
mults in the diminution of the mfàce area to 10 m2/g 

lafnaed spcctra of -Mo, with and without exposurr to NOx, provide usenil ancillary 
information on the nature of the mteracnoo11 between NChc and the rntalysts. Nomiolized (with 
P-û stretchhg at 1063.3 cm-? mn.arrd spectra show thot heat pmmament in helicmi does not 
c b g e  the spectroscopie f e a t i  of NH4PMo of type A. In Figure 521, the band for 
ammonium seen at 1407.8 aï' (fm syamieaical H-N sûetching), a b  prrtraitment at 2S°C, 
SW to 14093 and 1413.6 cm-' a f k  pmtmtmat at 3ûû°C and 4W°C, respeaively, although 
the mtensity reniaineci unchangeci, The rcmaining ban& were insïgnifïcantly influenced by the 
themial plztceatment. 

The mjection of NO2 on NH4PMo-A at 3M°C results in the elimmation of the - 
ammonium band at 1409.3 cm-' (Fig.522), and the band for P-O -hg at 1063.3 cm" 
shitted to 1064.5 cm". nie Mo-Ot stretching (temina& oxygen) at 965.8 cm-' shiffed to 962.9 
a", and is of the same inteasity as the reference e t e d  at 3ûû°C. No signincant shifk cm 
be seen in the symmettic and antisymmetnc Mdi-Mo vibratons found at 866 cm-' and 798 
cm", nspectively, but only a small decrrasc m intensity. 

When NO is the sahiratmg gis, the M* band shhâ  to 964.9 cm'' and is siightly more 
inteiise then when NO2 is used FuRber, the ammonium band is duced by appmxmuitely 24 % 

(relative to the reference). 
As with the pamt acid, HPMo, no band was observeû in the 1800-4000 cm-' region 

which would be atpectfd for NO& The band due O H30+ (obsaved at 1600 cm-') is, 
apparendy, not &ecfed by the pretnatment teniperature ot the a p u r e  to Nûx. 

Similar msu1ts were found for NH,PMo expoecd to NCbc witb injection at 4ûû°C, but 
with some differiences. At this mqaame (Fig.5.23), the ammonium band vanishes with NO1 
but remaius intact with NO. A f k  injection of NO at 4ûû°C, the Mo-Ot band at shifteâ to 
981.3 cm'' and m d  in intensity. As before? the two Mo-O-Mo vihtions, as weii as the 

other bands, are not significantiy shiAed. Howcva. the intensity of absorbame h m  the Keggin 
Units is affecfed by the reductionof N a  at 4ûû°C. With the exposwe to NO or NOz, the 



Fig. 5.20 Surface area of catalyst B under dinerent treatment temperatuns and gases. Each 
sample was pretreated at the respective tempe- prior to saturation with 
appropriate gas at the same temperatm. 



Fig . 5  2 1 Nomalizeâ mfrarrd spccaa of catalyst A after different pretreatmeot 
temperanires. 
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Fig. 5.22 Normalhed uifiarrd spectra of catalyst A after pretreatment and saturation with 
NO2 and NO at 300°C. 
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Fig. 5.23 Nomialized M a m i  spectni of catdyst A aAa pretfeatment and saturation wth 
NO2 and NO at 400°C. 



intensity increased significaatly for both symmetric and antisymmetnc Mo-O-Mo vi'brations, 

relative to the rrfamce simple pipaated at 4ûû°C m helium. 
The vi'btatid spcctra for catalysîs of type B (Fïgs.5.24 and 5.25) and C (Figs-526 and 

527), pretmted and tmted, were meamrd The satne specaosc~pic featiaes (as those fond 
for catalyst A) w a e  observecl fm these two catalysts b e h  and a f k  treatment wah NOx at 300 
and 4ûû°C. For both NHPMo-B and C, it can be scen, aOm th& rrspeaive specûa, that the 
Keggh stmcture Binarrd signature is grroily affécted a f k  aposiirr to NO2 a 400°C. 
Nevertheles, aposiin of catalyst B and C to NO has the sarne efféct as that on catalyst A- 

These changes in the structure of the salts can also be seen fiom X-ray dünacton 
patterns (Fig.5.28). The Xiay difaaaon pattern of NagMo-A, s pnpand, shows many 
dïfhction lines Vig538A). It is as0 &dent that the stmdure of NH,PMo prepared with the 
ammonium carbonate @) leads to a salt having a slightly Mirent structure @ig328B), 
although, this difference is not evident m the mtiaRd specaa When the s a h  A is exposed to 

NO2 at 4ûû°C, it is obvious from the ditnaaion paneni @?ig.5.28C) that the structure has been 
a l t d  Most of the original lines of the unexposed sait disappeaRd upon saturation with NOz. 
However, with the injection of NO at 400°C, the intensities of mast lines decreased without any 
substantiai changes in the structure. 

The history of the protons of ~ P M o I A  can be seen with 'H MAS NMR (Fig-529). 
The spectrum for the preûeated salt shows a single peak of high mtensity at 5.7 pprn for the 
protons of thc NH,,+ cations Fig.5.29A). This result shows that aU protom an equivalent in 
ammonium 12-molybdophosphate. AAa saturation with NO2 at 3 W°C (Fig.5.29B), the peak at 
5.7 pprn s W  to 5.5 pprn and decreared in intensity. Further, a new band at 8.4 pprn is clearly 
visible and can be assigned to the protons of the parcnt aciâ, HPMo. However, when atposed to 
NO at the same temperature, this new band is not visi'ble. The intensity of the amtnoniwn band, 
at 6.2 ppm, has also decrrased (Fig.5-29C). The same rrmarks apply to the exposurc of the sait 
to NO at 4ûû°C (Fig.529D). The ammonium protons are now fomd at 6.4 ppm. The absence 
of shif?s assignable to protons provides evidence for the co~lsunption of these when NO is 
injected on the salt eitber at 30°C ar 40û°C. In wntrast, NO2 injecteâ at 3ûû°C, reacts with the 
ammonia whik the protons are 6 e d  to fom the parent acid. 



Fig. 5.24 Nomalized iiinarrd spectra of catalyst B a f k  pretreaûnent and saturation witb 
NO, and NO at 3ûû°C. 



Fig. 5.25 Nomalized innarrd spectra of catalyst B a b  pretmatnient and samation with 
NO, and NO at 400°C. 



Fig. 5.26 N o m l ~ e d  innared spectra of catalyst C aAer pretreatment and saturation with 
NO2 and NO at 300°C. 



Fig. 527 Nodized innand spectm of cataiyst C a f k  pretreatment and saturation witô 
NO2 and NO at 400°C. 
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Fig. 5 28 X-ray difFiaction patterns of (A) NH,PMo-A as p r e p d ,  (B) NH,PMo-B as 
prepared., (C) NH4PMo-A pretmteû at 4ûû°C and then satunted with NO2 at 

40°C; @) NH4PMo-A pretreated at 400°C and then saturateci with NO at 

400°C. 



Ag. 5.29 'H MAS NMR of (A) NHSMo-A pretreated in hetim ot 300°C; (B) WPMo-A 
pretreated at 300°C and then saturad with NO2 at 3ûû°C; (C) NH4PMo-A 
pretreated at 300°C and then saturated with NO at 300°C; @) NH4PMo-A 
pretreated at 400°C and then saturateci with NO at 400°C. 



B. Discussicm 
Redwtion of NO2 
The present mults are @tatively and quantitatively siaiilrt to those found with 

ammonium 12-ûm&StOPhosphate fbr the dudon of NO2. The 1- of NO2 and the hmaticm of 
N, at 3ûû°C evidently resuits aOm the dirra d o n  of N@ and NE3 (as NH,? in the structure 
of ammonium 12-molyabpb06phate. Mostchemical r eachs  fomd in Chapter N cm apply to 
the preseat catalyst. The reduction 0fN02 is believed m M o w  Equabton S. 1. 

(Eq. 5.1) 

The loss of is d k t l y  reW to the &on with ammonia Very üale contribution 
to the CoIlsumptiou of NO, can be a s c r i i  to the association of NO2 with the protons of the 
resulting aciâ, a f k  depletion of the ammonia molecules, as widi the NIcpW salts- This is 
consistent with the observation that 12-moIybdophosphoric acid has a considaably d e r  
capacity for the retenticm of NO2 than that observed with HPW because of the diffenmce in 
acidic strength (Chapter III). 

Increasmg the of the Ractor also increases the efficiency of the reaction. 
The quatltity of NO2 removed fiom the gas phase is higher at 40°C than at 3ûû°C, and the - 
seledvity to N2 is a h  higher at the fornia tempaaturr. Howeva, at 3ûû°C, N20 is formed in 
the reduction process, possiibly âom the dccOmpOmticm of ammonium nitrate c4mpla which 
may have forniecl h m  the reaction of arcess NO2 and water, the iatter tinn the duction 
procesS. 

The reacfiou in which NE&+ is diFectly oxidiad by nitnc =id, 

may aiso by occiirring (Ref3.l). 
Apparmtly, under the present conditions, iittle or no N20 can be f o d  fiom the direct 

pas phase reaction between NO2 and NH,. The duction of the selectivity to N D  at 4o0°C may 
be reiateâ to the relative instability of HN03 at the higher tempaahtrr. 



Major struchrral changes are found wahm the salt when the d o n  is perfonned at high 
temperature. The qectmmpic and the surfkce ana results, c l d y  show that the KeggiD ULUts 
are strongiy affécted by the mhtion of NO2 et 4ûû°C. Howeva, the infked spectni reveaied 
that when the recluction is paf0111led at 3ûû°C, the stnrtiirc of the is relatively 
unpeaurbed snd the salt can k regenerated by wet or gaseous processes as with =W. At 

3ûû°C, the parent a d ,  HPMo, can be regenerated to f~rm aaananium 12-wlybd~phosphate by 
addition of gaseous ammonia 

The source of the catkms used in the -cm and the pur@ of the cataiyst a&ct the 
selectivity to N* At low temperature (150°c) tbis differe~~ce is sobstantial. The catalyst 

prepared fiorn d u m  nitrate (catnlyst A) gives a higher yield than with tbat prcpand h m  
ammonium carbonate (catalyst B). Little or no difference in the Nt selectivity cm be seen at 
3OO0C. 

The effect of the p r e p d 0 1 1  can be seen in the formation of the by-products when NO2 
is injected at 4ûû°C. The washed catalyst (prepared with ammonium nitrate), held at 40O0C, 
shows the highest selectivity to Nfl This catalyst also shows the gnatest o v d  selectivity to 
NO, for the same reactim temperati~e. 

ûtha qectmmpic d t s  clearly reveai that the stnicture of the auion of ~ I H I I K ) ~ ~ ~  12- 
molybdophospbate, ptepared h m  the amtnnnium carbonate, is partiaily decomposed, although 
the selectivity to N2 is not altend The fbct that the afiimtioned catalyst undegoes structural 

changes could, however, affect the yield afta the regeneratioa pmess. It is aiso lmown that 12- 
molybâophosphoric acid is th-y and chernicaüy less stable than 12dmgstophosphoric acid 
(see TPD results). The acid cotltaining molybdenum decomposes at a Iowa temperature than 
that conthhg tungsten. h w g  the high tcmpaatiirr d o n s ,  the temiiiial oxygen atoms are 
apparmtly exaacted by the protons. For HPMo this happeos at a Iowa temperature, showing 
that the taminal orrygen atons are more labile than those coatained in HPW Qef.5.4). 

Reduclion of NO 
It was fbt obsaveâ h the reâuction of NO2, that the selectivity to NO was changbg 

as the conversion of NO2 was mcreasing. in saae cases no niûic oxide couid be fouiid in the 
effluent NO was found to be âirectîy reduced by ammonium 12-molybdophosphate wah a 
selectivity to N2 which in- with taapaahue. However, thc Keggin anious were 
süucnirauy a f f 4  by the reduction of NO and, as san âom 'H MAS NMR, the protons were 
consumed in the pmccrs. 

Under the present concütiotls, it is obsenred d t  gas phase d o n  between ammoaia 
and nitric oxide, without the addition of 4 does not yield N2. However, the stoichiometry of 
the reaction appeam to follow the reaction for the reduction of NOa as written above. The first 



pulse of NO shows appmximately 100% rlectivity to Np Further, the teSul& fimm NO on the 
labeiled ammonium salt suggest that the second coma âom the catalyst ('SNN), as well 

as m the f d m  of '-0. 
I n f i  muifs show that af€er nposinc to NO, the inteasities of the bands wae ad. 

That observation suggests that NO may be MitiaUy oxidized to NOq which is then subjected to 
the teductim by NB, (Eq.5.l)- 

NO + MO=+@ + H+No2 + Mo, 
H+NO~ + NOz + @ 

The reactioa is f à v d  by bigher temperatrires at which the temimal oxygen atoms are 
more labile. The 'H MAS NMR data suggest that the probns an king conmmed. 

1 .  d t s  do not show a signifiant reduction of the band for the ammonium ion. 
However, 'H MAS NMR shows a âiminution of intensity of the peak for the ammonium pmtom. 
Apparently, the band at 1063.3 cm" is not pmly h n  the P-0 stretcbing vi'bration, but may be 
contaminateci with the contniution of same otha viacatonai modes, as seen h m  a shift in the 
baseline, this in tum may enhance the band. A mechanism excluding the use of the 
ammonium cation for the reâuctim of NO is, a diis point, imclear. 

The source of the cation and the purity of the sait affect the nduction process. The 
d e f m  induced fimm the preparation of N'H,PMo-B, using ammonium carbonate, are responsible 
for the lesser selectivity to Nt as weli as the lessa labüity of the protruding oxygen atorns. The 
ÜnpUnties in Nf4PMo-C are apparentiy ~esponsiile for the d e r  selectivity to NzO. 



C. Conclusi~~l~ 
The prsmt resuits show diM both NO and NO2 can k removed successfdiy with 

amff~nium 12-molybQopho~phate. At low tcmpaatiirr (lSO°C), the duction of NO is 
insignificant. Higher temperatures are aeeded fw the total xeducticm of both NO and NO2. As 
the teqmtme is i n d  the selecîivhy to N2 in- d e  the quantity of NzO in the 
efnuent passes through two matirna, b m  200-3S0°C and at 450°C. The purity, as weii as the 
souce of the cation, has an effect on the d t s .  

At 300°C, the selectivity b Nz is lowa than desid, ahhough the salt can be regenerateâ, 
in contmst to the obBavati00~ at 4W°C at which structural &grdation occurs. 

While it is clear that NHgMo is capable of reducing NO and NO, the detailed 
mechanism by which the hetaopoly anion participates m the process is not yet known. 
However, the influence of the composition of the anion on the protonic acidic strength appeas to 
play an important d e  in the pioces. 
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~RPTION AND REACTION OF NO AM) NO2 
QN SALT'S OF GRUUP U AND THALLNM SALT 

A. R d t s  
Temperatureprogrammed d o n  apamieats were d e d  out with NO2 on différent 

salts of HPW, and the d t s  are compared with those fot the parent acid, HPW. 
The ~ p r o g n n m i e d  reacti*ou of NO2 and KPW (Fig.6.1) shows the scnptian of 

NO2 at 2ûû°C, coacomitant with the daorption of mbstantiai -tities of water. The 
desorption of NO2 i9 o b e d  at 240 and 530°C. The f m e r  NO2 desarption peak results h m  
the fomatim and desolptiou of HN03, the latter reSuIting n.Om NO2 chemisorbed within the 
bdk of the aciâ Protons and anionic oxygen aûms are associativety desorbeci as wata at 

450°C. The concentration of 4 m the desorbate begins to increase at tcmpaatims higher than 
500°C. This production of oxygen is concomitant with the increase and decrease of gas phase 
NO and NOz. rrspectively. Little or no N, or N20 wne proâuced âom the interactions between 

NO, and the acid (HPW). 
Fi- 62 to 6.7 are the TPR of NO2 and the salts of HPW, protons of which were 

replaced by elements h m  grwp IA (Li, Na, K. Rb, Cs), and thallium (Ti), respectively. 
The f h t  two salts, LiPW (Fig.6.2) and NaPW-@?ig.6.3), show fanires which are smiilar 

to each other, but distinctiy différeat fhm those obtained with HPW. As the temperatraP of the 
reactor is mcrra9ed, the desorption of wata can be obsaved with a maximum at 150°C. 
Quantities of NO and NO2 m the gas phase nmaia relatively constant up to approximateIy 
5ûû°C. Molecular oxygen is produceci at teaiperatures higher than 550°C f a  LiPW, and Sûû°C 
for NaPW with small inmeases and demases in NO and NOs, respcctiveiy. Little or no N2 and 
N20 were found m the effluent, 

The nmaining four salîs, KPW (Fig.6.4), RbPW (Fig.6.5), CsPW (Fig.6.6), and TlPW 
(Fig.6.7), show simiiar charsaeristcs in their rrspective NOr= The physisorbed water 
molecules desorb with a maximum appeeiing at 90-lûû°C foliowed by the f;omiation and 
desorption of HN03 (seen as NO2 becaw ofthe fragmentation) at 1 10°C. The proâuctiion of O2 
increases at tempaimnes higher than Sûû°C coacomitant with the changes in NO and NO2 
concentrations as obsewed with tbe previous samples. No N2 and N20 were obsaved desotbing 
h m  the catalysts. 

TPR expaimmts were also camed out with NO over the afmentioned salts, as weU as 
with theù parent acid, HPW. 
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Fig.6.1 Tenrpetaûue-programmeci reaction of 0.075g (26.0pmoles) of HPW exposed to a 
continuous flow of 4960 ppm of NOp Heating rate= 1 OOUmin and Fiow rate=20 
I.numin. 
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Teinperature-pmgranimed reactim of O.OXg (25.9p1noIes) of LiPW exposeci to a 

conthuous flow of 4960 ppm of NO2. Heating rate=lOOUmin and Flow rate=20 

Wmin. 



TEMPERATURE OF REACTOR (OC) 

Fig.6.3 Temperature-programmeci reaction of 0.075g (2S.5ples) of NaPW exposed to 
a continuous flow of 4960 ppm of NOp Heating rate=lO°C/min and Flow 
rate=20 *. 
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Temperature-pmgrammed reaction of 0.0758 ( 2 5 . 0 ~ l e s )  of KPW ex@ to a 

continuous flow of 4960 ppm of NO2 Heating rate4 O°C/mh and Fîow rates20 

nulmin. 
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Temperature-programmed reaction of O.O7Sg (23.9ples)  of RbPW ntposed to 

a continuous flow of 4960 ppm of NO2. HeabiOg rate=lOOUrnin and Flow 

rate=20 mUmm. 
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Temperature-progtammed reactim of O.O7Sg (22.9pmoles) of CsPW exposed to 

a continuous flow of 4960 ppm of NOz. Heating rate=lO°C/min and Flow 
rate=20 &min. 
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Fig.6.7 Temperature-programmed reaction of 0.075g (2 1.6pmoles) of TLPW exposed to a 
continuous flow of 4960 ppm of NO2. Heating nrte=lO°C/aWi and Flow rate=2O 
mumin. 



TPR of NO over 12-tungstopho6ph0ric acid (Fig.6.8) shows the characteristic desorptioa 
of water with maxima at 240 and 470°C. for the weakly bound and associatively desorbed wata, 

rrspcetively. A d quantiity of NO2 desorb at 5 10°C. Little a no N2 or N20 were producd 
Oxygen remaineci at negligi'ble leveIs thn,ughout the NO-TPR expiment 

The TPR d t s  fa LiPW and NaPW are shown in Figures 6 9  and 6.10, nspcctively. 
Bot& TPR show a large but single wata pedc with a maximum at about 200°C. S d  quantities 
of NO2 are hmd m the effiuent at two diffamt teniperatures. F a  LiPW, the maxima f i  the 
NO, peaks aze fwnd at 230 and 580°C, but at 125 and 510°C with NaPW. MrÜtesimai 
quantities of N2 and N20 were detected m the eitluent of the reactor and 4 remained at 
negligible leveis. 

The NO-TPR of KPW (Fig.6. 11) shows signifcant si ces fiom the former catalysts* 
The weakiy bound water is desorbmg wiîh a namw pealc at 110-140°C dong with small 
quantities of NOz. As with the other cataiysts exposeci to NO, no 4 was obseived exiting the 

- Ractor. 
Mami spectra of HPW and the grwp IA derivatives pnaated in helium at 3W°C are 

presented m Figure 6.12. The inâarrd spectrurn of immioaium 12-tungstophosphate is also 
included m this figue for comparative purposes. These specm were noxmalized with the P-0 
siretchhg band at 10633 cm-'. 

Ail specîra display the series of five or six bands between 600 and 1200 cm-' which are 
charocteristic of the KegBin structure and the band for H30+ ai 1625 cm-'. The spectrum of 
NHPW shows an exim band at 141 0 cm-' chatacteristic of the ammonium cation. 

Substantial differe~~ces exist fiom 950 to 1050 me' @ig.6.13), the region in which the 
band for the W-Ot stretch is found, the maximum for which is found at 983 d' for HPW as 
weU as for LiPW and NaPW. The relative infked absorbnces are si* for afi the examined 
salts, with the exception of NH,PW, the band of which has s h M  to higher wavenimibers and 
whose relative innarrd absorbances have incrrased. For N&PW, the maximum is found at the 
sarne wavenumber as with HPW, but the inaarcd absorbace of the shoulder at 995 cm-' has 
i n d  as obsened with KPW, RbPW, and CsPW. 

ARer ex- of esch of the afbrementkmed salts, held at 300°C, to 85 pnoles of NO2, 
the infiared spectra display the same features as found in the absence of NOs (Fig.6.14). As 
noted in *ter IV, the ammonium band at 1410 cm" bom the NH$W spectnmi is reduced in 
intensity aRa reaction. No i n h e d  absorption band due to NO2 (as m O # ' )  was observed in 
the region between 1800 and 4000 cm-' with any of the salts. 
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Fig.6.8 Temperature-programmed reaction of 0.075g ( 2 6 . 0 ~ I e s )  of HPW exposed to a 
continu ou^ flow of 4950 ppm of NO. Heathg rate=1O0Chnin and Flow rate=20 
mUmin. 



TEMPERATURE OF REACTOR (OC) 

Fig.6.9 Temperature-programmed d o n  of 0.075g (25.9~~1~)Ies) of LiPW exposed to a 

continuous flow of 4950 ppm of NO. Heating rate=1O0Umin and Fiow ratez20 

mumia. 
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Fig.6.1 O Tefnpetature-pmgrammed reaction of 0.07Sg (25.5poles) of NaPW aposed to 
a continuous flow of 4950 ppm of NO. Heating rate= 1 O0C/min and Flow rate=20 
mumin. 
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Fig.6. I 1 Temp~rahire-pmgrarnmed reaction of 0.07Sg (25.0~1es)  of KPW exposed to a 
continuous flow of 4950 ppm of NO. Heating rate=1O0C/min and Fiow ratez20 
*. 



Fig.6.12 Nomialized infiPnd specûa of HPW and denvatives a k  pretreak-t in beliurn 
flow (ZûmUxnin) at 3ûû°C. 
4ûû-18OO cm-' spectraî region. 



Nomialized iafiarrd spectra of HPW and derivatives afta pretreatrnent in heiiwn 
flow (20mUmm)at 3ûû°C. 
950-1050 mi' spectral region. 
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Fig.6.14 Nomüzed infrarrd spectra of HPW and daivatives afkr pretreatment in helium 
flow (2OmUmia)and expure to 85 p l e s  NO2 at 300°C. 
400-1 800 cm-' spectral region. 



An examhiion of the W-ût bands, obtained with the salts between 950 and 1050 cm-' 

pig.6.15), shows that the band o b e d  at 98 1 cm", with HPW, shïfted to a lower wavenumber 
than observeci m the absence of NOz, and the ~ w e  in* of the bands appears to have 
mcreased particulars, for KPW, RbPW, CsPW, and NEIQW* 

B. 
As secn in Chapter IiI, HPW exposed to NO2 pmcbes ody vanisbingly d q ~ ~ i l l t i t i ~  

of N2 and relatively large qymtities of UMC acid k u g h  the midion of NO2 and the water 
molecules contained inside the buü of the acid Afta depletion of the water, NO2 is imvasibly 
sorbeci bto the sbucture, appmtiy ossociated with the pmûms. 

The results oôtained on the saits of HPW p v i &  supportmg evidence for the d e  of the 
protons in the sorpticm of NO2. F\irther, it was observed fiom the TPR d t s  that HN03, 
apparently produced fbm the d o n  of NOz and wata, desorbs at approxMiate1y 1 ûû°C h m  

KPW, RbPW, CsPW, and TIPW. Apparendy, NO2 did not diffiise hto LiPW and NaPW. 
Further, no strcmgly held NO2 molecules were seen desorbing at hi@ temperature f a  =y of 

these salts. 

Relatively smali losses of NO bm the gas phase and vanishhgly small evolutio~ls of N2 
and NO2 were found on exposurr of HPW, L W ,  NaPW, and KPW to NO. 

The absence of bands in the mfiand spedmn *ch cm be amibuted to m02]+ 
provide M e r  suppoit fa  the contention that protons are required for the irreversible sorption 
and pmtonatim of NO, 

The disparafe behavior of LiPW and NaPW in cornparison with tbat of KPW. RbPW, 
CsPW, and TLPW is tmtatively attributcd to the diffetetlces m miccopor~sity and sinfiice area, 

with the iithium and sodium salts havmg no miccopo~~us stmchae and low surfàce areas, while 
the remaining saits have both micraporous is and signifîcantly high surfâce arws (see 

Refi.6.1 to 6.4 for rnimpo~ and surfsce area m w t s ) .  
The presence of the micropares may a h  fiditate entry of the mtter m o l d e s  mto the 

buik structure of the solid. Although NO is capable of entering the pore stmcture of the salts, 
there is little or no evidcnce of its d o n  with wata. The present obmatiom suggest, 
however, that NO may either exûact oxygen atoms fiom the anion or be oxidized by its 
decomposition product, although the fo~mation of NO2 and 4 is iasisnificant. 

The relative of the mâarrd bands, particuhdy that h m  W-Ot at 982 cm-', 
seems, aatatively, ty, ôe bereletcd to the dcropoFosity of the saîts. For HPW, LiPW and NaPW, 
which are non-porous matent& the relative intensities of the W-Ot sintch are d a  than the 
intensities observed for KPW, RbPW, CsPW, and m P W ,  whicb are parous mataiais. 
Moreover, for the porous catalysts, the position of  the band has shiffad to higher wavenurnbers, 



no mi al^ ùinarrd spectra of HPW and derivatives a b  pretreahnent in hclium 
flow (2ûmUmin)aiid e x p u r e  to 85 pnoles NO2 at 3ûû°C. 
950-1 050 cm-' spectral region. 



and since the lattice distance between the Keggin uDitr is brga in the prous than in the non- 

prous salts, v i i m  of the temimal oxygcn arump may be fàcilitated. 
The hmation of oxygen at high teaiperature (> 5W°C), as obsnved h m  the TPR of 

NO2 on the dtq could nsult &cm the reductive dCCOmPOSitjon of NO2 as m Equaticm 6.1. 

Although thc participation of the d y s t  in this p e s s  cannot be unambiguously 
estabüshed, it shouid be noted thaf at the afofemeatioued temperature, M e  or no evidence for 
the formation of O2 fiDm NO2 was f i , d  in the absence of the EJItalysts. 

C. C o n ~ l u s i ~  
NOz intetac~s with the wata on and in the micraparaus saits of HPW to produce HNO, 

which dao* into the effluent sirtam at ~npaaaucs of appmxiniately lûû°C. 
Little or no evidence was fond for the irrevmïle mpticm of NO2 subsequent to the 

elimlliation of waîer h m  the saits. This suggests, as expecteâ h m  the studies of the parent 
aciâ, HPW, that protons are required for the sorpti0on of NOz. Further, the  NO^+ idkami band, 
obsmed with HPW aRer expormre to NO% was not seen with the salts which had pviously 
been exposed to NOz. 

Although no f~~mation of N2 or N20 was obseryed with the 46, at temperatures higher 
than 550°C. oxygen was observeci, suggesting that partial ductioa of NOz OCCUIS. 
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CEIAPTER VI1 

SORPnoN AND REACTION OF NO AND NO2 
ON SUPPORTED HPW/Si02, 

BEFORE AND AFIER EXPOSURE TO GASEOUS AMMONIA 

A. ReSulR 
HP WISi02 
On exposure of HPW q p r t d  an süica to pulses of NOs, at 150 and 3ûû°C, the 

predominailt produc& are N2 and NO with small quantities of 4 and &O also evident m the 
reactor effluent pigs.7.1 A, 7.18, and Table 7.1). As eqected hm the reSuIts found with pure 
HPW, a portion of the NO2 lost âorn the gas phase is SOM on the solid vable  7.2). whüe the 
remainder is cunverted to the aforementioned pioducts (Figs.7.lA and 7.1B). It is to k noted 
that m HNO, is detected. 

Not surprismgîy, the d t s  are dependent on the loding of HPW on the support. At 

either temperature, the quaotty of N2 pduced is highest at the lowest loading and derreases as 
the loading mcreases (Figs.7.1A and 7.1B). However, the poduction of nitric oxide is sûongly 
dependent on the temperature of the mutor. At 150°C, NO reaches a maximum at 23.1% 
loading, while at 3ûû°C the quantity pmduced is highest at a loading of 16.7% and demases 
with fiirther hcreases in the loading. NO2 is removed nwi the gas phase through sorptioa on 
HPW, as well as collvetsion to N2 and NO, with traces of O2 and N20. At 150°C, the 
co~lsumption of NOz mcreares to a maximimi at 23.1% loading, wMe that at 3ûû°C, although 
lowa, is essentiaily independent of losding. 

As notecl, a @cm of the NO2 maoved tht p phase is sarbed by the solid. Since 
the sorbeci NO2 may not arist as such, the quant@ held on the catalyst is expfessed as the 
amount of nitmgen (N) (in whatever form) umtained therein (Table 72). For the pure acid and 
each of the loadings, the quanti@ of nitmgen (N) 6 e d  on the solid is higher at 150°C than at 
300°C. At 150°C, the rrtaineâ amount increases with Ioading, rcschmg a value of 
appmxbately 2.5 moles of niûogen (N) per mole of the anion fot a loaûing of 75%, while at 

300°C, the maximum is 0 5  mole of nitrogen (N) per mole of the anion at a l&g of 16.7%. 
The msuîts of temperature-progranmieci deso@m experiments on the supported 

catalym @ig.7.2), as show a low rmipaabue peak at 2OO0C which inmases in 
intensity and shifts to a higher tempemaire as the 1&g inciesses, as  weiî as a srnalier peak at 
SSO°C. A f k  exposurr to NO, at 1 SO°C (Fig.7.3), a peak is evident at 1 50°C, whose intensity 
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Fig. 7.lB Luading of HPW on SiOz on the pmduaioa of Na NO and the NO2 1- at 
300°C. Single pulse experiments (17 pmles NO3 on 30 mg of supported 
catalyst for each loading. Each catalyst was pretreated in helium at the respective 

reaction temperature pnor to the injection of NOz. 
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TABLE 7.1 

INJECTION OF NO2 ON S i 4  

a Prétreament and reactot rempcniaire fm a reactor loadeâ with 30 mg of Sioz. 
b Results for the injection of 1 pulse of NO2 (17pmles). The d t s  are presented in 

YamoIe per mole NO2 injected. 



TABLE 7.2 

hadingb 

(weight %) 

0.0 

16.7 
(0.OOSoog) 

23.1 
(0.00692g) 

50.0 
(0.0 1 SOg) 

75.0 
(0.022Sg) 

TOTAL NI'IROGEN SORBED ON RPW/SiO~ 

a Total nitmgen species sorbeci on cataiyst after e q o s m  b 4 p h  of NO, (17 

c u n o I ~ p ~ ) .  
b %(w/w) lloadmg of HPW over SiOs. Reactor was pmked with 30 mg of supportexi 

catalyst. 0 = mass of HPW in Ractor ( I d e  HPW=2880.77g). 
c Retreatnient aiid nactioa temperature. 

Expressed as nitmgen atoms. e Expmsd as aitrogen atoms per Keggin Unit. 
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Fig. 7.2 Temperature-prognmmed desorptioo of A) 9. 1%E8W/Si02, B) 
16.7%HPW/Si02 and C) 23. l%HPW/SiOZ as p q d .  Helium flow rate, 45.0 

mUmin; temperature rate, 60°Umin; mass of solid in reactor, 0.030 g. 



TEMPERATURE ( O C )  

Fig. 7.3 Temperatwe-prognimnied desorption of A) 9.1 YoHPW/Si02, B) 
16.7%HîW/Si02 and C) 23. 1%HPW/Si02 pretreated in heüum and saturatecl 
with NO2 at lSO°C. Heiim flow rate,45.0 m b i a ;  temperature rate, 60°Clmin; 
mass of sdid in reactor, 0.030 g. 



agah maeeses with bcremenis in the loading. Vestiges of the aforementioned peak at 2ûû°C 
are also evident, along with that at SSO°C. 

HP WBiOZ PRE-EPOSED TO NH, 
On expos\irr of HPW/Si02, m helium and held at îhe desited temperatme, to 

gaseous NH3 foUowd by e v d m  with belium aad tmany nposurr to a pulse of NO2, the 
principal prioducts at lSO°C are now N2 and NO @ig.7.4), widi botb experienciag darrosa as 
the loadhg hcre8~es. A xnaximum m the ratio is o b e d  at 23.1% l&g. At 300°C, 
the quantities of these pmducts are si@cantly lower, and NzO is observecl with dcatasa  with 
the loaâing, agab evident for dl products (Fig.75). Although the emuent does not amtain any 
NO at loadings higha han  75%, a h u m  can k seen between 35 and 40% loadiiig. 

Aliquots of NH3 were mjected on a 23.1% Ioading to ver@ the saturation Ievel (Table 
7.3). The quantity of N, produced a b  the injection of NO2 did not show any ûend. However, 
the selectivity to NO increased with the NH3 saturation level. 

Introduction of consecutive puises of NO2 over a 23. 1%HPW/Si02, p-ously atm 

to Mi,, produced the expected decrrases in the sekdmty to ND at both 150 and 3ûû°C (J5gs.7.6 
and 7.7, respctively). Unexpectedly, at boboth tearperahnes, the selectivity to NO inmeases a f k  
the first pulse, passes through a maximum at the second pulse, and then dmeases. The 
seledvity to N20 is vslliishingly mail at lSO°C, but signifiant for the first pulse at 3ûû°C. 

The cumulative quantities of NB m d  after 5 pulses of NO, for several loadings of 
catalyst pre-exposed to N I 3  folowed by NO2 at 150°C, conespond to appmximate1y 10 
moldaniou (Fig.7.8). With i n m i a g  loaâing, this decre~ses to appmximately 1 mole/anion for 
a Ioadmg of 75%. In contrast, at 300°C, the aforrentioned quantity varies relatively Little with 
loading, raoging h m  3, at the lowest loading, to 2. for the highest loading. 

The fesults h n  temperahire-prograamied desorption on the solids, fomed after 
hjecticm of ammania (6 mL at NTP) on the süica-supportcd HPW (Fi$.7.9), show that, as the 
Ioading iacrrases hm 9.1 to 23.l%, the Peak at 1 7S°C deerreses in iatensity and s& to higha 
tempemtures (Le. 210°C), while the peak at 55O0C, atüiiuted to the desorption of NH3, 
hmases. However, sffa expure of the 23.1% catalyst, pnviopsly exposed to Mi,, to NO2, 
the TPIl obtained (Fig.7.9D) is s i m k  to tbat shown m Figure 7.3. 

As noted, whea the cataiyst is nist pre-exposed to ammorùa aud then saturated with NOz, 
the arnrnonia contabed in the catalyst, as =+, reacts with NO2 to produce, mainly, Np A 
poaion of the NO2 injecfed is sorbed by the catalyst These sorbed NO2 can in turn be duced 
by the Uljection of ammonia. Figure 7.10 shows the quantities of N2 and NO h the effluent of 
the reactOT, for the d B m t  loadings at 3ûû°C, a f k  1 cycle of regmeration (injection tirst of 
6.0 dm,, then saturation with NOz, and again injection of 6.0 rnL NH, and 



O 10 20 30 40 50 60 70 80 
LôAWG of HPW on Siô (%) 

Fig. 7.4 Production of N, and NO as a iùnctim of the l d i n g  of HPW/SiOZ at 150°C. 
Single pulse expaiments (17 junola NO3 on 30 mg of suppolted catalyst for 
each loading. Epch catalyst samp1e was pmxposed to 6.0 mL(2S°C, 1 atm) of 
NH, at lSO°C prior to the injection of NOp 



pMOLES PRODUCED 
per GRAM of HPW 

Ratio N /NO 
2 



TABLE 7.3 

EFFECT. OF THE INJECTION OF NH, 
ON HPW/SiO, AND ON THE REDUCITON OF NO, 

Size  of NH, Pulse (mL)a Nzb  NO^ N * O ~  

a Ammonis was injected in the nrctor amtaining 30 mg of 23. I W W / S i 0 2  kept at 
15O0C. 
Results fm the mjdm of 1 pulse of NO2 (I7~1es). The resuits are expressecl in 
pmle per gram HPW (Imolcc2880.77g). - 
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Fig. 7.6 N, NO and N20 found in the effluent of the rractor for the injection of pulses of 
NO2 (1 7 poles/puise) ou 30 mg of 23.1YoHPW/SiO2 sample kept at lSO°C and 
pre-exposeû to 6.0mL ofNH,. 



PULSE NUMBER 

NB NO and N20 found in the en1uent of the resctor for the injection of pulses of 
NO2 (1 7 pnoles/pulse) on 30 mg of 23.1 0/oHPW/SiO2 sample kept at 300°C and 
p ~ ~ p o s e d  to 6.0 m~ O ~ N H ~ .  



LOADING of HPW on Si0 (%) 
t 

Fig. 7.8 Cumulative quantity of N2 produced at 150 and 3ûû°C h m  the injdon of NO2 
(5 pulses of 17 p l e s  c;ich) on 30 mg of dflucot loaded HPW/SiO, sarnples 
preexposed to 6.0 mL mL3 at 150 and 3ûû°C, rrspectively. 
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Fig. 7.9 Teqemampmgammed desorption of A) 9.1%HPW/Si02, B) 
16.7%HPW/Si02 and C) 23.1./31wBi02 pfetreated in helium and saturated 
with amnonia at 3ûû°C. TPD D) is as (C) for the exception of sahiiation with 
NO2 at 3W°C a b  the anunonia injection. Helium flow rate, 45.0mUmin; 
temperature rate, 60°Cmiin; m a s  of solid in na*or, 0.030 g. 



Fig. 7.10 

LOADING of HPW on Si0 (%) 
2 

Effèct of ammonia injection (6.0 mi,) ai the production of N2 when NH3 is 
injected on sarnples of HPW/Si02 which were pn-exposed to ammonia fkt and 
then saturatecl with NO4 in a nrst cycle. The reacbr was kept at 3ûû°C. 



measunment of Ns fbm the zeacfi~n)~ The relativeIy high value of Nz deka& fa the d e s t  
loading studied decmses iapidly with inmasmg loading- The selectivity to NO passes through 
two mininiar one at 23.196, and d e r  at 75.M bdmg. ïhe second injection cycle of 
amuxmia at 3ûû°C ploduced Me or no N20. 

w e  regeneroton cycles (Table 7.4) show that oAa dvce cycles, although the 
reduction of NO2 to N2 bas d d  and thaî to NO has bcmsed, the changes are nlatively 
small. 

The surfàce areas, aAer vanous pretrieabnents, are simmiariPd in Table 7.5. The SiOs 
support SUfférs a significant reducticm in surfiice area aAa loading, but nposurr of the loaâed 
catalyst to eitha NO2 or NH3, at 150°C, has little or no effift on the siafjlce area. In ccmtrast, 

exposure of the 23.10/oRPW/Si02 caîdyst to NH3 at 300°C resulîs in an increase in d e  ana, 
while the 50.0% loaded siiica, a f k  the same treatmmt, has a duced &e ama. 

B. Discussion 
HPWBi02 
The interocton behveen NO2 and S i O 2 ~  HPW d t s  m the reduction of NO2 to 

N2 and NO, and in the sorpticm of NOs on the solid acid 
The reduction process is dependent upon the loading of HPW on silica with the 

selectivity to N2 d d g  as the loading increases whüe the conversion of NOs inacascs, at 
le& at lSO°C Vig.7.1A). It is to be notd that conversion here reférs to loss of NOz fh the 
gas phase, regardless of the meam by which this occins. 

As noted in Chapter JIi, litile or no NO2 is reduced on pure HPW, at 150°C. Altûough 
the htroduction of the support evidentiy encourages the reducticm pmcess (to Nd, it is clear that 
the support ifself contriiutes relatively little to the reacticm (Table 7.1). In view of the large 
ciifferences in &e area between Si02 and the pure aciâ, the loadmg process obviously 
exposes a iaqa fiadon of the acid to NOz. Howwer, as has bcen nponed d e r  (Ref.7.l), 
there is substantial evidence to support the contention that the interaction ôetween the SiOs 
support and the acid is ~latively m g ,  leading to an enhancement of the stabüity of the 
supporteci acid. 

It is known (hm Chaptet m) that buIk HPW wiil sorb 3 Nom at 150°C and 0.8 
NO+U at 3ûû°C. Baseci on the amount of HPW deposited on the süica, tesults fhm~ Table 7 2  
show thaf at sahuation, fm both 16.7 and 23.1% loaâings, the total amount of NO2 sor&ed 
c-ds to 1.1 Nom. For the 50.0 and 75.0% ldadmg, 2.0 and 2.5 NOaU, respedveIy, 
w a e  sorbed However, at 300°C, with the 16.7, 23.1, and 50.0% catalysts niatively low 
soiption values are found. 



TABLE 7.4 

THE INJECTION OF NH, ON NO2-EXKlSED HPW/SiO, 
FOR TBE REGENERATION OF THE CATALYS~ 

a Ammonia was injected in the mactor ccmtaining 30 mg of 23.1%HPW/Si02 kept at 
3û0°C prior to the injection of NO* 

b A cycle starts with the injection of 6.0 mL of NH3 cm the catalyst kept at 3ûû°C and then 
NOp 

c R d t s  f9r the Bijection of 1 pulse of NO2 ( 1 7 ~ l e s ) .  The ~esults are atprssed in - 
pmole per gram HPW. 



TABLE 725 

Surface Area (m2/g) 

a Pretreaanent and treatment temperature-added gaies) in order of injection at saturation 
conditions. 



As noted eariier (Chapter Ill), NO2 molecules are evidently capable of penetrating into 
the buk sûuctint of the sotid acids, and the protons are qpamtly raquired for the sotption 

process (see Cbeptcr M). Smce NO2 molecules sbwld be capable of entering the bu& of 
SiOraqymkd HPW. the rektively low values obtained for the nmber of sorkd m o l d e s  of 
NO2 cm HPW/Si02 must be atüi"butcd to a reduced abüity of the protoas to mteract with NOL, 
which may result h m  the binding of pnotoos O the support i fseI f .  Alternatively. the existence of 
a s d  number of moleC\i1Br layers cm the support may not be d c i m t  to fidhte the scnption 
of NO2. 

Although the unexpectcd differences m the NO, reduction pocess on HPW and 
HPW/Si02 cannot be fuüy expiamed at this t i r ,  the observation that the rrduction of NO2 and 
the selectivity to N2 are highest for low lOildiLIgs suggcstp that the interactions between HPW and 
the silica support may piay a d e .  The influence of the suppont on tbe anion rnay encourage the 

formation of oxygen vacancies, evidence fm which has kco rrportsd earlia (Ref7.2). 
Moreover, d e r  work showed that N20 was capable of pmviâing oxygen for the vacancier+ 
(ReK73, it is cmceivabie that NO2 could hmction in a simiiar mariner- 

HP W/Si02 + M3 
Exposa of HPW/Si02 to NH3 results in the fmtion of a cataiyst with stmngly bouad 

NH3, the latter preswnably in the fom of MI4+. It is intaestmg to note. however, that at least, at 
1 50°C, this pmcess does not alter the surface area. 

On expomre of the NHJHPW/Si02 catalyst to NOs, reductioa to Nt and NO occm with 

the selecfivity to NI king appmximately three times tnat to NO at l5O0C. At both 150 and 
300°C, the selectivities to N2 and NO decrease with mcrrase of the loading, when expressed p a  
unit mass of HPW. 

If it is assumeci that sufhcient NH, has been taken up by the catalyst to convert ali 
protons, both those on the s h e  and those in the bulk, to ammonium ions, then the 
aforementioned dependence of selectivities on Ioading can be interpreted as indicative of an 
inability of NO2 to penetmte into the bullr of the NH3-satiaated catalyst. Howevn, the 
obsewation of the values fot the total N2 mta9ined per anion, not too düfgent fiam 3 (similar to 

the number of protons per anion). appears to contcaâict this, pàtticuîarly at a d o n  tempetature 

of 30°C. Tbus the bcrease of the &e area with decreasing loading wodd be a more 
imposant fitctc~ in the reduction of NOz. 

Interestiagly, the reacticm temperature appears to have nhtkely little efféct on the 
selecfivities to N2 anci NO with the NH3nrpW/SiOZ catalyst, althougb. at higher temperature 
(300°C), a sipnÜicant selactMty to N20 is aoted. 



Since NH3 is s~ongly bound to HPW/Si02 (as evidenced fbm TPD), the NO2 reduction 
process appears to be one m which NO1 d e r  drtn rcacbmg with gaseous NH,, interacts with 
the NH3 (as m+) on the catdyst, In view of the aforementioned values obtained for the 

nitrogea producecl per anion, a pmbable michi- f<a the NO2 to reduction may be 

represented by 

and fm the reducticm of NO2 to NO or NzO 

Nitmus o d e  may a h  be grnerateci hm the decomposition of ammonium nitrate, 
whic h can form ficm niait acid and aminaniaminania 

It shouid be notai, however, that NO can be farmed nOm the oxidation of NH3 as 

and NO can be oxidized to NO2 as 

Exposure of the spent d y s t s  to gaseous NH3 WeIy regenerates the catalysf dthoug& 
the selectivities to N, and NO somewhat demase and increase, respectiveiy, a f k  this pracess. 



C. Conclusion 
The reductim of NO2 to N2 is d .  by HPW/SiOt jmtmstd with gaseous auxnonia. 

In the absence of the lotta ûeatment, the reâuction proc*rs is relatively l e s  effective- Although 
the incrraPed available siatire mdthg fmm the use of a support P eviddy advantageous m 
enhancing the availabiüty of the ductant, nevatheles, NO2 is capaôle, as with pure EIPW, of 
penetrating into the bulk of the suppoitcd moiaial. The production of N2 cames ibn a duai 
effkct of the siirfsEe erui and the quantity of N&+ avaüable fsr the rcduction d o n ,  thus the 
reduction mation is guideci in part by the availrihility of the ammonium cations. At higher 
temperature, this dual d e  becomes almost insipnincant since the penetnition of MI, is the same 
ngardless of the l d g .  The small di&rnice only coma nOm the M'ce in siirfjice area. 

The forniaton of NO csn be, most Wrety, explained by the decomposition of NOz on 
silica But, at higher l08dmg, the production of nitcic oxide may also resuit fiom the d o n  of 
Equatim 7.4. 

Regmeration of the suppted catalyst c a .  be achieved by injection of gaseous cmimonia. 
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CHAPTER VI I I  

SORPTION AND REACTION OF NO. NO,. and NqO 

BEFORE AND AFER EXFûSURE TO GASEOUS AMMONIA 

A. ResulQ 
)CPMoBiO2 

Singîepulse gpamients at a variety of tmipaaiurrs (SPE-VI), using the same catalyh'c 
aliquot, were d e â  out for NO2 cm 2O.Eh 12-molybdophosphoric acid supported on siiica 
(2O.O%HPMdSiO~ m helium. The quantity of N2 proâuced remaineci at levels 
comparable to those obtained with silica itseif@ig.&l). Although, the s e l e  to N2 with the 
supporteci HPMo io somewbat higher than that fOuad with pure silica fbr a limited teqmatwe 

range, between 400 and S50°C. 
Both silica and HPMo/SiOZ samples show Smiüar selectivities to niûic oxide (Fig.82). 

The selectivity to nitric oxide shows a minimum (a) at 400°C, and at higher 
than 4ûû°C the selectivity to NO is also similar fm bosh Si02 and HPMo/Si02. However, klow . 
400°C, the supportecl acid shows a higher selectjvity than that obsaved for the siüca a h e .  

The se1ectiMty to oxygen, however smali, is virtuaüy the same for both silica and the 

supported acid (Fig-8.3). These samples show vanishmgly smaU selectivities to 4 h m  150 to 
300°C. The selectivity to 4 mcreases for teaiperatures higher than 350°C and reaches a 
maximum of appraxiniately 10% at 5506Oo0C. No nitrous oxide was detected in the gas phase 
during these aperiments. 

HPMo/Si2 PRE-EWOSED TO NH, 
Single-pulse experhents of NO2 on samples of HPMo/SiO, show that p r e - d o n  

with gaseous annnonia (10 mL) ccmsidexably iuaeases the selectiviiy to N2 (Fig.8.4). For the 

2O.O0/oHPModiO2 sample sahrrattd with NH, at 150°C, the selectivity to N2 (1 7 pmoles of NO2 
is injected at each tcmpaaane) decnases rapidly with stepwise bcrease of the -. 
However, if the caYalyst is sshaatcd with NH, at each ~apaahue mot to the injection of NO3 
the selectivity to N2 miches a maximunt of 7036 at 5ûû°C. 
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Fig. 8.1 Amwat of N2 found in the effluent fiwi single-pulse experimcntp at a variety of 
tcnperatures (SPE-VI'), from NO2 on SQ; and NOz on 20.0%HPMo/Sj02. The 
same catalytic aliquot was kept in the nactor for the seria of tempetatum. Mass 
in reactoc = 50 mg; Puise size = 17 pmoles NO2; Helium flow = 20 mUmin. 



Fig. 8.2 h u n t  of NO found in the effluent hr>m shgle-pulse experhents at a varie@ of 
temperatures (SPE-VT), h m  NOr on SQ; and NO2 on 20.0"/oNPM&i02. The 
same catalytic aliquot was kept in the reactor for the series of tempemhuc~. M a s  
in reactor = 50 mg; Pulse size = 17 pmoles NOz; Heliurn flow = 20 mIhnm. 



Fig. 8.3 

TEMERATURE ûf REACTOR ('C) 

Amount of O2 found in the effluent fh single-pulse expeMients at a vananety of 

temperatures (SPE-VT), h NO2 on SiO2; and NO2 on 20.0%HPModSi02. Tbe 
same catalytïc aüquot was kept in the reactot for the series of temperaturcs. M a s  
in reactor = 50 mg; Pulse size = 17 pmoles NO2; Helium flow = 20 mUmm. 



Fig. 8.4 Amount of N2 found in the etfiuent from singlepulse experimeuts at a variety of 
tearperatures (SPE-VT), ûom NOz on SiO2; aad NO2 on 2O.O%HPMo/SiO2 pre- 
exposed to ammonia at 150°C only, or at each selected temperature o. The 
same catalytic aliquot was kept in the ce8ctor for the series of temperatures. Mass 
in reactor = 50 mg; Ammmia i n j d  before pulse = 10 mL, Puise size = 17 
pela NO2; Helium flow = 20 mumin. 



The d t s  h m  the successive mjectini of ammonia and nitrogen dioude, with stepwise 
decrrase of the tempaaMc of the reactor, are similnr at S50°C ta those found in the heating 
cycle but the selectivity to N2 passes thrclugh a minimum at 350°C. The selectivity at lSO°C in 
the cooling cycle-is simiiar to that m d  at the bcgbing ofthe hc*iag cycle. 

The pirsmce of ammmia, as NI&+, on the mîa5at deaeases the s e l e  to No 
(Fig.8.5). Siüca and the supporad d y s t  show decreasmg selectivity to NO fhm 34% and 
12%. respedvely, at 1 SO°C, to a minimum of 2-3% at 37S°C, increasing c appmximately 15% 
NO at 55O45O0C. 

The selectivity to NO is vanishingly small at 150°C when NO2 is injected on the 
20.0%HPMo/Si02 sample preBcposed to iitldm0n.h at lSO°C. The selectiMty iac~eases to a 

maximum of 12% at 300°C and decresses to 2-3% at 400°C. With M e r  inmases in 
temperature the selectivity to NO increases to nach a plateau of 10% at 550-650°C. 

Exposure of the ca- to NO2 after saturation with NH, at the same yields 
üttle or no NO between 150 and 250°C, but the selectivity to NO maeases to a maximum of 
38% at 350°C, foUowed by a decrease to a vanishingly d value between 450 and 650°C. In 
the cooling cycle, a niaximum in the selectivity to NO is reached at appmimately 3ûû°C. 

Suprisingly, the selectivity to O2 is negligible for all samples up to 300°C but iacrease~ 

markedly for M e r  increases m temperatme with Sioz. HPMo/Si02 and the latter samples 
saturated with NH3 at 150°C (Fig.8.6). Howeveq with the sample exposed to MI3 and NO2 at 
the same temperature, no evidence of Oz is seen at any temperature. 

Nims oxide was also found in the eflluent of the reactor when NO2 was hjected on the 
20.0%HPMo/Si02 samples saturabd with arnmoda (Fig.8.7). When the supporrwl catalyst was 
pre-exposed to amnonia at lSO°C ody, the selectivity to N20 at 150°C corresponds to 
appmxhately 0.5%. The selectivity rises slowly to a maximum of apprmiaiateIy 3% at 2S0°C 
to de- b vanishingly amdi puantities at temperatures above 450°C. However, whea 
armnonia is mjected at each temperature pria to the injection of NO, the selectivity to N20 rises 
k m  0.5% at lSO°C to a maximum of appmxirnately 23% at 450°C to decrease to negligible 
values at t e q e d m s  above 550°C. 

On exposure of 20.0%~Mo/SiO~ pre-saturated with ammoaiq to NO, the products in 
the effluent are N2 and NzO. The low ccmversion of NO can be seen h m  the high concentration 
of nitnc oxide found m the effluent of the reactor (Fig.8.8). The concentration of NO in the gas 

phase remains hi@ with the suppoaed catalyst which was preirrated with a 150°C oniy, 
but reaches a minimuai of appmximateiy 80% at 500°C. However when a 20.0%HPMo/Si02 
sample is preüeated with -nia before each injection of NO at each temperature, the 
conversion of NO remains low âom 150°C b 300°C but increases to appmximately 100% at 
4OO0C. 
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Fig. 8.5 Amount ofNO found in the effluent b m  single-pulse expcriments at a variety of 
temperatures (SPE-VT), h m  NO2 on SiO2; and NO2 on 2O.O?cHPMdSiO2 pre- 
arposed to BmrnOIIia at lSO°C ody, or at each sclected tempetaturc 0. The 
same catalytic aüquot was kept in the reactor for the series of temperatures. Mas 
in reactar = 50 mg; Ammonia injecteci before pulse = 10 mL; Pulse size = 17 
pmoles NO2; Helium flow = 20 ml/min. 



Fig. 8.6 Amount of 4 found in the enumt h m  single-pulse experinients at a varicty of 

temperatures (SPE-Vi), from NO2 on SiO2; end NO2 on 20.0./.HPMdSi02 pre- 
exposed to ammtmia at lSO°C only, or at each selecteâ temperatwe 0. The 
sarne catalytic aiiquot was kept in the reactor for the saKs of temperatures. M a s  
in reactor = 50 mg; Ammonia injectai befm pulse = 10 mL; Pulse size = 17 
pmoles NO2; Helium fiow = 20 niUmin. 
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Fig. 8.7 Amouat of N@ fouad in the effluent h m  single-puise experhents at a variety 
of tempetatures (SPE-VT), aOm NO2 on Si02; and N Q  on 20.0./oHPMo/Si02 
preeexposed to cumnoaia at lSO°C only, or at each selected temperature 0. Tôe 
sarne catalytic aliquot was kept in the feactor for die &es of temperatm. Mass 
in miaor = 50 mg; Aaanonia injccted before puise = 10 mL, Pulse sise = 17 
pmoles NO,; Heüum flow = 20 mUmin. 



Fig. 8.8 Amount of NO in the effluent h m  single-pulse aperiments at a vm'ety of 
temperatures (SPE-VT), fmm NO on 20.0.?oHPMdSi02 samples prclexposcd to 
amnonia at lSO°C ody, or at eacb s c l d  temperature O. The same catalytic 
aiiquot was kept in the reactor for the of temperatures. Mass in reactor = 
50 mg; Amrnoaia injected befo~  puise = 10 mL; Pulse s k  = 10 pmola NO; 
Heliwn flow = 20 aulrnin. 



Exposure of 2O.00/oHPMo/SiO2 to NO sfter saturation with NH3 at 150°C generally leads 
to d e r  selectbities to hi2 than observed with NO2 (Fig.89). However, with the samples 
saturated with NH, and aposed to NO at the same the selectivities to N2 innease 
to a maximum of appmximately Wh at 450°C followed by a d decrease with M e r  
inmase m temperature in a mamer remiaiscent of the behaviour with NO2 (Fig.8.4). The 
selectivity to N D  obtained with the catalyst sabmued with NH3 at lSO°C also passes through a 

maximum at 4ûû°C, however less nitrous oxide is pioduceâ than when NO2 is injecteci on the 
caîalyst (Fig.8.l O). 

In view of the absence of N20 in die effluent at temperatures of 550°C and higher, a 
separate expairnent in which N20 was passeci over the c-st was canied out at 650°C gable 
8.1). 

Selectivities to N2 of appmlrimately 56% were obtained for the fht pulse. but these 
values diminished sipnincantly for subsequent pulses. No other products were fomd in the 
effluent. 

The TPD pattern for pure HPMo (F4g.8.11A) ccmsists ody in the desorption of wata 

moiecules. A relatively large peak desohs at 50-300°C and the d e r  peal desorbs at 44O0C. 
The TPD pattern for siiica (Si03 (Fig.8.11B) also consisis only in the desorption of small 

quantities of water molecules. The TPD displays two peaks at 90-250°C and 25û-6S0°C, 
respectively . 

The TPD pattem of 20.0%HPMo/Si02 (Fig.8.12A) displays two pe& resu1ti.g h m  
sorbed watcr daorbing at 17S°C and 250-500°C, respectively. A third peak at 52S°C is due to 
the desorptioa of CO2 (see Chapter UC). A f k  exposure to amnonia (Fig.8.12B) the peaks 
atkiiuted to water desolptim are no longer &dent. Small peaks due to the desorption of water 
and ammonia are seen h m  525 to 650°C. The peak due to CO2 appears at a slightiy higher 
temperature. The TPD pattem of a sample of supported acid ex@ nrst to annnonia and thcn 

to NOz at 150°C (Fig.8.12C) shows interesthg features. Small quazltities of NO2 were sorbed on 
the supparted catalyst but completely desorbeci at lûû°C. Vanishingly d quantities of water 
desorbed h m  400 to 6M°C. The pealr due to CO2 desorption has amost vanished as well as 

the peak for amtnoaia. However, a separate aliquot of the same sample ex@ to NO at 150 
and 450°C, Fig.8.12D and 8.12E, respectively, does not affect the CO2 p i c .  
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Amount of in the effluent h m  single-puise experimeots at a variety of 
temperatuns (SPE-VT), aOm NO on 20.0./&HPMdSi02 samples preatposed to 
ammonia at lSO°C only, or at each selected tempetatue 0. The same catdytic 

aliquot was kept in the reactor for the series of tempenitures. M a s  in mactor = 
50 mg; Ammonia injectecl before pulse = 10 mL; Pulse sue = 10 pela NO; 
Helium flow = 20 mUmin. 



Fig. 8.10 Amouat of N20 in the etTluent fiom single-puise expeiimaits at a variety of 
teniperatutes (SPE-VT), from NO on 20.û?/oHPMo/SiOl samplcs pre-aposed to 
ammonia at 1 SO°C only, or at each seleeted temperature o. The same catalytic 
aliquot was kept in the reactor for the series of ternperatures. Mass in reactor = 
50 mg; Ammoaia injecteci before pulse = 10 mL; hise size = 10 pmoles NO; 
Hetium flow = 20 mthnin. 



Pulse ~umberb 
1 

a 50 mg 20.O0/uIMo/SiO2 l d e d  into reactur and exposed to 10 mL (NTP) NH3 at 
150°C, tûen heated and held at 650°C. 
One pulse*. 1 mies N20. 

c percent N2 per N20 injecad. 
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Fig. 8.1 1 A Temperature pmpmmed desorption of pure HPMo. M a s  in reactor = 50 mg; 
Heliwn flow = 20 Wrnin. 
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Fig. 8.1 1 B Temperatun programmai desxption of pure SiO2 Mass in reactor = 50 mg; 
Helium flow = 20 &min. 



TEMPERATURE OF REACTOR CC) 

Fig. 8.12 Temperature pf08rarmnd desorpti*on of A) 20.0%HPMo/Si02 as prepped B) 
20.0%HPMo/Si02 paEposed tio amamnia at lSO°C, C) 2O.0%HPMoBiO2 as B 
then expased to pure NO2 at 150°C, D) 20.û??HPMo/Si02 as B then ex@ to 
pure NO at 150°C, E) 2O.O%HPMo/SiO2 as B B a  aposed to pure NO at 450°C. 
Mass in reactor = 50 mg; Ammonia i n j d  = 10 mL; Heüum flow = 20 *. 



B. Discussion 
ItPMo/Si02 
From the singlepuise expehenîs at a variety of it is clear thaî NO2 is 

pndamiaanliy reduced to NO when passeci ove HPMo/Si02. The selectiMLy to N2 f a  this 

catalyst is Iow. However, the N, NO, and 4 selectivities are within the same range as with 
those fiund fbr HPW/Si02 (see Chapter Viï). Momover, the selcctivities to N2 and NO are 
larger fin the 20.û??~Mo/Si02 cataiyst than with the support alone, while that to 4 with the 
fornier is lower than witû the latter. 

The Si02nippated HPMo has a somewhat higher actîvity than that of the buk acid 
(Chapter m). No nitmgen was dete*ed when the banE acids were ex@ to pulses of NO2 at 

150°C and 300°C. 

HPMoBi02 PM-EXPOSED TO NH, 
Exposure of the mppted HPMo to ammcmia prior to the introduction of NO or b Q  

increases the selectivity b N, while deaeasing biat to NO. The bigher siaface area of the 
supporteci catalyst would be expected to fàdiwe the conversion of Nûx but may also play a 

d e  in altermg the selectivities. The resuits found fm HPMo/Si02 are similar to those found with 
HPW/Si02 preexposed to ammonia (Chapter Vil). Furthermore, the resulîs on the duction of . 
NO on the siüca-supported HPMo, with and without the presence of amtnoaia, also compare to 
those found by Mochida et cil. (ReE8.1). 

Exposure of the cataîyst to puises of anmionia (at each temperature) resbres the activity 
for the reduction of NOx. However, up to 550°C, significant quantities of N20 are produceci 
nOm both NO and NO* At temperatures above 550°C, little or no NO or N20 are found m the 
gas phase. The &ts show the totai duaion to N2 (appmximately 100% selectivity to Nd. 

Since decompositioa of the Keggh mits m buik HPMo is initiateci at these hi@ 
temperatures (see TPD results), at least a portion of the species existing at these tempaahirrs wüi 
be decomposition products. However previously published data suggests that the induction of 
a siiica support enhances the thenna1 stability of HPMo @ef.8.2). 

Since Mo03 is expectd to be one of the deanqmiticm products frwi HPMo, it is 
relevant to note that Mo atoms supported on alumina have been shown to pmmote the sorption 
of NO molecules (Ret8.3). 

HPMo (Chapter IIi) and HPMo/SiOz sorb vaaishingly smaU quantities of NO or NOI. 
Since semiempmcal quantum mechmical (EXH) calculatiops have preâicted that solid 
heteropoly acids containhg tungsten as theù peripheral metal atom should have a hi* acidity 
than those with molybdenum as their periphd metal atom (Ref.8.4), it is believed that the 



acidic strength of HPMo is not sufficidy hi@ eaough for the sorption of Nûx (see Chapter 

m)- 

C. clus10n 
The selectivity to N2 and the conversion ofN02 arc slightly in& OQ maoduction of 

a Si02 support with HPMo, caiipairrd to the bdk HPMo. However, a f k  satudon with 

gaseous NA3, ôoth the conversiotl of NOx and its miuction to N2 are d d e r a b l y  i n d  
Furth-=, at high tcmpamnes p550°C), NO, NOt and N20 are essentially completely 
reduced to Np At thk time, the extent of t& participation of the decomposition pducts, 
at these high tanpaahires, is not known. 
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CHAPTER IX 

SORPTION OF CARBON DIOXIDE AM) CONVERSION OF CARBON MONOXIDE TO 
ÇARBON DIOXIDE ON SUPPORTED AND UNSUPPORTED 

12-TUNGSTOPHOSPHORIC AND 12-MOLYBDOPHOSPHORIC ACIDS 

A. R e d @  
S W n o N  OF ~ O N D I O X Z D E  
Temperafure-progranimed desorption of a sample of HPW, not prwiously intentionally 

exposed to CO2 (Fig.9.1.1 A), show the chsractaistic water peaks at 100-300 and 400-500°C. 
In addition, a pegL of desorbed CO2 emerges at 580°C suggesting tbat strongly held CO2 aists 
on die solid at lower tempemtures. A f k  saturation of ElPW with COz. at 30°C, the wata peak 

again appeazs but the COI peak, at 580°C, has now intendleci showing that CO2 is d y  

sorbed (Fig.9.1.1B). A f k  heating of EiPW at 350°C, bllowed by expowire to COz, the lower 
temperature watn peak has disappearrd while the hi* temperature wata peak and the CO2 
peak remain, but the mteasity of the latter appears to have diminished somewhat (Fig.9.1.1 C). 
However, a b  heatmg of HPW to 5ûû°C foliowed by aposurr to CO2 d y  the peak due to CO2 
remains on the TPD (Fig.9.l .ID). Atta saîuration of HPW with CO2 at 30°C, followed by 
heahg to 650°C, the sample was cooled to m m  tempaaarre m a flow of dry heiium and re- 
exposed to CO2 at 30°C, and a TPD measmement was again carried out (Fig9.1.1E). No water 

nor CO2 peaks can be seen aAa the second TPD. 
In contrasf HPMo, not previously intent idy exposed to CO2 (Fig.9.12A), does not 

show any desorption of CO* Exposure of HPMo to a contMuous flow of pure CO, (Fig.9.1.2B), 
at 30°C, shows the dcsoipton of CO2 with a maximum at 36û"C. However, the TPD of 
20.0YiHPMdSiO2 (evacuated) (Fig.9.1.2C) shows that smaii quaatities of CO2 desorb between 
200 and 650°C. Afkr aposurr to CO2 at 30°C, the TPD of 200/oHPMo/Si02 (Fig.9.1.2D) shows 
quantities of CO2 desorbing between 200 and 650°C, with a maximum at S20°C. 

To provide m f d o n  on the d e ,  if any, of the protons, the scxiium saIt of  HPW 
(NaPW) was exposed to COz (Fig.92). The lower ampaatinc water peak is evident on the TPD 
scan, but the hi* temperature water pealr due to the associative desurption of water is absent, 
as would be ex- f a  saoichiometric saits (Fig93A). A d peak due to CO2 etflerges at 
580°C. A f k  exposure to CO2 at 30°C, the TPD is virtuaüy identicai to that obtaiaed prior to the 
exposurr to CO* (Fig.9.2B). 



Water and CO2 TPD of A) HPW evacuated at 2S°C; B) of (A) aposcd to pure 
CO2 at 30°C; C) of (A) pretrcated at 35û0C and exposed to pure CO2 at 30°C; D) 
of (A) pnüeated at 50°C and ex@ bD pure CO2 at 30°C; E) of (A) pretreated 
at 650°C and exposed to pure CO2 at 30°C. AU samples were exposed O pure 
CO2 for 30 min before purging with helium at 30°C. 



TEMPERATURE OF REACTOR CC) 

Water and CO2 TPD of A) HPMo; B) of (A) ex@ to pure CO2 at 30°C; C) 
20.0%HPMo/SQ evacuated at 30°C; D) of (C) exposed to pure CO2 at 30°C. 
Al1 sarnples were exposed to pure CO2 for 15 hom before purging with heiium at 

3O0C. 
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Total Ion-TPD of A) NaPW evacuatcd at 2S°C; B) of (A) a k r  exposure to pure 
CO2 at 30°C for 22 hours. 



To mvestigate the ef%ct of loading of EiPW on a high area support, temperature- 

pgrammed desorption apaimnits w a c  perfbmed OQ HPW loaded on SiOb as well as on the 

pure spppoit aAa saûmtion with COz at 3ûû°C (Fig.93A). Regudless of the l d i n g  of 
HPW/SiO, appmximateiy 03 CO&U w a t  desOrbcd nOm the samples. The asnomt of CO2 
deteaed mcreased slightly to 0.5 C O m  with the bdk HPW. 

In con- the resuhs f9r the smptkm of CO2 00 HPMo, at 30°C, and supponed 
HPMolSiOz (F4g9.3B), show madred d i n i c e s  b m  those obtained with HPW and 
HPW/Si02- Generaüy, samples of HPMo/SiOt were found to sorb more CO2 at m m  
temperature. A maximum of 1.4 C O W  was &mi by the 9.û?!oHPMo/SiOZ sample under the 
pnseat cotlditiotls* 

The temperature at which the catalys~ are held has, m geperal, little effèct cm the amount 
of CO2 sorbed, for a given acid catalyst (Table 9.1). No tempaahnr effect can be seen fhxn the 
sorption of CO2 on 23.1%HPW/Si02 -le. AppmximIltely 0.35 C O W  were sorbed on the 
23.1 %HPW/SiOp Measurements for the 9.O%HPMo/SiO2 sample showed that up to 450°C, the 

sample sosbed appmximately 13 COr/Kv- However, at temperatures above 450°C, the quantity 
of CO, sorbed decreascd to approximately 0.15 C O m .  

The sorpticm of CO2 by the supported or Msupported acids is influenced by the 
ptetreatment tempemture (Table 9.1). However, the tempcratiue has a gceater effect cm HPW 
than on HPMo samples. With the 23.10/.AW/Sio2 caEalyst held at irwrm temperature, more 
CO2 is sorbed with i n d g  of the pretreatment temperaaue, but with the 9.0%HPMo/SiO2 
sample, the quantiîy of CO2 sorkd rwnains almost the same fiom 30 to 450°C. 

For sampks of unideci HPW, p- in helium and held at 300°C, the quantity of 
CO2 sorbed decreases with the mass of cataiyst containecl in the nactor (Fig.9.4). This effect is 
small for the 9.O%HPMoBiO2 sample held at 30°C. 

The quantity of CO2 taken up by HPW at 450°C, as measured from the desorptioa at 
580°C, inmeases lineady with the coucentration ofC02 in the gas phase, suggesting a Henry's 
iaw behaviour (Fig.9.5). 

The time requircd to achieve apparent oquilibrium in the COz sorption process is, as 
expected, dependent on the nature of the adsorbent. With pipe APW, the quantity of CO2 sorbeci 
increases by a f&ot of approximately four for ex- times fram 10 to 60 minutes (0.02 to 

O. 1 1 COfiU, rrspectively), and by a factor of  10 (0.23 C O m  after 20 hours. In wntxast, the 
quantity of CO2 taken up ôy supported HPMo changes relatively littie as the exposure tmie 
inmases h m  10 min to 20 hours (apprortimateiy 1.4 C O W  fm di exposure tmus). 

In view of the discoloration of the samples on ex- to CO, Raman spectnsoopic 
investigatiom appearrd to be appropriate. The Raman qectrum of HPW shows a Secies of 



Fig.9.3A Loading e f f a  on CO2 socbed (as measured by TPD) on  amples of HPW loadcd 
on Si02 (50 mg) pretreated in heiium flow (40mUmin)and then exposed O pure 
CO2 at 300°C for 22 hom. The aliquog were ptetreated at the same CO2 
exposure temperature. 



Fig.9.3B Loading effect on CO2 sorbeci (as m d  by TPD) on samples of HPMo 
loaded on SiOs (50 mg) pretreated in helium fbw (40mUmni)and then e x m  
to pure CO2 at 30°C for 22 hom. The aliquots were pretreated at the same CO2 
exposure temperature. 



TABLE 9.1 

EFFECT OF THE PRETREATMENT TEMPERATURE 
AND TEMPERATURE OF THE REACTOR 

ON THE SORPTIûN OF CO, ON HPW/SiO, AND HPMo/Si02 

a Same apaimental conditions as in b, but the samples were pretreated at the same 
tanperaaat as the arposine to CO2 
Exposure of 5ûmg b CO2 at 30°C for 22 hom a f k  v e n t  in h e b  flow (40 
mLl/min). 



TOfAL MASS OF CATALYS' IN REACTOR (mg) 

Fig-9.4 Efféct of m a s  of catalyst hide the reactor on COz sorbed (as measured by TPD) 
on sampks of 9.û?hHPModiO2 and HPW (50 mg) pretreated in helium flow (40 
mLhb))acid then exposad to pure CO2 at 30°C and 3ûû°C for 9.0%HPModSi02 
and HPW samples, respectively, for 22 hom. 



% CO, in Gas Stream 

Fig.9.S Effkct of initial concentration of CO2 m the gas stmrn on the sorption of CO2 (as 

measured by TPD) on samples of HPW (50 mg) preûeated in heiim flow (40 

mUmin)and then exposed to pure CO2 at 4S0°C for 30 min. 



bands charactcristc of the Keggh structure between 500 and 1200 Fm" (Fig9.6). The Raman 
spectm of the black particles, found a h  expame to CO2 at 450°C, show three new bands 
observeci at 784, 1350, and 1590 cm-', respedvely. The Raman h e  at 1590 cm-' is 
chamck&ic of the degeneraîe Ezg mode of graphiîe, whacas the baud at 1350 cm-' is 
am'buted to the Alg mode of d cry&illites in graphite (3bfs92a and 92b). A f k  exposure 
ta CO, the bands assochW wilh the Keggm UoilP were l e s  mtense and siightly shütcd to 
higher wavenumbers by about 10-20 cm-'. With the particles which have aot d e r e d  
discoloration, only that at 784 cd was observed with addi t id  shoulda bands. 

For c o m p h n ,  the Raman specûa of graphite and carbon black wae  m e a d  
(Fig.9.7). 

samples of HPW and HPW/Si02 are expsed to a flow of CO (8% ixt helium), without the 
addition of 02, produce a CO2 peak at 580°C. 

The CO2 produced from CO (without added 09 at 600°C, on HPW/Si02, m d  to a 
maximum at a loading of appmximate1y 23% and deaeases to a plateau for loadings b m  35.0 
to 100% pig.9.8). In contrast, that for HPMo/Si02 mcreases to a maximum at approximateiy 
20% and then decrrases co~ltinuously for fkher inmase in the loading. 

Exposinr of NaPW to a flow of CO (without added 09, while increasing the 
temperature, shows that no CO is sorbecl and no CO2 is prwduced. 

The conversion of CO b CO2 (without added 09, on SOmg 23.1%HPW/Si02 and 
2O.0%HPMo/SiOa is relatively independent of the teniperatute of the reactor fm 5ûû°C and 
iower (Fig.9.9). At temperatuns kss than 3ûû°C, no CO2 is produced. Above 5OO0C, the 
seleaivity to CO2 mcrrases sharply to 3.2% at 650°C with the HPMo/Si02 catalyst. 

The conversion of CO to CO, (without added 03 shows a disparate dependeace on the 
mas of the cataîyst wntained in the teact~r (Table 9.2). With 23. 1%HPW/Si02 at 6oO0C, the 
dependence of the conversion on the mass is small and appamtiy nonsystematic, whiie with 
20.O%HPMo/SiOa the conversion mcreases monotoaously with the mass. L is of interest to note 
that the umversicm per unit mapp of catalyst, obtained with the latter catalyst, is virtually 
constant. 

The conversion shows a trend with the initial concentration of CO in the reactant stream, 
which is similar to the effêct of  catalyst mas.  With HPW/Si02 (Fig.9. IO), the conversion passes 
through a maximum, while with HPMo/SiOz (Fig.9.1 l), a steady decrease is obsaved. 



Raman spectra of HPW at 2S°C; and of black and white particles h m  HPW 
exposed to pure CO2 at 450°C for 22 hours. 
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Fig.9.7 Raman spectra of c a h n  graphite a d  carbon biack. 



Loading effect on the oxidation of CO (8% COme at 40 mLhh) to CO2 (as 
measured by KR) on HPW and HPMo oa SiOL sampks (50 mg) pretreated and 
exposed to CO at 6ûû°C. Itltegration tirne = 30 min. 
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TEMPERATURE ("Cl 

Rezcbon temperature effea on tbe oxidation of CO (8% COIHe at 40 mUmin)to 
CO2 (as m d  by ICR) on 23.1% HPW and 20.0% HPMo on SiO2 sampks 
(50 mg) pnaePted and expoxd to CO at the rrspective temperatureS. lntcgratioa 
t h e  = 30 min. 



TABLE 9.2 

EFFECT OF THE MASS OF CATALYST IN THE REACTOR 
ON THE CONVERSIOW OF CO TO CO2 AT 60O0C 

a Conversion = %COZ pduced/CO mjccted, Integratim t h e  = 30 min. 



Effect of initiai cmcentration of CO in meam oa the oxidation of CO (40 

Urnin) to CO2 (as m e a s u d  by ICR) on 23.1% HPW/Si02 (50 mg) pretreated 
and exposed to CO at 6W°C. Integration tirne = 30 min. 



Fig.9.11 Effkct of iuitial concentration of CO in stmm on the oxidatioo of CO (40 
Wmin) to CO2 (as measured by ICR) on 20.0% HPMo/SiOz sampks (50 mg) 
pcetreated and arposed to CO at 6ûû°C. integration time = 30 min. 



h w g  the conversion of CO, a black deposit f m e d  on the catalysts. The addition of 
relatively srnaü quantities of O2 b the gas stream aileviateci the discoloration and impmved the 
amversi011 by a fac(a of t h e  (Fig.9.12). 

To mvestigate the mechanism of the oxïda!im of CO to CO2, in the absence of OB 
arperiments were pafarmed wilh ~ ' ~ 0 .  Taôle 93 shows the poduct Compositions obtained 
with HPWBi02 and HPMo/Si02 samptes. At both 500 and 600°C, HPMa/Si02 shows a higher 
activity than HPW/Si02. Howeva, the selectivity to unlabelleci carbon dioxide (ûCO), at 

6ûû°C, is kger with the d y s t .  
Tempemûmprogflunnied rieaction of C"O an HPW/Si02 (Fig9.13A) meals that 

significant aaiounts of C"O are transfoz~lled to CO. Further, the oxygen exchange is concurrent 
with the desorptim of HzO fmm the d y s t  As the tempaahirr incrrases above 350°C, the 
oxidation of C"O to OC0 incrrases steadily, wwhile the oxidation of C"O to 1 8 ~ ~ ' 8 ~  becornes 
negligible at tmipaatures higher than 550°C. In contrast, with HPMo/Si02 (Fig9.13B). CO is 
only observed to f ~ m i  fhm about 500°C, with a sharp mcrease b m  550°C and a maximum at 
580°C. 

The maximum m selectiw b CO occurs a a taapaa~e sEnüar to that for "OCO. 
However, the se1ectMty O OC0 pases  thn,ugh a maximum at 570°C. 1 8 ~ ~ 1 8 ~  begins ta 
emerge at 550°C, and its selectivity reaches a plateau at 610°C. 

As shown eaciier, the carbon deposits on the d y s t s  can be alieviated by mjection of 
oxygen on the catalyst bed (see Fig9.12). Injection of puises of oxygen ou the catalyst 
p&ously saturated with ~ ' ~ 0 ,  led to product compo~itiom somewhat dissimüar h m  those 
summarized in Table 9.3 flable 9.4 and Table 95). 

Two distinctions between the resuits obtained with the two catalysts are &dent Water 
( ~ 2 ~ ~ 0 )  is obtained in the product only with HPMo/Si02 aod, uniike HPW/Si02, aU of the added 
oxygen is cotlsulfled in the fnst puise by the fmer  c'rtalyst, resulthg in a higher conversion of 
the labelleci CO held on the catdyyst 

B. 
ADSORPîTON OF URBON D I O m E  
Although CO2 is evidentiy present on the untreated tungsten-coataining catalyst, afbr 

aposure to COê, the CO2 desorptiion peak increased in intensity prwiding futha evidence for 
the chemiwxption of CO* After exposure of the acid to COz, the continueci pnsence of the hi& 
tempaatrirr -ter desarption pealt demorisaatcs that the protons largely reamin in the structure. 



%O, IN STREAM 

E f f i  of adding onygen in the p stream on the oxidation of CO (8% COMe at 

40 mvmin) to CO2 (as measuted by ICR) on 20.0% HPMo/SiOz samples (50 mg) 
pretreated and exposeci to CO at 6ûû°C. Integration t h e  = 30 min. 



TABLE 9'3 

%CO, CO, AND OXDATION PRODUCT RATIO (HPW/HPMo) 

Mass Molecuies 0 / ~ ~ ~ t K : 8 0  iniected 
CO 

Roduct Ratii MPW/HPMo) 
28.0 18.8 
44.0 O C 0  

0.2 
2.0 

46.0 "OC0 
0.7 

"oc's0 
4.4 

48.0 
0 3  

6,1 0.05 
3 1 3  

~regiation min, Msss in nacEot=jO mg 

23-1 ./,-/SiO, + 8%C*O at 6OO0C 

Mass O/ilProductlC*~ inktea) 
28.0 CO 

Roduct Ratio (HPW/HPMol 
8.7 - 

44.0 OC0 
0 3  

46.0 
0 2  

%Co 
6.0 

48.0 1 8 0 ~ 1 8 ~  
1s 1.1 
59 0.1 

16.3 
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Fig.9. H A  TPR of c180 (8% C"O/H~ and 15 mLhnin) cm 50 mg of 23.l0/oHPW/SiO2. 
=isotope 18. 
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Fig.9.13B TPR of C"O (8% C''OM~ and 15 mumin) oa 50 mg of 2O.0%HPMo/SiO5. 
= isotape la. 



TABLE 9.4 

PRODUCï COMPOSITION FROM INJECTION OF OXYGEN 
ON CATALYSTS SATURATED WITH Cl80 (FIRST PULSE) 

Iniectjon of 50 ul ait# ex- of  tOBWïPMolSK), to 8%C*O at 6ûû°C fbr 1 boor @ht Pubel 
Molecules O/r (noduc~~  iniectcd)) 

18.0 HOH 4.6 
22.0 MF 0.07 
23-0 MF 0.1 
24.0 MF 0.08 
28.0 CO 665 
29-0 MF 1 .O 
30.0 d80 29.6 
32.0 00 0.0 
34.0 0.0 
40.0 MF 1 .O 
44.0 OC0  11.1 
46.0 % C O  19.5 
48.0 18m180 11.0 
60.0 MF 0.0 
62.0 MF 0.0 
76.0 MF 0.0 



TABLE 9 3  

PRODUCT COMPOSEKON FRûM INJECTION OF OXYGEN 
ON CATmYSTS SATURATED WITH C1b (SECOND PULSE) 

Injection of 50 ul6 ,  rit# e s m  of  %.û./.BpMo/SHb to $'?!CO at6ûûOC kr 1 boorffbamd P&e) 
Mass @ / i t K ) B  

18.0 HOH 3 3  
22.0 MF 0.04 
23 .O MF 0.04 
24.0 MF 0.0 
28.0 CO 289 
29.0 MF 03 
30.0 c'b 2.8 
32.0 00 80.1 
34.0 18 00 0.7 
40.0 MF 0.4 
44.0 OC0 63 
46.0 "bC0 5.4 
48.0 l8= 1 -8 
60.0 MF 0.05 
62.0 MF 0.03 
76.0 MF 0.02 

Mass in m - 5 0  mg, MF=Moleailar Frrgment, 
* =isotope 18. 



The results with HPMo are siguifïcantly diffm~t h m  those found with WW. Whik 
oniy smail quantities of CO2 arc sarbed on the bulk HPMo, suôstantial amounts are SOM on the 

HPMo/Si02. Tanpaahms of 520 and 580°C were rcqumd fa COz to desorb fiom EiPMo and 
HPW mtaining samples, rrspectively. Howeva, the hi@ tnnpnsnae wata peaL was not 
observed a k  SiMpfiCon of COs, suggestmg thaî the CO2 may be b d d g  the uctmcticm of 
anionic oxygcn atcms by the profaas. 

NaPW, HPW and siiica ptmtd at 650°C, sab vanishingly smaîi quantities of COs. 
Suice under these oonditio~~s, reiatively fm protons am pwcnt withia these matexials, their 
presence is apparently a Iiecessaqr condition fm the chaiiisorptim of COI. 

Remadrable difî i ices are observeci in the sorption of CO2 by the two supportcd and 
unsupported solid acids. While pure HPW sorbs twice as much CO2 as ptue HPMo, the 
supported HPMo sorbs substantially more CO, than supported APW. Although such diflerences 
for the pure ad& may be attiib~ted to Merences in acidic strengtbs, as suggested in the 

comparative studies of the sorption of NO2 (Chapter III), such a ratioaalizatioa appuin to be 
inappropriate for the supported acids. 

The number of water molecules or ptons present in the catalysts is dependent upon the 
temperature to which the catalyst bas been heated The e f f i  of the preireatment temperature on 
the sorption of CO2 suggests that the accessibility of the pmtons as well as the environment 
swfounding the protons is hportant fn the ~ t i m  of COs. This e f f i  is more evident with 
HPW than with HPMo, which may be amibuted to the higher acidic sinmgth and consequent 
hi* bindmg en- of the water molecules in the fomra solid Further, h m  the results of 
NaPW exposed to carbon dioxide, it is evidmt that the protons play an important d e  for the 
sorption of CO2. 

nie Rarnan resuits demonstrate clearly that carbon deposits ex& at the d e  of the 

samples. As e t e d  fiom the II3JdJlm ratio of 1.5 for EIPW, the cBCbOll pdcie sÙe of 30-35 
A c o q n d s  to that expected fm disordered graphite (Ref9.3). Thus, heating the catalysts ta 
520 and 580°C, fm HPMdiOz and HPW (orHPW/SiOJ, respedvely, wül result in the carboa 
atom extracthg the anionic oxygen to pmduce CO2. 



The dkqqmmce of the high temperature wata peak (in the TPD d t s )  with HPMo 
can be rationalized by the cmmmptim of the promiding oxygen atoms (of the anions) during 
the desorpticm ofC02 AIso, it is possible that the piotoas arr oxidized to water as the reduction 
of CO2 plriceeds. However, the -ce of the spsociritive water peak with HPW is 
difncult to observe since iiüle CO2 is beiDg Rduced to carùcm. Further, the depietion of carbon 
and the formation of COz (duhg the TPDs) apparently occiirs afta the extraction of the ptom 
because no watcr con be dctected during the former pmccss. Alteraatively, the extraction of 
anionic oxygen aionis (those nonaally available to the protons) woukl also b d e r  the formation 
of the associative waters. 

The atûi'butiion ofthe 784 cm-' Raman band is mclear. Obsewatious * meammnents 
of the sorptim of CO on nickel suggest that the band could be due to bridge SaCs W-C or Md= 
(ReE9.3). These sites wouid then o&r a nuclei fm the growth of carbon particles of 
approximately ~ O A  m dimension. Alternatively, the 784 cm-' Raman band rnay be attriiuted to 
the bending mode for sorbeci CO2 which has been obsaveû at 650-820 cm-' on a van*y of 
metals (Ref.9.4a). 

Tentatively, the mechamkm for the reduction of CO2 to carbon graphite couid be similar 
to-that of Aym (Ret9.4b). where a 4 electmns (hm the oxygen a m )  mechanism is involved. 
In a first step CO2 (in the ptesence of two protons) would be duced to CO, which would be 
reduced (also with two pmtoas) to C. The protons and the oxygen atoms (hm CO2 and CO) 
wouid fonn water. 

Alternatively, the disproportiopation of CO2 is also a possiility which cannot be 
rejected. 

Although no oxygen was obaved in the gas phase, it is conceivable that 4 is used fa the 
rrgenetation of oxygeo vacancies. 

Anotha important b r  is the diffbsicm of the molecules into the samples. Both type of 
catalysts are affkcted by the difiùsion of CO2 (seen âom the mass of catalyst used inside the 
reactor, the initial concentration of CO2 in the gas stream. and the time of contact), HPW king 
more affected than HPMo. Since CO2 is a non-polar mdecule, it is not expected to bteract or 



diffuse easiiy into the heraopoly aciâs. Fiirther, the role of the protons is important in the 
redudon of COL, and the number of COz (h the oxidation of the carboa deposits) per KU 
was found to be smalla than the sioicbiometry of three protons per Keggin Unit. The formation 
and accumwm of c d x m  ataiis at the surfâce of the cata(ysts wouid hmda the diffisioa and 
subsequent ndem of COs by the ptobnis (Refis 9.5 to 9.9). 

The present resuiîs give some msights patPinmg to the mechanisnis govembg the 
interadon of m o l d e s  with the hetempoly oxometahs. 

CONVERSION OF cIQRBONMONOxn>E TO LRRBON DIOXIDE 
A flow of CO (8% in belium) passeci over HPW or EiPMo samples heated h m  30 to 

650°C, producecl a COz peak at 580°C demonsttating that CO was oxidacd to CO2 on the 
catalysts m the absence of added Op Carbon mwoxide was not soibed as such since no peak of 
CO wuld be observed. Portion of the COz produced was, again, samigiy bound to the solid (in 
whateva fm). Further, the oxidation of CO on loaded samples showed a maximum 
conversion at approximately 20% of loading. This rcsUt is similar to results reported eatiier in 
which maxima in conversion (for a givw d o n )  w a ~  o b e d  at l d g s  m the viciai@ of 
20% (Ref9.10). It is of interest to note that earlier XPS, Raman, and NMR studies have shown 
that at loadings greater tbat 20025% crystallites of HPW begin to fi>mi on Si02 (ReE9.11). 

The selectivity to COz, nOm the oxidation of CO, was greater with HPMoBiO2 than for 
HPWISiO, samples. The resuits for the conversion of CO to CO2 are remhiscat of those for the 
wrption of CO2. As for the sorption of COa the oxidation of CO also depends on the anion 
composition and surfiice of the catalysts exposed. 

Exposure of NaPW to a flow of CO, whüe increasing the teniperature, showed that no 
CO is sorbed and no CO2 is pmduced. This suggests that protom are requinxi for the oxidation 
of CO. The d quantities ofC02 pduced fhm CO o v a  Si02 rnay, tentatively, be attniuted 
to the pmtons nOm the silica, or the dhpmportimation of CO (Eq.9.8). However, CO2 may a b  
result b m  the oxidatioa of CO by oxygea atwis ûom the decompoBition of CO. 

The resuits show that the oxygen atorns in HPMo are more labik than those in HPW, 
since the yield is grrata with the former than the latter* It is worth noting that the -id rise in 
the production of COz, for FIPMo at 5ûû°C, col~esponds appmximately to the ianpaatinr at 
which HEMdSiOz wouid t h d y  dewmpose to mleese CO2 when pmiously aposcd to COz. 
For HPW/Si02 this deoomposition tempera- was found to be higher (2580°C) than those 

employed in the present wak. However an inmase in the production of CO2 OCCUIS at 
temperatures above 60o0Ce Nevertheles, as previously explaineci, heteropoly mnpomds and 
their decomposition pducts exist at the s h e  of the silica at températures greater than 600°C. 



kp~iments with cL80 were pafonaed to provide f.urther information on the oxidation 
of CO. Since the c'b used am&ined ody traces of CO (Q%), the fixmatiioa of CO, ' 8 ~ ~ ~  

and OC0 d t s  p h a d y  h m  the extraction of oxygen otoms fioln the cluster compou1ds 
(Eqs.9.2 and 9.4). The f-on of 180C'8~ may be amibutcd to isotDpic achaage between 
sorbed species and gas phase ~ " 0 ,  or the oxidab'on of C'*O by 'b ficm dissociated c%. 

CO may fonn h m  the sorption of ~ " 0 ,  its dissociation to C and "O, and reoxidatim 
of C with oxygen a t m  h m  the clusters or wsin molecules. With HPWISi02, the maximum 
for the fmticm of CO was fomd a much lowa tcmpamires thio that at which the anions 
decomposed but, with EiPMo/Si02 the forniaton of CO was oôserved at temperatures greater 
than 550°C. Mon suqrising is the fict that HPW samples fmed relatively m o r ~  CO at 
temperatures as low as 150°C. No evidence f a  the sorptim of  CO (or ~ " 0 )  was found. 

As mentioned eariier, the dispmportimation of C'*O (Eq.9.8) is olso UsiDg 
Tables 9.3 to 9.5 (at 60O0C), the quantities found in Table 9.6 were caiculated. The results 
indicate that Little disproportionation is occurriiig on the catalysts, but d y  isotopic nchange 
and anioaic exiradon. 

M y  small qmtities of water desoh nOm EIPMo/Si02 sarnples above 550°C, whüe 
substantiai quantities of CO were d m  the oxygen of which evidentiy has been extcacted 
h m  the anions. Cho and Stock showed biat at high the rate of CO dissociation was 

approxirnately haif that of direct oxidation with Rh/A1203 catalysts QeK9.12). However, at low 
temperature the rate of CO dissociation was of the same ordn of magnitude as the rate of CO 
oxiâation to CO2. They also obsnved the f~~~nation of carbon at the surfbce, which could also 
d u c e  the rate of dissociation of CO at the sianrce. Nevertheiess, the mecbanism for the 
oxidation of CO to CO2 was ultimately controlled by the dissociation rate. It is also coaceivable 
ht, in the present study, the rate of dissociation aiso conar~Is the mechankm for the oxidation of 
CO to CO2 However, the rate of oxidatim of CO (or ~ " 0 )  b (totai) CO2 increases with the 
isotopic exchange (see Table 9.3 and 9.4). The rate of the d o n  is expeaed to decrease if 
controUed by the dissociation of cL80 (Fket9.13). Thus, the rate of CO oxidatim to CO2 is 
slower than the rate of CO (or c'b) dissociation. 

The two types of catalysts have similarities end subtle differenccs Both cm oxidue 
carbon-monoxide to carban dioxide. The molybdenum catalyst produces CO by isotopic 
=change between the C"O momdecde m the gas phase and the anionic oxygen atoms. However, 
with the ûmgstea catalyst, the ~ ' b  combines with the a n h i c  oxygen to fonn carlnm dioxide 
(I80c0), shce this is not concomitant with the forniaton of CO. However, regardlas of the 
0xyga.1 =change mechanisn, HPMdSi02 is more effèctive diaii HPW/SiOZ for the oxidation of 
carbon moxide,  as ex+ fiom the lability of the oxygen atoms (Ref9.14). 



TABLE 9.6 

TOTAL SORBED CARBON AND CARBON DIOXIDE 
DURING THE OXIDATION OF CO ON HPW/SiO, AND H P M O I S ~ O ~  

-Y- Carbon sorbedb Total CO2 in gas phasec 
(C sorbed per KU) (COz produced per KU) 

23. 1%HPW/Si02 0.02 t 19 

2O.0%HPMo/SiO2 1.4 30 

a Calculated fiom riwults of Taôles 93 to 95, at 6oO0C. 
b From Tables 9.4 and 95, CalEulatPA fiom the total carbon fouiad in tbe gas phase. 
c Fmm Tabîe 9 3. calcuiaîed h m  iotai C 4  f d  u 600°C. 



Under continuous conditions, H20 was only o b e d  with HPMo/SiOB which 
wouid mdicate that some oxygen atoars nOm the Kegein U& are king atwtd, as weLi as 

protons, possibly mie to the tmipaaturr at which the ~IOCH~PA* 
The contact of CO with the hcteropoly as with the so@m of CO2. piioduces an 

accumulation of &u over the cataiysts The p m c e  of the labelleci molecules, includiag 
18 00, a k  mction of the cataiysts with ~ ' b  foIIowed by injection of OB iudicates that a 
portion of the 160 m the anions has been repiaced by '*O. AIternatively, the existence of pnhaps 
strongly held ~ ' ~ 0  wuid also be nsponsible fin the famiPton of the labelled oxygen molecules, 
howevn, evidence of which was aot observed by TPR or Rarnan spectioscopy. 

The observeci decmse in the co~lversi011 of CO, may tentatively be attri'buted to the 
inhiiition of the pocess by carbon deposits, which seems to eventualiy stop the oxiâation 

reaction of CO to CO2. The carboa depo&s block the active sites, but it is possiile to m v e  

these carbon deposits by the addition in the féedstream of oxidants (Wre O= or NO3 to oxidise 
the sorbed carbonac~us species (Ref9.15). 

C. Conclusion 
The haeropoly acids d u c e  CO2 to carboa. The loading of biese acids on süica 

promotes the nduction of CO2. The presence of the pmtons are required for the reductioa of 

CO2. Raman qxctmmpy shows that carbon deposition occurs on exposure of the catalysts to 

CO2. The sorbmg cap- for CO2 (in w b e r  fomi) depends on the acidic strength, thus on 
the composition of the anions. 

The oxidatiua of CO to CO2 occm on HPW/Si02 and HPMoBi02 in the absence of 
added oxygen, with the latter catalyst bemg more e f f i v c  for this purpose* 
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CONCLUSIONS 

The work npoaed here m e s  two purposes: (1) to provide M e r  mfodon on the 

d e ,  bulL and cataiytic properties of the hderopoiy oxdpnefalafes, in ppaiticular by use of 
nitrogen and carbon oxides as probe molecules and (2) to mvestigate the pofeatial of these soli& 

as catalysts fm the removal and collversl*on of the ahmentimed envin,nmentally 

disadvantageous grses. hi regard to the coming ~ ~ ~ ~ M o I I s ,  whae catalysts wil l  have to operate 

under fiiel-leau conditions (net oxidizmg), it is believed ut the present beterupoly compouDds 

could represent a breakthrough in oxides ofnitrogea catalytic contml. 
The kit deals the reactions and interactions of niûogen orrides on the parent 

acids (Chapter m). The composition of the may k alterrd by changes in the central atom 

or the peripberal metal element, whik the Keggh st~~cture is retained* By studying 12- 

tungstopbosphoric and 1 2 - t u n ~ i l i c i c  acids the e f f i  ofthe central atom can be evduated and 
cornparison of the cesults tiom the former with those of 12-molyWophosphoric acid allow the 
effect of changes in the paipheral metal elements to be detemineci. 

W e  the central atom has little effect on the pmperties of the heteropoly acids for the 
sorption of NOz. the solid acids containing tungsten show superior sorption pmpaties to those 

containhg molybdenum. Earlier work has shown that the fanna acids are mnger acids than 
the latter. Nitrogen dioxide molecules are showa to be capable of penettating into the buk 
structures of the solid acids, in particular HPW and HSiW, and interacting with both the srtiface 

and the interior water molecules to produce HN03 which is nteased hwn the soiid After 
coll~umption of the water NO2 associates with the poto~ to f m  ~ 0 8  and up to 3 
molecules of NO2 per anion are retained on the solid. 

Although datively insigdicant quantities of NO w a t  found to sorb on the acids, aAa 
sorption of NO2 akic oxide sorbed up to eqyholar amounts of NOz, with the resdting 
fornation of N203. No evidence was found for the rrduction of either NO2 or NO to f8mi Np 

The absence of sorptim of NOx on the aikali metal salts of HPW (Chapter VI) pmvides 
evidence fin the participation of the piioton in the sorption proceas. 

Liquid asid solid sorbents have been used in the past to contml the NOx anissiors 
(ReK1.6). Solutions of fmus suü8te, potassium hydroxide, or potassium pemanganate w m  
used and off& betweetl15-50% NOx removal. Süica gel, zeoiites, and carbon were a h  used 

as solid sorbents. At best, süica gel and zeolites offered 89% NOx removal, while 55% for 



carboa. The sorbeats were later regenerated but only 80-Wh rec~very could be attained. The 
use of liquid and d i d  sorbeDts gen- considerable a m o ~ î s  of waste if the sotption is 
irreversl'ble, 

The dmct sorpticm of NOz by the heteropoiy otfas mtastmg prospects. As it was 
seni in Chapîer iü, NO2 sorbs on the solid haeiopoly acids (&ose c0lltaini.g ûmgsfen). Ova 
90-95% rrmoval can be attsined unda the present conditions, Further, mcreasing the mass of 
the cataiyst inside the nactor wüi inacase this f i p .  The chemisotbed NO2 can react with 
water vapour to produce niûic acid (and vice vema) without âamaging the Kkggh structure* In 
this reacticm, the hctaopoly acids are tnie catatysts. Further, it is our belief that the 
NO2-saturated hetaopoly aciàs wuld aiso be used in maay other catalytic d o n s  which would 
need a pool of nitrogen dioxide a ~ 0 2 ] ?  

Because the heteropoly acids are imrbk to d u c e  NO2 to N2 under net duchg  
conditions, a d k t  co~llpasison with the TWC is not possible hete. However, the he tap ly  
acids could be compared to the ZSM-5 Qef 1-13) or VPO @eK 1.17) catalysis since they are to 
be operateci under bel-lean conditions. Even though this is highly speculative, it is possible that 
the reduction of NO2 might be possiile under ml or Sunulated (net oxidkhg) conditions. 

In the standard SCR pmcess (also net oxidizmg), gaseous ammonia is directly injected in 
the gas stream before the catalyst bed. Gnat quantities of ammaniammania escape to the ahnosph- (5- - 

10 ppm). This problem tESUlts m higher costs, as well as release of NH, into the atmosphere. 
Another concem for the industries is the temperature ai which the catalyst bed must be heated for 
the efficient reducfion of Nûx. Low tempnatures (100-2ûû°C) are prefemd in order to diminish 
the cost of operation. Presentty, the maxima in NOx conversion with V205 and TiOs are 
approxiaiately 55% (at 3ûû°C) and 40% (at 4ûû°C), rrspectively (ReE 1.1 8a). 

In view of the use of ammcmia fbr the selective catalytic nduction of N4, in the 
industries, as weU as the ammonia slip problexn, NO and NO2 w a t  injected on annnOniimi salts 
of hetaopoly acids (Chaptets IV and V). In the present work, the hetmpoly ammoillm sale 
were prepared hm th& nspective parent acid by precipitation with any ammonkt source (Le. 
ammoaium cahmate, ammonium nitrate, etc.). They do not require calcination at hi& 
temperatUres, but they ody need b be heated at the miction tempcrahire. The sinface structwe 

of the ammonium saits is welî known and uiilü;e the hetempoly acids, they possess a high 
surface area. The direct advantage is that no gaseous ammonia needs to be injectecl while the 
reduction mess takes place. 

Nitmgen dioxide is directiy duced to N2 and is the principal p d u c t  found in the 
effluent at temperatures of 10e2ûû°C. However, at teniperatures higher than 2 m ,  nitrous 
oxide is released to the gas stnam in gmt puantities h m  the themial decomposition of 
ammonium nitrate and the direct d o n  of aitnc acid ( f o d  fiwi the reaction of NO2 and 



catalytic H20) with the at l~~~nium cations. h the reductioa pmcess the ammonium are thus 
consumed by both NO2 and nitric acid. 

Akhough üale aihic o d e  can be rrduced diFeclly by the ammmim hetempoly salts, 

the reduction of NO to N2 at b w  tmipaatiirc cm be pmmotcd by pmexpshg tûe ammonium 

salts to NO2 or HN03. Furtber, duriag the duciion of NOz or NO, w -nia was ieleased to 
the gas p k  

Table C.1 preseats the obseived cal>acities for both sorptim and d i o n  on the prrsent 
heteropoly campounds. Ody the values f d  for the m.& of NO2 arc p m & d  in the table 
since most of the worL mlited to nitmgen dioxide and, under niel-kan collditions, NO2 is the 

main o d e  of nitmgen found m the gas stream. Further, thc Nd(NZû+NO) ratio is m t e d  in 
the last cohmm as an efficiency mdicatc~ (m regards to Nd. It Ù to be noted, howeva, tbt the 
values pfesented in this table are those for the togl cspacity (ar sanpatia), and this would not be 
the case if operated unda pracfiCcaI collditions. 

From the total capacities found in Table Cl ,  both ammonium 12-hmptophosphate and 
ammonium 12aiolybdophosphate can duce NO2 to N2. G e n d y  tbe capacity to N2 incrwws 
with the tcmpaatun of the teaCfOT, but tfie production of N20 StVLF at T > 200OC. The 
efficiency mdicator (last coluum) shows that NBgW-150°C and NHQMQ~OO~C are those 
which give the cleanest gas shcam. Momver, m m m g  the mass of catalysts m the reactur bed 
(Table 4.3) wiii rrsul(s in a higher conversion and a cleaner ex ha us^ However, the ammonium 
12-molybdophasphate isreversibly losses f stnichiral mtegrity when exposed to NO2 at 

tempera- gnata than 40O0C. Ammonium 12-hm8stopho~pbate sorbs qwntities of NOz @y 

protanation) affa co~lsumption of the NH3 (as N H , ~  in the In addition, at 150°C, the 
d a c e  of the salt becomes satinatcd with ammOLUwa nitra&, which duces  the selectivity to Na 
h m  NOs, but inneases that fiom NO. M t p W  ciin also be regenerated by injection of 
ammonia, which in tum duces the chemisorbal NO2 to N,. However, in the process, the 
hdmpoly anwoaiirm salt losses its ariginaî sPrfiice ana, thus its efficiency. 

Since the selectivity to Ni is iOféMt in the gas phase &on of NO2 and NH3, NH,PW 
(as weli as NHQMo) is d d e r e d  to be a cataiyst, in which it promotes the f d o n  of NI. 
Mo= precisely, since the ammmbm cations are ooiffmaeâ during the course of the reaction, the 
hetempoly amxnoaium saits are known to be catalo-reactants. 

Once again, a dmct c01npariSan between the heteropoly ammonium salts and the 
catalysts used couunerciaiiy in the NOx SCR prof- is impossible. A cost-effdve anaiysis 
hcluding the price of the catalyst bed, the heatmg costs, the amount of ammonia used, anci the 

cost for regeneration (if possible) would be needed to show which catalyst is m. In view of 
the figures presented above (hm Ref.l.18a) and the a m n i a  siip problan, NH,PW offm an 
interrsting alternative. 



TABLE C.1 

OBSERVED CAPACITES OF HETEROPOLY OXOMET'ALATES TO NOz 

? 0.62 trace 0.09 6 9  

3 .O 1 .O 1.8 trace 0.56 

a 1.6 H N W  pmiuced at 150°C duxing saaaotion wiîh N Q  (0.45 HNO,/ICU pmduccd durhg ngenci4tion). 

b Repaed f i o r n s t o i c h i o ~ n i c ~ t s  ofammonium cabnate aaà HPW(wasbed). 

c 00gMiy containeci 23 ~ % ü -  

d Origïually amoliriMi2.1 NH,+/KU. 

e nepared h m  stoichiomettc oniwnts of ~ m l l ~ n i u m  niirate and HPMo (unwasbed). 

f Repared h m  stoichiomeaiç amounts of ammonium carbonate and HPMo (unwashed). 

g Pceacposed b b&& prier to saairatian with h Q .  

NOTE: TO CONVERT VALUES TO MOLE OF PRODUC3 PER GRAM OF CATALYST: 

1 moie KU= 2877.77g (PW) or l822Zg (PMo). 



Because oftheir poor mechanicd pIopaties, and m some case their water solubiiïty, the 

heteropaly acids and sale are not well suited to be used in an industriai reoctor system 

However, it was cleady shown in the past that these problems con be avoided by the use of a 
piopa suppoh Furthet, ,suppabing the hctaopoly && imgmves not oaly the mechanid 
propaties but Plso the surtàce and catalytic cbsractcriPtics (Le. gnster siatiice a m ,  hi+ 
t h d  Stability, and di&rent pore strii-)* 

The Silica-supportEd d u m  12-hm8stophaspbate shows a grrater c e  to N2 
fbm the reduction of NOz (Chapter vn). However, bezause of the nature of the support and the 
reactivity of NOz, the capac@ ta NO is also hi& From the previom rtSuIts, it is clear that the 
support contniutes to the fbmatïon of NO. Under reducing conditions, nitmgen dioxide on 
V20, TiOD and Al& shows a hi@ selectivity to NO (1 1 .Pl&, 29 J%, and 36.1 %, rrspectively) 
and no capacity to N2 (Ref.l.31). In this Won, IW&PW/SiO2 is a -or catalyst for the 
reduction ofN02 Vz0fiiO2 (at 180°C) was found to be also efficient (96% total co~~vezsion) 
for the decomposition of N(hr (Ref. l.21)* 

Although the formation of Ns is &ced with the suppacd haempoly sak, the OVW 
process is l es  efficient (see the efficiency mdicator on Table C.1) than the bulk materialS. ïhe 

surface mtegsiîy, however, is kepî in- Finding a NOTmert support is imperative to improve 
the cataiyst A possible support could be one of the high surfàce a m  iA-heteropoly sahs (or 
thallium salt). It was found in Chapter VI that these sale were mat to NO2. Supporting the 
heteropoly acid (HPW) on CsPW (then exposed to gase~~us amnonia), for example, might give 
an improved, low temperature, mechanically stable catalyst for the decomposition of NO2 uada 
&el-lean conditions. 

The last Chapter of the present wodc preseats the q t i m  and reaction of oxides of 
carbon ( C a )  by the hetetopoly oxomecalates (Chapter UL). Tbe characterization and 
quantification of the sorption of CO2 and oxidation of CO was initiateci because of the resdts 
observed wîth the stlica-mipported HPMo. A CO2 desoiption peak was observeci in the TPD of 
the supported acid This was never mentioned in the &terature cvai lhough the peak at 580°C 
was seen on the pubbhed TPDs. The pfesent r e d t s  show that bth buik and supported acids 
CM sorb quentities of CO2. Mo~eover, the haaopoly acids (supporied or not) are capable of 
oxicbhg CO to CO2 under net d u d g  conditions. The sorpticm and wnvetsion values 
measUrrd an d and more resea~~h needs to be &ne to Lnpiiove these values. However, the 
present r e d s  tach us about the surface and cataîytic pmpaties of the heteropoly oxometatates 
having the Keggb structure. 




