P et r oleu m cokes a r e widely u sed in cem en t pla n t s for en er gy gen er a t ion . Beca u se of t h eir ver y low vola t ile con t en t , t h e ph ysicoch em ica l pr ocesses occu r r in g du r in g t h eir com bu st ion sh ou ld be m a in ly con t r olled by h et er ogen eou s r ea ct ion s. Th e r ea ct ivit ies of som e pet r oleu m cokes t owa r d NO bet ween 800 a n d 1000 °C h a ve been ch a r a ct er ized t h r ou gh exper im en t s in a n en t r a in ed flow r ea ct or . Th ese ca r bon a ceou s m a t er ia ls exh ibit ver y h igh r ea ct ivit ies t owa r d NO. Th eir ca pa cit y t o r edu ce NO con cen t r a t ion in t h e su r r ou n din g ga s is sign ifica n t , so t h a t t h is r ea ct ion ca n h a ve a sign ifica n t im pa ct in t er m s of NO em ission s r esu lt in g fr om t h eir com bu st ion . Th e in flu en ce of su r fa ce a r ea a n d of t h e h ea vy m et a l con t en t on su r fa ce r ea ct ivit y wa s t est ed. As it wa s t h e ca se for ca r bon -oxygen r ea ct ion , t h e su r fa ce m ea su r ed by m er cu r y por osim et r y seem s t o be a good pa r a m et er t o ca lcu la t e su r fa ce r ea ct ion r a t e. No cor r ela t ion wa s fou n d bet ween ca lciu m or ir on con t en t a n d NO-ca r bon r ea ct ion r a t e. As for t h e r ea ct ion of pet r oleu m coke wit h oxygen , va n a diu m a ppea r s t o h a ve a ca t a lyt ic effect on t h e r edu ct ion r ea ct ion of NO wit h ca r bon .

In tro d u c tio n

P et r oleu m coke, a r esidu e of t h e pet r oleu m r efin in g in du st r y, is u sed t oda y in la r ge qu a n t it ies a s a sou r ce of en er gy. Th is solid fu el h a s t h e a dva n t a ge of bein g ea sy t o gr in d, of con t a in in g a h igh ca lor ific va lu e (bet ween 32.5 a n d 34.5 MJ kg -1 ), a n d of bein g ch ea p in the market place. For cement plant precalciner applicat ion s, it is gr ou n d t o a ppr oxim a t ely 50% < 90 µm, and u sed a s a coa l r epla cem en t fu el. It h a s a lso been u sed in flu idized bed com bu st or s, gen er a lly co-fir ed wit h coa l. 1,2 Th e pr eviou s yea r s of u t iliza t ion h a ve iden t ified a number of specificities in their utilization, particularly in t er m s of pr ocess con t r ol a n d of pollu t a n t for m a t ion . Ver y lit t le lit er a t u r e h a s been devot ed t o t h ese fu els, m a kin g it difficu lt t o in t er pr et t h e differ en ces obser ved in t h eir beh a vior a s com pa r ed wit h coa l.

Beca use of the low vola tile ma tter content of this type of fu el, t h e im por t a n ce of h et er ogen eou s r ea ct ion s sh ou ld be en h a n ced bot h for t h e oxida t ion of t h e ca rbona ceous ma teria l or for the forma tion of polluta nts. Th e wide va r ia t ion of r ea ct ivit ies of pet r oleu m cokes t owa r d oxygen h a s a lr ea dy been dem on st r a t ed in a previous paper; 3 it has been shown that these variations ca n be cor r ela t ed wit h t h e ca t a lyt ic effect s of va n a diu m . Th e em ission s of n it r ogen oxides a t t h e exh a u st of a com bu st or a r e t h e r esu lt of a ba la n ce bet ween t h e for m a t ion of NO a n d it s r edu ct ion by h om ogen eou s a n d h et er ogen eou s r ea ct ion s. Th er efor e, t h e h et er ogen eou s r edu ct ion of NO on pet r oleu m coke is expect ed t o in fluen ce t h e n it r ogen oxide level in t h e exh a u st , a n d t h e det er m in a t ion of it s r ea ct ivit y t owa r d NO is of in t er est .

Th e r edu ct ion of n it r ogen m on oxide by differ en t sor t s of ca r bon a ceou s solids h a s been t h e a im of m a n y st u dies since the 1980's, beca use this phenomenon is importa nt in flu idized bed com bu st ion . 4 Despit e t h is la r ge a m ou n t of pu blish ed m a t er ia l, n u m er ou s u n cer t a in t ies st ill remain. The mechanism of the reaction itself is not fully u n der st ood a lt h ou gh m a n y a t t em pt s h a ve been pr esented. 5,6 Because of this lack of established mechanism, m ost a u t h or s h a ve t r ied t o fit t h eir exper im en t a l da t a wit h globa l kin et ic la ws. Bu t , a s it h a s been sh own by Aa r n a a n d Su u ber g in t h eir r eview, 7 la r ge va r ia t ion s a r e obser ved bet ween pu blish ed da t a , wh a t ever t h e temperature.
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To expla in t h ese differ en ces, t h e ch em ica l st r u ct u r e a n d t h e t ext u r a l pr oper t ies of t h e solid a r e t h e m ost oft en in vest iga t ed pa r a m et er s. Rodr igu ez-Mir a sol et a l. 8 st u died t h e in flu en ce of t h e r a n k of t h e pa r en t coa l on t h e r ea ct ivit y of t h e ch a r t owa r d NO in a sm a ll sca le fixed bed. H e obser ved t h a t lign it e ch a r s a r e m or e r ea ct ive t h a n ch a r s obt a in ed fr om h igh r a n k coa ls; t h e gr a ph it ic st r u ct u r e of t h e ch a r is t h er efor e a n im por t a n t pa r a m et er in t h e det er m in a t ion of t h e r ea ct ivit y. A st u dy by Zeven h oven a n d H u pa 9 on a la r ger n u m ber of ch a r s led t o t h e sa m e con clu sion . Never t h eless, t h ese r esu lt s m a y be m a in ly a con sequ en ce of t h e differ en ces in t ext u r e a n d ch em ica l com posit ion of t h e sa m ples. A m or e pr ecise st u dy of t h is poin t h a s been m a de by Gu lyu r t lu et a l. wh o u sed ch a r pr epa r ed a t differ en t s tempera tures from the sa me ra w coa l. 10 Th e a u t h or s obser ved t h a t t h e h igh er t h e pr epa r a t ion t em per a t u r e, t h e m or e r ea ct ive t h e sa m ple is. Th is r esu lt cou ld be expla in ed by a n in cr ea se of su r fa ce a r ea a n d a lso by t h e gr a ph it iza t ion of t h e ca r bon st r u ct u r e.

To t a ke in t o a ccou n t t h e in flu en ce of t h e t ext u r e of t h e sa m ples, m ost a u t h or s ca lcu la t ed t h e specific r ea ct ion r a t e by dividin g t h e globa l r a t e of r ea ct ion by a su r fa ce a r ea . Th is la st pa r a m et er is eit h er t h e CO 2 a dsor pt ion su r fa ce or t h e N 2 a dsor pt ion su r fa ce compu t ed by t h e BE T equ a t ion . Sh im izu u sed t h e for m er su r fa ce a n d fou n d a con st a n t va lu e of t h e specific r ea ct ion r a t e for n in e sa m ples wh ich h a d su r fa ces ranging between 250 and 900 m 2 /g. 11 Illia n -Gom ez et al. 12 obser ved a lso a lin ea r cor r ela t ion bet ween t h e r ea ct ion r a t e of ca r bon sa m ples a t 873 K a n d t h e BE T su r fa ce a r ea . Never t h eless, ot h er st u dies sh owed t h a t t h e specific r ea ct ion r a t e pr esen t s la r ge va r ia t ion s a s a function of the chemica l composition of the ca rbona ceous sa m ples.

Wit h a n exper im en t a l set u p sim ila r t o Rodr igu ez-Mir a sol, Ch a n et a l. 5 exa m in ed t h e in flu en ce of m in er a l m a t t er , a n d obser ved t h a t t h e dem in er a liza t ion of a lign it e ch a r lea ds t o a decr ea se in it s r ea ct ivit y wit h NO by a n or der of m a gn it u de. As for t h e ca r bon -oxygen r ea ct ion , m a n y elem en t s ca n h a ve a ca t a lyt ic effect on the NO-ch a r a n d t h e N 2 O-ch a r r ea ct ion s. Ch a n et a l. 5 a n d Zeven h oven a n d H u pa 9 obser ved t h a t t h e ca lciu m con t en t of t h e m ost r ea ct ive ch a r , i.e., t h e lign it e ch a r , wa s h igh . Illa n -Gom ez et a l. st u died t h e in flu en ce of m in er a l m a t t er on t h e r a t e of NO r edu ct ion over ch a r s. Th ey obser ved t h a t wh a t ever t h e t em per a t u r e, t h e a ddit ion of a m et a l su ch a s F e, Cu , or Ni decr ea ses t h e a ct iva t ion en er gy of t h e r ea ct ion . 13,14 Th e ca t a lyt ic activity of potassium and calcium was also observed. 15,16 Som e a u t h or s t r ied t o r em ove t h e m in er a l m a t t er of ch a r s in or der t o qu a n t ify t h e decr ea se in t h e r ea ct ion rate. [17][18][19] The main problem is that the demineralization is n ever com plet e, so t h a t a ca t a lyt ic a ct ivit y r em a in s; a n ot h er pr oblem is t h a t t h e pr epa r a t ion of t h e sa m ple ch a n ges t h e t ext u r a l pr oper t ies of t h e ca r bon a ceou s solid. Despit e t h ese difficu lt ies, a decr ea se of t h e r a t e of t h e r edu ct ion of NO on t h e ch a r su r fa ce wa s obser ved in a ll ca ses.

In t h is wor k, we h a ve ch a r a ct er ized t h e kin et ics of t h e r ea ct ion of NO r edu ct ion on t h e ch a r su r fa ce of a n u m ber of pet r oleu m cokes bet ween 800 a n d 1000 °C. This temperature range is representative either for FBC com bu st ion of pet r oleu m coke or for t h e pr eca lcin er of cem en t pla n t s. As we will dem on st r a t e, t h is r ea ct ion h a s a sign ifica n t im pa ct on t h e globa l em ission s of NO r esu lt in g fr om t h e com bu st ion of t h e pet cokes.

Ex p e rim e n ta l S e c tio n 2.1. Ex p e rim e n ta l S e tu p .

To ch a r a ct er ize t h e r ea ct ion kin et ics in con dit ion s close t o t h ose of a flu idized bed or of a n en t r a in ed flow su ch a s a cem en t pla n t pr eca lcin er , a set of exper im en t s wa s ca r r ied ou t in a la bor a t or y sca le en t r a in ed flow r ea ct or (E F R). Alt h ou gh m a n y differ en t exper im en t a l devices may be used to obtain heterogeneous reactions kinetics su ch a s a t h er m ogr a vim et r ic a ppa r a t u s or fixed beds, 6,8,20 the E F R h a s been widely u sed beca u se it a llows t h e disper sion of pa r t icles in a ga s flow. Th er efor e t h e diffu sion lim it a t ion s obser ved in fixed beds ca n be a voided. An ot h er a dva n t a ge is t h a t h igh t em per a t u r es m a y be r ea ch ed. 21,22 Th e r ea ct or design h a s a lr ea dy been det a iled elsewh er e. 3,23 Th e a ppa r a t u s sh own in F igu r e 1 con sist s of a n 80 m m i.d. a n d 1 m lon g isot h er m a l fu sed silica r ea ct or fed wit h a n elect r ica lly pr eh ea t ed ga s flow. A st r ea m of powder ed fu el pa r t icles wa s in ject ed t h r ou gh a wa t er -cooled feedin g pr obe.

Ca r e wa s t a ken t o obt a in a good disper sion of t h e pa r t icles on a cr oss sect ion of t h e r ea ct or by pla cin g a disper sion dom e 1 m m down st r ea m fr om t h e t ip of t h e feedin g pr obe.

Th e ga s wa s sa m pled a ft er a con t r olled r esiden ce t im e t h r ou gh a wa t er -cooled n it r ogen -qu en ch ed pr obe. It wa s t h en analyzed; NO, CO, and CO2 wer e qu a n t ified by on -lin e NDIR (8) Rodr igu ez-Mir a sol, J .; Oom s, A. C.; P els, J . R.; Ka pt eijn , F .; Mou lijn , J . A. NO a n d N2O decom posit ion over coa l ch a r a t flu idizedbed com bu st ion con dit ion s. Com bu st. Flam e 1994, 99, 499-505.

(9) Zeven h oven , R.; H u pa , M. Th e r ea ct ivit y of ch a r s fr om coa l, pea t , and wood toward NO, with and without CO. Fu el 1998, 77 (11), 1169-1176. (10) Gu lyu r t lu , I.; E spa r t eir o, H .; Ca br it a l, I. N2O formation during flu dized bed com bu st ion of ch a r s. Fu el 1994, 73 (7), 1098-1102.

(11) Sh im izu , T.; Sa za wa , Y.; Adsch ir i, T.; F u r u sa wa , T. Con ver sion of ch a r -bou n d n it r ogen t o n it r ic oxide du r in g com bu st ion . Fu el 1992, 71, 361.

(12) Illa n -Gom ez, M. J .; Lin a r es-Sola n o, A.; Sa lin a s-Ma r t in ez de Lecea , C.; Ca lo, J . M. NO r edu ct ion by a ct iva t ed ca r bon s. 1. Th e r ole of ca r bon por osit y a n d su r fa ce a r ea . E n ergy Fu els 1993, 7, 146-154.
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Sam ple s Ch aracte rization .

Eight samples were used in t h is wor k, six pet r oleu m cokes, a bit u m in ou s coa l a n d a n a ct iva t ed ca r bon . Th e pet cokes u sed in t h is st u dy wer e sa m pled a t differ en t in du st r ia l sit es; n o da t a con cer n in g t h eir or igin wa s a va ila ble. Ta ble 1 gives t h e r esu lt s of t h e pr oxim a t e a n d u lt im a t e a n a lyses. Th ey sh ow ver y sim ila r com posit ion s in t er m s of t h e per cen t a ges of C a n d H . As expect ed for h ea vy pet r oleu m fu els, t h e n a t u r a l su lfu r con t en t s a r e h igh , a n d range between 4% and 7.5%. The fuel nitrogen concentrations a r e sim ila r for a ll of t h e pet cokes. Th e pr oxim a t e a n a lysis in dica t es low vola t ile m a t t er a n d low a sh con t en t . Th e a im of t h is wor k wa s t o ext r a ct kin et ic da t a for a n u m ber of pet cokes a n d t o st u dy t h e in flu en ce of t h e n a t u r e of t h e sa m ple. Th en , all the chars were prepared at the same temperature and their reactivity was studied as a function of temperature. The chars wer e obt a in ed by pyr olyzin g t h e fu el sa m ples in t h e E F R a t 900 °C. Th e bit u m in ou s coa l (Iva n Coa l) wa s u sed a s a reference to a classical fuel, and the activated carbon (AC) was r et a in ed a s a h igh BE T a r ea ca r bon for con sider a t ion s of r ea ct ive su r fa ce, a s discu ssed fu r t h er . Th e a n a lyses of t h ese t wo fu els a r e a lso given in Ta ble 1.

P r ior t o a ll a n a lysis a n d exper im en t s, a ll t h e fu els wer e gr ou n d t o less t h a n 200 µm , dr ied, a n d t h e fr a ct ion 30-100 µm wa s select ed by pn eu m a t ic sievin g. P a r t icles of less t h a n 30 µm wer e r em oved t o en a ble r egu la r feedin g of t h e fu el du r in g E F R exper im en t s.

To obt a in a good ch a r a ct er iza t ion of t h e t ext u r e of t h e ch a r samples, the surface areas were measured using two methods:

• n it r ogen a dsor pt ion a t 77 K wit h t h e BE T equ a t ion ,

• m er cu r y por osim et r y t o qu a n t ify t h e su r fa ce a r ea of t h e m esopor es a n d m a cr opor es of t h e pa r t icles. Th is m et h od wa s u sed t o m ea su r e t h e su r fa ce a r ea of por es la r ger t h a n 20 n m (H g20).

Th e su r fa ce H g20 wa s h er e der ived fr om m er cu r y por osimet r y t est s, u sin g t h e st a n da r d por e m odel pr oposed by Sa t t erfield, 27 in wh ich t h e por e dia m et er is ca lcu la t ed fr om t h e por osit y ϵ, t h e pa r t icle den sit y Fp, a n d t h e por e su r fa ce a r ea S a s follows: 26 Th e a dsor pt ion of CO2 a t 293 K a lso a llows t h e det er m in at ion of a su r fa ce a r ea wit h t h e h elp of m odels su ch a s t h e Du bin in -P ola n yi equ a t ion . Th e pr oblem is t h a t in m a n y exper im en t s, t h e a ccess of t h e ga seou s r ea ct a n t t o m icr opor es is difficu lt . As a r esu lt , t h is m et h od wa s n ot u sed in t h is wor k. Th e por osit y wa s obt a in ed by h eliu m pycn om et r y. Ta ble 1 presents the results of this cha ra cteriza tion. The va lues of the su r fa ce a r ea s of t h e pet cokes a r e ver y low com pa r ed, for in st a n ce, t o t h a t of t h e coa l, wh ich t ypica lly exh ibit s BE T a r ea of sever a l t en s or h u n dr eds of m 2 g -1 . It sh ou ld be n ot ed t h a t t h e pet coke sa m ples exh ibit lower su r fa ce a r ea t h a n m a n y sa m ples u sed in pr eviou sly pu blish ed st u dies. 5,8,11 Th e con cen t r a t ion s of 7 elem en t s kn own for t h eir ca t a lyt ic activity in carbon reactions were analyzed: vanadium, copper, m olybden u m , ir on , pot a ssiu m , ca lciu m , a n d m a n ga n ese; t h e r esu lt s a r e r epor t ed in Ta ble 2. As in h ea vy fu el oils, la r ge a m ou n t s of va n a diu m a r e fou n d. Th is elem en t is pr esen t in quantities as large as 0.26% of the dry mass in Asland petcoke. Th e ot h er m et a ls a r e m u ch less con cen t r a t ed, a pa r t fr om ir on in St Con st a n t (0.17%) a n d in Lily (0.061%). a Th e BE T, t h e H g20 su r fa ce a r ea , a n d t h e por osit y ϵ a r e t h ose of t h e ch a r s. 
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exper im en t s. Th e ch a r s wer e pr eviou sly pr epa r ed by pa ssin g t h e fu els in 4.16% O2 in n it r ogen t h r ou gh t h e E F R a t 900 °C. Th e exper im en t s t o ch a r a ct er ize t h e ch a r s r ea ct ivit ies t owa r d NO wer e ca r r ied ou t a t t h r ee t em per a t u r ess800, 900, a n d 1000 °C, so t h a t a n a ct iva t ion en er gy ca n be det er m in ed. Th e pa r t icles feed flowr a t e wa s 1.5 g/m in . Th e ga s feed flow wa s a m ixt u r e of 955 ppm of NO in n it r ogen , a n d t h e flow r a t e wa s 10 L/m in (NTP ). Un der t h ese exper im en t a l con dit ion s, t h e r esiden ce t im e r a n ged bet ween 3.25 a n d 3.6 s, depen din g on t em per a t u r e. If we a ssu m e a h om ogen eou s disper sion of t h e pa r t icles in t h e volu m e of t h e r ea ct or , t h e solid con cen t r a t ion s in t h e t u bu la r r ea ct or a r e equ a l t o 38, 35, a n d 32 g/m 3 for exper im en t s a t 800, 900, a n d 1000 °C, r espect ively.

We report in Table 3 the NO reduction yield for the different sa m ples a s a fu n ct ion of t em per a t u r e. Th e decr ea se of NO con cen t r a t ion bet ween in ject ion a n d t h e bot t om of t h e r ea ct or va r y bet ween 11 ppm v for Lily pet coke ch a r a t 800 °C a n d 920 ppm v for t h e coa l ch a r a t 1000 °C. It is obviou s fr om t h ese r esu lt s t h a t t h e qu a n t it y of NO t h a t ca n be r edu ced on petroleum coke, in the presence of an NO concentration similar t o t h a t in a n in du st r ia l fu r n a ce, is ver y la r ge. In a gr eem en t wit h pr eviou s st u dies in t h is t em per a t u r e r a n ge, t h e in flu en ce of t em per a t u r e is im por t a n t . F or exa m ple, Ch a n et a l. 5 reported a ctiva tion energies la rger tha n 200 kJ /mol for gr a ph it e a n d ch a r sa m ples.

F or a ll exper im en t s, t h e con cen t r a t ion of h ydr oca r bon s a t the exhaust of the reactor was below 20 ppmv. Small amounts of CO wer e det ect ed wh ich cou ld be r ela t ed m a in ly t o t h e r ea ct ion 2NO + 2C f 2CO + N2. In m ost ca ses, t h e CO m ea su r ed wa s h igh er t h a n t h e NO con su m ed; t h e excess of CO r a n ged bet ween 0 a n d 500 ppm v for a ll exper im en t s. Th is excess ca n be a t t r ibu t ed t o t h e desor pt ion of CO fr om t h e oxygen a dsor bed on t h e ch a r .

Th er e h a ve been n u m er ou s st u dies in wh ich t h e en h a n cem en t of t h e NO r edu ct ion r a t e by CO wa s r epor t ed. 5,18 Th is lea ds t o difficu lt ies in t h e kin et ic in t er pr et a t ion of t h e exper im en t a l r esu lt s sin ce CO is a pr odu ct a n d a r ea ct a n t . 7 Two expla n a t ion s h a ve been pr esen t ed t o expla in t h is beh a vior :

• the stripping of surface oxides by CO through the reaction CO + C(O) f CO2 + C*. Th is pr ocess ca n be sign ifica n t a t low t em per a t u r e wh en t h e desor pt ion of su r fa ce oxides is slow,

• t h e ca t a lysis of t h e r ea ct ion NO + CO f 0.5N2 + CO2 by va r iou s su bst a n ces su ch a s t h e ch a r it self.

It m u st be n ot iced t h a t , in ot h er st u dies, it h a s been obser ved t h a t t h e a ddit ion of low con cen t r a t ion s of CO (i.e., below 700 ppm v) does n ot lea d t o a n in cr ea se of t h e ch a r -NO r ea ct ion r a t e. 4 Th e or der of t h e r ea ct ion wit h r espect t o CO is a lso n ot kn own . Th e st u dy of t h is com plex ph en om en on wa s ou t side t h e scope of t h is wor k, a n d it wa s decided t o a n a lyze t h e exper im en t a l r esu lt s in a cla ssica l wa y wit h a sin gle fir stor der kin et ic la w.

Th e con cen t r a t ion of CO2 wa s n ot sign ifica n t . Th is is con sist en t wit h pr eviou sly pu blish ed st u dies in wh ich it h a s been sh own t h a t t h e CO/CO2 ratio is very high in this temperature range. 7 Th e low a m ou n t of ca r bon oxides a n d h ydr oca r bon s sh ows a lso t h a t t h er e is n o sign ifica n t fu r t h er devola t iliza t ion of t h e ch a r s du r in g t h e exper im en t s in t h e EFR.

As expect ed, t h e coa l ch a r a n d t h e a ct iva t ed ca r bon lea d t o t h e h igh est r ea ct ion yield; t h is ca n be r ela t ed t o t h e h igh su r fa ce a r ea s of t h ese t wo sa m ples. Th e elem en t a l a n d pr oxim a t e a n a lyses of t h e six pet cokes a r e sim ila r , so t h a t on e cou ld expect t o obser ve t h e in flu en ce of t h e t ext u r e of t h e sa m ples. Am on g t h e pet r oleu m coke sa m ples, H a vr e CDP , wh ich exh ibit s t h e h igh est su r fa ce a r ea , does n ot lea d t o t h e h igh est r edu ct ion yield. Th er efor e, ot h er pa r a m et er s su ch a s ca t a lyt ic elem en t s m u st in flu en ce t h e r ea ct ivit y.

D is c u s s io n

Th e r a t e con st a n t s wer e det er m in ed by fit t in g t h e exper im en t a l r esu lt s wit h t h ose fr om a m odel. As poin t ed ou t by Aa r n a a n d Su u ber g in t h eir r eview, 7 many published results use the mass of NO divided per m a ss of ch a r per u n it t im e per u n it pr essu r e of NO t o define their ra te consta nt. In this work we use a simila r defin it ion for t h e ch em ica l r ea ct ion r a t e con st a n t s, bu t we t a ke in t o a ccou n t t h e su r fa ce a r ea of t h e sa m ples. Th er efor e, t h e r ea ct ion r a t e wa s expr essed a s follows: wit h wh er e [NO] is t h e m ola r con cen t r a t ion of NO in t h e gas and C c is the concentration of carbonaceous material in t h e ga s. η NO is t h e effect iven ess fa ct or , a s ca lcu la t ed fr om t h e Th iele m odu lu s for a r ea ct ion or der equ a l t o 1. Som e a u t h or s h a ve obser ved r ea ct ion or der s t owa r d NO wh ich r a n ge bet ween 0.2 a n d 0.8 for t h is r edu ct ion r ea ct ion . 8,28 Never t h eless, m ost st u dies u sed a r ea ct ion or der of 1, wh a t ever t h e exper im en t a l set u p u sed t o obt a in t h e r esu lt s. 20,22 To fit exper im en t a l da t a , a m a ss ba la n ce wa s don e between the entry and the exhaust of the entrained flow r ea ct or . Th e m a in a ssu m pt ion s of t h is m odel a r e t h e followin g:

• t h e zon e close t o t h e a xis is a plu g flow r ea ct or ,

• t h e disper sion of t h e pa r t icles in t h e ga s is h om ogen eou s,

• t h e pa r t icles velocit y is equ a l t o t h e ga s velocit y. Th e det a ils of t h e ca lcu la t ion s a r e given elsewh er e. 26 An it er a t ive com pu t a t ion wa s u sed t o obt a in t h e effect iven ess fa ct or η NO and the Arrhenius parameters for ea ch sa m ple. Th e plot s in F igu r e 2 a n d F igu r e 3 a llow t h e comparison between the reactivities of the different petcoke ch a r s a n d t h a t of t h e coa l ch a r . Sh im izu et a l. wer e a ble to find a correlation between CO 2 surface area and NO-(28) Sch u ler , J .; Ba u m a n n H .; Klein , J . Kin et ics of NO r edu ct ion by coa l ch a r . Con f. (In t.) Coal S ci. 1987, 857-860. a Th e in it ia l NO con cen t r a t ion wa s 955 ppm v.

Ta ble 2. An a ly s is o f F iv e
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ch a r r ea ct ivit y, 11 bu t t h is wa s n ot possible in som e ot h er s st u dies. 8 Aa r n a a n d Su u ber g 7 h a ve pr oposed a syn t h esis of t h e r ea ct ion r a t es, specified on BE T a r ea s, der ived by a n u m ber of a u t h or s. Th eir cor r ela t ion wa s con ver t ed t o t h e sa m e u n it s a s t h e on es u sed in t h is wor k, a n d plot t ed in F igu r es 2 a n d 3. Th e spr ea d in t h e r ea ct ion r a t es is m u ch m or e im por t a n t in F igu r e 2, on BE T a r ea ba se, t h a n in F igu r e 3, wh ich wa s plot t ed on Hg 20 ba se. Ra dovic et a l. 24 expr essed a s ea r ly a s 1983 t h a t BE T a r ea is a n in a dequ a t e ba sis for t h e expr ession of reactivity. Aarna and Suuberg 25 showed that micropores h a r dly pa r t icipa t e in t h e r ea ct ion bet ween oxygen a n d ca r bon . In a r ecen t wor k by Sa lva dor et a l., 3 it wa s sh own t h a t t h e sca t t er in t h e r ea ct ivit ies of ca r bon s of va r iou s for m s wa s m u ch sm a ller wh en t h e su r fa ce of t h e por es la r ger t h a n 20 n m (H g 20 ) was used to express t h e r ea ct ive su r fa ce, in st ea d of t h e t ot a l por e su r fa ce. Th is t en ds t o con fir m t h a t m icr opor es sm a ller t h a n 20 n m do n ot pa r t icipa t e in t h e r ea ct ion . A st u dy on t h e reactivity of carbons issuing from different origins with NO lea d Com m a n dr e et a l. 26 t o t h e sa m e con clu sion .

It a ppea r s t o be t h e ca se t h a t exclu din g t h e su r fa ce a r ea of t h e sm a ll por es (i.e., wit h dia m et er s lower t h a n 20 n m ) fr om t h e r ea ct ive su r fa ce r econ ciles t h e da t a from various forms of carbon; and thus Hg 20 surface area is likely t o be a bet t er in dica t or of t h e r ea l r ea ct ive surfa ce tha n BET. We ha ve a lrea dy reported this result for ca r bon oxida t ion in a pr eviou s wor k. 3 Petcokes again exh ibit ver y h igh r ea ct ivit ies a s com pa r ed wit h r esu lt s fr om t h e lit er a t u r e. 7 Most a u t h or s h a ve obser ved t h a t t h e a ct iva t ion en er gy in cr ea ses in va lu e a t t em per a t u r es bet ween 800 a n d 1000 K. Alt h ou gh t h er e a r e la r ge va r ia t ion s in t h e m ea su r ed a ct iva t ion en er gies, t h e va lu es gen er a lly m ea su r ed ch a n ge fr om 75 kJ /m ol below 950 K t o 180 kJ /mol a bove this tempera ture. 5,20,29 Th e low a ct iva t ion en er gy obser ved a t low t em per a t u r e h a s been r ela t ed to the limitation by the desorption of reaction products; a limitation which disappears as the temperature in cr ea ses. Th e r a t e of t h e h igh t em per a t u r e r ea ct ion is therefore controlled by the dissociative adsorption of NO on t h e ca r bon su r fa ce. As sh own in Ta ble 4, we obser ved la r ge va r ia t ion s of t h e a ct iva t ion en er gies of t h e differen t sa m ples t est ed in t h is st u dy, a s t h e va lu es obt a in ed wit h t h e six pet cokes r a n ge fr om 115 t o 240 kJ /m ol. Th ese va lu es a r e in good a gr eem en t wit h pr eviou sly pu blish ed da t a . It m u st be n ot iced t h a t t h e t h r ee sa m ples wh ich lea d t o a iva t ion s en er gies close t o 235 kJ /mol are the ones which have a low vanadium content. Th is va lu e is in t h e h igh est r a n ge of a ct iva t ion en er gies fou n d in t h e lit er a t u r e, 5,15,29 and may be related to the n on -ca t a lyzed r ea ct ion of NO wit h ca r bon .

The catalytic effect of metals on the reaction of C with NO ca n be est im a t ed fr om F igu r es 4 a n d 5 wh er e t h e metal concentration was plotted versus the reaction rate at 1200 K, using Hg 20 a s t h e a r ea ba se. F igu r e 5 sh ows t h a t a clea r cor r ela t ion a ppea r s bet ween t h e va n a diu m con t en t of t h e pet cokes a n d r ea ct ivit y t owa r d NO. Th e cor r ela t ion fa ct or for t h e lin ea r lea st -squ a r es est im a t ion is r 2 ) 0.72. Th is sh ows t h a t va n a diu m ca n h a ve a ca t a lyt ic effect even in t h e ca se of a r a pid r ea ct ion . Th e r a t io bet ween t h e r ea ct ion r a t e of t h e m or e r ea ct ive pet coke a n d t h a t of t h e less r ea ct ive on e is 3.5. Th e t wo ot h er elem en t s wh ich a r e pr esen t ed in t h is figu r e a r e ir on a n d ca lciu m ; it ca n be obser ved t h a t t h er e is n o clea r cor r ela t ion bet ween r ea ct ion r a t e a n d t h e con cent r a t ion s of t h ese t wo elem en t s. As poin t ed ou t in t h e In t r odu ct ion , Ca h a s oft en been pr esen t ed a s a n a ct ive ca t a lyst for r edu ct ion r ea ct ion s. 9,17,19 It m u st be n ot iced t h a t t h e con cen t r a t ion of Ca in pet coke is lower t h a n t h a t of t h e ch a r sa m ples u sed in m ost st u dies. Th e con cen t r a t ion of ir on in pet coke is h igh a n d a n in flu en ce of t h is m et a l on t h e NO-h a r r ea ct ion r a t e cou ld be expect ed. 30 Never t h eless, t h is ca t a lyt ic a ct ivit y of ir on Figu re 2. Ar r h en iu s r epr esen t a t ion for t h e r ea ct ion r a t e of ca r bon t owa r d NO, specified on BE T a r ea .

Figu re 3. Ar r h en iu s r epr esen t a t ion for t h e r ea ct ion r a t e of ca r bon t owa r d NO, specified on H g20 area. wa s n ot obser ved in som e ot h er st u dies, 9 and Illian-Gom ez et a l. 13 obser ved a h igh a ct ivit y of F e on ly a t low t em per a t u r e (i.e., below 700 K). F igu r e 5 pr esen t s t h e fou r m et a ls wh ich a r e pr esen t in low con cen t r a t ion in pet r oleu m cokes. Alt h ou gh pot a ssiu m h a s oft en been fou n d a s a n a ct ive elem en t wh a t ever t h e t em per a t u r e, 15 it is obviou s t h a t it s low con cen t r a t ion lea ds t o a n egligible in flu en ce on ch a r r ea ct ivit y com pa r ed t o t h a t of va n a diu m . Th e sa m e explanation can be applied for copper, molybdenum, and manganese.

Th e ca lcu la t ion of t h e pa r t icle-r ela t ed effect iven ess fa ct or (followin g t h e m odel of Com m a n dr e et a l. 26 ) leads to values between 0.7 and 1 if BET surface area is used. As it is pr esen t ed in Ta ble 4, if H g 20 surface area is used, η NO is a bove 0.88 for a ll t h e sa m ples wh a t ever t h e exper im en t a l t em per a t u r e. Th is sh ows t h a t NO m a ss t r a n sfer in t h e por ou s st r u ct u r e of t h e ch a r s does n ot con t r ol t h e r ea ct ion yield. Th is expla in s wh y t h e ca t alytic effect of vanadium on the reaction is clearly evident h er e. Th is wa s n ot t h e ca se for t h e r ea ct ion of C wit h O 2 fr om a ir du r in g ou r TG exper im en t s, wh er e oxygen transfer was apparently limiting the combustion velocit y. 3

Co n c lu s io n

A st u dy of t h e r ea ct ion of NO on pet r oleu m cokes h a s been ca r r ied ou t in a n en t r a in ed flow r ea ct or . It wa s obser ved t h a t pet cokes a r e ver y r ea ct ive for m s of ca r bon in t h e h et er ogen eou s r ea ct ion of ca r bon wit h NO, r esu lt in g in NO con cen t r a t ion deplet ion s of h u n dr eds of ppm v a ft er a r esiden ce t im e of less t h a n 1.5 s a t temperatures in the range 800-1000 °C.

F or t h e h et er ogen eou s r ea ct ion con sider ed, we h a ve sh own t h a t exclu din g t h e su r fa ce of t h e por es sm a ller t h a n sever a l t en s of n a n om et er s fr om t h e t ot a l por e su r fa ce lea d t o m or e u n ifor m va lu es for t h e r ea ct ion r a t es of ch a r s fr om differ en t or igin s. Th is t en ds t o con fir m t h e a ssu m pt ion t h a t sm a ll por es do n ot pa r t icipa t e in t h ese h et er ogen eou s r ea ct ion s. We t h in k t h a t t h e su r fa ce a r ea of t h e por es la r ger t h a n 20 n m wh ich is ca lcu la t ed fr om m er cu r y por osim et r y m ea su r em en t s is a better estimate of the reactive surface than the total por e a r ea det er m in ed by cla ssica l BE T t est s or by CO 2 a dsor pt ion exper im en t s.

A r a t io of 3.5 is in dica t ed bet ween t h e r ea ct ion r a t es a t 1200 K of t h e m or e r ea ct ive a n d t h e less r ea ct ive pet coke ch a r s. Seven elem en t s (va n a diu m , copper , molybdenum, iron, potassium, calcium, and manganese) wh ich a r e kn own a s ca t a lyst s for t h is sor t of r ea ct ion wer e a n a lyzed t o expla in t h e differ en t r ea ct ivit ies of petcokes. Although petroleum cokes are low-ash-content fu els, t h e a n a lysis of t h ese seven elem en t s in dica t ed va n a diu m con t en t s a s h igh a s 0.26%. Am on g t h ese elem en t s, va n a diu m a ppea r s t o be r espon sible for t h e high variation of reactivities which are observed for the pet coke ch a r s, a n d a clea r cor r ela t ion cou ld be fou n d bet ween t h e va n a diu m con t en t of t h e sa m ple a n d it s r ea ct ivit y t owa r d NO.

Figu re 4. V, F e, a n d Ca con t en t of t h e pet cokes ver su s t h eir r ea ct ion r a t e t owa r d NO a t 1200 K. Th e lin e is a lin ea r cor r ela t ion for va n a diu m . Figu re 5. Tr a ce m et a ls con t en t of t h e pet cokes ver su s t h eir r ea ct ion r a t e t owa r d NO a t 1200 K.
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 3 Re a c tio n o f Ch a rs w ith N O in th e EF R. Th e r ea ct ivit y t owa r d NO of ch a r s h a s been det er m in ed fr om E F R (24) Ra dovic, L. R.; Wa lker , P . L.; J en kin s, R. G.

Figu re 1 .

 1 Figu re 1. Entrained flow reactor: (1) Conveyor belt/vibrating feeder /eject or ; (2) pn eu m a t ic t r a n spor t ; (3) elect r ica l pr eh ea t er ; (4) flow m et er s; (5) wa t er -cooled feedin g pr obe; (6) disper sion dom e; (7) t h r ee-zon e elect r ica l fu r n a ce; (8) 80 m m i.d. qua rtz tube rea ctor; (9) cyclone collector; (10) exha ust fa n; (11) wa t er -cooled n it r ogen -qu en ch ed sa m plin g pr obe; (12) pa r t icle collect or (filt er ); (13) sa m plin g pu m p; (14) ga s con dit ion er ; (15) ga s a n a lyzer s (in fr a r ed/pa r a m a gn et ic); M, m a ss flow m et er s a n d con t r oller s; N2, n it r ogen ; C.A., com pr essed a ir ; W, wa t er (pr obes coolin g).
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Ta ble 1. U ltim a te a n d P ro x im a te An a ly s is a n d Lo w e r Ca lo rific Va lu e o f th e S a m p le s a

  

			u lt im a t e a n a lysis (% r a w)		pr oxim a t e a n a lysis (% r a w)		su r fa ce a n a lysis
	sa m ple	C	H	O	S	N	VM	a sh	LCV (kJ /g) BE T (m 2 /g) H g20 (m 2 /g)	ϵ
	pet coke Lily	87.8 3.51	1.1 7.47 1.61	10.5	0.33	34.45	4.5	1.77	0.57
	pet coke H a vr e CDP	87.9 3.51	1.1 7.08 1.51	10.1	0.38	34.35	10.0	2.20	0.57
	pet coke Asla n d	89.4 3.60		4.02 1.88	10.1	0.47	34.50	5.3	1.82	0.59
	pet coke Villa u en ga s 88.4 3.70		6.16 1.56	11.0	0.12	34.35	6.2	2.00	0.65
	pet coke St Con st a n t 88.5 1.94		6.00 1.63	5.2	0.50	32.50	6.3	1.33	0.54
	pet coke Niebla	85.8 3.50		5.85 1.70	11.1	3.35	33.40	4.8	1.80	0.66
	coa l Iva n	67.0 4.54 11.3 0.24 1.85	30.7	13.23	25.95	64.0	8.30	0.73
	a ct iva t ed ca r bon	85.9 0.60		0.50 0.11		2.70		890.0	12.89	0.78
											Fuel 1983, 62, 849-
							857.			

(25) Aa r n a , I.; Su u ber g, E . M. 27th S ym posiu m (In tern ation al) on Com bu stion ; Th e Com bu st ion In st it u t e: P it t sbu r gh , 1998; pp 2933-2939. (26) Com m a n dr e ´, J . M.; St a n m or e, B.; Sa lva dor , S. Th e H igh Tem per a t u r e Rea ct ion of Ca r bon wit h Nit r ic Oxide. Com bu st. Flam e 2002, 128, 211-216. (27) Sa t t er field, C. N. M ass T ran sfer in H eterogen eou s Catalysis; Kr ieger P u blish in g Com pa n y: 1981.

Me ta ls , K, a n d Ca in th e P e tcoke s (ppm raw )

  

	sa m ple	V	Cu	Mo	F e	K	Mn		Ca
	Lily	507	9.1	7.0	615	45	5.1		220
	Havre CDP	819			6				180
	Asla n d	2570	1.9	1.4	93	10	0.5		20
	Villa u en ga s	1390	3.8	17.3	20	17	2.6		100
	St Con st a n t	899	6.1	26.3	1740	15	17.1		150
	Niebla	1830	3.1	16.6	381	57	6.1	2190
	Ta ble 3. Re d u c tio n Yie ld s o f N O by th e D iffe re n t Ch a rs
	du rin g EFR Expe rim e n ts (in m ol %) a	
	sa m ple			800 °C	900 °C	1000	°C
	pet coke Lily			1.2		15.7		59.9
	pet coke H a vr e CDP		6.3		15.2		58.8
	pet coke Asla n d		11.1		35.0		74.7
	pet coke Villa u en ga s		23.0		42.4		77.4
	pet coke St Con st a n t		3.8		18.4		63.4
	pet coke Niebla		9.4		42.4		74.6
	coa l Iva n			57.6		84.7		96.3
	a ct iva t ed ca r bon		27.2		44.8		69.1