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Abstract 

The deactlvatlon mechamsm and regeneration of spent mdustnal Pt-N10/A1203 catalysts used for 
NO, reduction was studied by means of SEM-EDS, chenucal analysis and lonetic measurements It 
was found that the mam cause of deactlvatlon under mdustrral operating condlhons IS fouling due to 
carbonaceous and ZnO deposits Various contammant removal procedures (calcmaUon, wet screening 
and acetic acid leachmg) were tested and the influence of these procedures on contammant removal 
and the catalyst actlvlty were mvestlgated Regeneration of the spent mdustnal catalyst using mex- 
pensive processes was shown to be feasible 

Kevwords Catalyst deactlvatton, Fouling, Leachmg, NO, reduction, Pt-NIO/AI,O,, Regeneration, ReJuvenahon 

1. Introduction 

Industnal catalyst deactlvatlon 1s usually due to polsonmg, mhlbltlon, fouling, 
smtermg, chemical reactions and restructurmg of the surface [ 1 ] 

Ideally the charactenzatlon of catalysts with respect to deactlvatlon should 
involve four types of information [ 1 ] 

1 The nature of the deactivating substances 
2 The relation between the quantity of deactlvatmg substances and catalytic 

properties 
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3 The relation between surface changes and catalytic propertles 
4 The effect of the removal of deactlvatmg substances or active phase redlstrr- 

butlon on the total or partial recovery of the catalytic properties 
The performance of deactivated catalysts can often be improved by regeneration 

Deactivation results from mhlbltlon, fouhng or smtermg and all of these may be 
reversed -at least m part- with some catalysts Regeneration may consist of 
either (1) removal of deactivating substances (sometimes poisons, most often 
mhlbltors or fouling agents), e g , coke m hydrogenation catalysts, or (11) redls- 
perslon of the active phase (platinum catalysts) or (111) both of them (hydrode- 
sulphunzatlon or catalytic reforming catalysts) 

Coke removal and active phase redlstnbutlon are used extensively m mdustnal 
practice and adequate mformatlon exists about the condltlons and the mechanism 
of these processes [ 2-41 Removal of metallic mhlbltors or fouhng agents 1s more 
complicated and difficult, since it mvolves condltlons that may affect the presence 
of the catalyst’s active species Information m the open literature 1s limited and 
refers mamly to hydroprocessmg catalysts [ 5-81 Vatlous weak acids and com- 
plexmg reagents are used m order to dissolve selectively the contammants without 
affecting the active components 

The main effort of this study was to determine the causes and the type of 
deactivation as well as the posslblllty of regeneration of an mdustrml platmum- 
nickel-alumma catalyst usmg simple analytical and deactivating substances 
removal techniques 

2. Experimental 

Spent Pt-NlO/ y-A1203 nitrogen oxides reduction catalyst (C53- 1, Catalysts and 
Chemicals Europe S A ) was obtained from the nitrogen production unit of the 
EKO petrochemical plant m Thessalomkl, Greece A slmphfied flowsheet of the 
nitrogen production unit 1s shown m Fig 1 Nitrogen 1s produced through air 
combustion by LPG (mamly propane), followed by cleaning of the product gases 
The catalyst was m the form of pellets (diameter 6 5 mm and height 6 5 mm) 
Chemical analysis of the spent catalyst after dlssolutlon and concentrations deter- 
mination by Atomic Absorption Spectrophotometry (AAS, Perkm Elmer 2380) 
gave the followmg results 0 125% Pt, 2 5% Nl, 0 28% Zn, 0 05% Fe, 0 02% Cu, 
5% humldlty (measured by catalyst heating at 120°C for 24 h) and 2 8% carbon 
(measured by thermal gravlmetnc analysis, TGA) , the balance being mainly alu- 
mma and traces of other elements 

Scannmg electron microscopy (SEM) was used for surface optical observations 
and energy dispersion system (EDS) analysis for the determination of the near- 
surface elemental composltlon Although EDS analysis 1s not precise for small 
concentrations and does not measure carbon, it gives valuable information about 
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separators and mstrumentation are not mcluded) 

the relative elemental composltlon of the near-surface region where deactivated 
substances are normally found 

Total surface area of the catalyst was determined by nitrogen adsorption (BET 
method, Mlcrometncs AccuSorb 2100E) 

Bulk chemical analysis for metals concentration determmatlon was made by 
atomic absorption spectrophotometry (AAS) 

In order to remove carbon and organic compounds, calcmatlon was cmed out 
m the laboratory on a static surface under natural au-flow 

Wet screening was camed out on a screen by thoroughly washing with fresh 
water, followed by deionized water washmg 

The acetic acid leaching procedure was camed out using a fixed-bed laboratory 
glass reactor as described by Hernandez [ 91 The leaching solution was pumped 
contmuously through the catalyst bed from the bottom of the reactor (up-flow) 

Analytical grade reagents were used for all chemicals 
Activity tests were conducted m a fixed bed microreactor usmg a charge of 62 

pellets Analytical grade nitrous oxide (6% m helmm) was used as feed gas The 
catalyst bed was condltloned with helmm at 250°C for f h, then the catalytic surface 
was reduced by hydrogen at 400°C for 2 h and cleaned by helmtn for 1 h After 
that, nitrous oxide was fed at a rate of 200 ml/mm When the reactor temperature 



304 TN Angelldzs et al / Apphed Catalysts B Envrronmental4 (1994) 301-313 

stablllzed at the predetermmed value, residual nitrous oxide m the product was 
determined usmg gas chromatography (Perkm Elmer-Sigma 300) 

3. Results and discussion 

31 Causes of deactwatron 

5 ZEM-EDS analysis gives valuable mformatlon about the surface condltlon and 
the near-surface chemical composition of catalysts In the photographs of Fig 2a 

- 
Ftg 2 SE&l photographs of the new (a) and spent (b) catalyst surface 
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ELEMENTAL COMPO8ITION, !b 

Pt NI Al Zn Cu Fe 81 C8 

ELEMENT 
Fig 3 EDS near-surface composltlon analysts of the new and spent catalyst 

compmson 1s made between the surfaces of new and spent catalysts It 1s obvtous 
that the surface of the spent catalyst 1s smoother than that of the new catalyst, due 
to the coverage by foreign sohd matter This 1s m agreement with the total surface 
measurements by the BET method which was 165 m2/g for the new and 126 5 m2/ 
g for the spent catalyst, respectively The results of the near-surface analysis by 
EDS for new and spent catalysts are shown m Fig 3 The elements detected m the 
new catalyst were alummmm from the ralumma substrate, the active constituents 
(platinum and nickel) and trace quantities of contammants such as, slllcon, Iron, 
copper and calcmm The spent catalyst contamed surpnsmgly high zmc quantities 
(more than 20%), as well as slltcon, calcmm, u-on, and copper m quantities con- 
siderably higher than the ones present on the new catalyst surface The other mam 

RELATIVE ELEMENTAL COMPOSITION, lb 

81 Al Ca Fe Mg Cu Zn 8 Fk 

ELEMENT 
Fig 4 EDS near-surface relative composlhon analysis of the carbon monoxide oxidation catalyst 
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constituent of the spent catalyst was carbon (2 8%) as determmed by TGA 
In order to determine the possible source of zmc contammatlon, a rough descnp- 

tlon of the actual mdustrml unit IS made m Fig 1 The gases produced by air-LPG 

combustion pass through a catalytic converter conslstmg of two catalyst beds The 
first one contams a CuO-ZnO, XC- 117 (Chemetron Chemicals S A ) carbon mon- 
oxide oxldatlon, sulphur resistant catalyst The second one contains, the C-53- 1 Pt- 
NlO/ y-A1,03 catalyst for NO, reduction The produced gases, mainly nitrogen and 
carbon dioxide, pass through the MEA (monoethanolamme) absorption unit for 
carbon dioxide separation The EDS analysis of the spent CuO-ZnO 1s shown m 
Fig 4 Zmc and copper are the mam active constituents, while alummmm and 
slhcon are possibly contammants from the dust camed by au 111 the mdustrml unit 
It 1s obvious that zmc oxide as well as copper oxide dust produced by erosion of 
the easily eroded XC-l 17 catalyst 1s transferred by the gas flow onto the surface of 
the C-53-l catalyst, covermg its surface and reducing Its actlvlty Slhcon and 
calcmm, as well as iron, determmed on both spent catalysts, may be attnbuted to 
dust transferred by the atmosphenc ar used m the process 

Carbon determined m the catalyst 1s probably formed durmg the startmg of the 
unit when it does not work at normal combustion and catalytic conversion condl- 
tions 

The nature of the deactivating constituents (metal oxides and carbon) show that 
the more probable deactlvatlon mechamsm 1s fouhng 

3 2 Procedures and actzwty tests 

To confirm the above proposed foulmg deactlvatlon mechanism and to examine 
the possible rejuvenation technique of the catalyst, a senes of experrments were 
camed out The mam effort was to remove the contammants and to compare the 
activity of the treated catalyst with the activity of the new and the spent catalyst 
Wet screening, calcmatlon and acetic acid leaching m vaflous combmatlons were 
used 

The procedures applied were 

Procedure I Wet screenmg 
The weak forces by which the metals and silicon oxides dust are attached on the 

catalyst surface, pernut the removal by washing 
A spent catalyst sample ( 100 pellets) was placed on a screen and then thoroughly 

washed with fresh water for 1 h Then it was washed for another 4 h with deionized 
water to remove any residuals from fresh water and was dned by heatmg at 120°C 
for 24 h 

Procedure 2 Wet screenmg and acetic acid leachmg 
Zmc oxide 1s easily soluble even m a weak acid environment [ lo] Wet screening 

followed by weak acid leaching 1s expected to improve the removal of metallic 
oxide contaminants without affectmg the active species of the catalyst Acetic acid, 
being a rather strong organic acid, was selected as leaching agent 
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Fig 5 SEM photographs of the catalyst surface treated by Rocedm 1 (wet smenmg) (a) and Pmcedure 3 

(calctnation, wet scnxnmg) (b) 

A spent catalyst sample ( 100 pellets) was treated accordmg to the wet screenmg 
procedure and then placed m a static-bed glass reactor 1 1 of a 1 M acetic acid 
solution was heated m a water bath at 40°C and was pumped contmuously through 
the catalyst bed at a rate of 10 ml/mm The leachmg procedure was stopped when 
a constant zinc concentration was achieved m the leaching solution (3 h) After 
acid leaching the catalyst bed was washed wrth delomzed water pumped through 
the bed to remove the acetic acid that remamed m the catalyst (until neutral reaction 
of the exiting water, 2 h) Fmally the catalyst pellets were dned for 24 h at 120°C 
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Fig 6 SEM photographs of the catalyst surface treated by Pmcedure 2 (wet screerung+cetic acid leachmg) (a) 
and Procedure 4 (cakmanon, wet screenmg and acetic acid leachmg) (b) 

Procedure 3 Calcmatlon and wet screenrng 
Wet screenmg was combined with calcmatlon to remove carbon contammants 

and to compare the relative Influence of the mam contammants on the catalysts’ 
activity 

A spent catalyst sample ( 100 pellets) was calcmed m a furnace at 550°C under 
natural a&low until constant weight was achieved (2 h), and then was treated 
accordmg to the wet screenmg procedure 
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Fig 7 ED.3 near-surface composltlon aaalys~s for alummmm and zinc before and after the regenerahon treatment 

Procedure 4 Calcmatlon, wet screenrng and ace&c acid leaclung 
The procedure was the same as Procedure 2 with the difference that before wet 

screening the catalyst sample was calcmed for 2 h at 550°C 
After each procedure the catalyst samples were subjected to 
- Surface observations by SEM The results are shown m the photographs of 

Figs 5 and 6 The improvement of the surface conQtlon IS obvious compared with 
the surface of the spent catalyst (Fig 2)) although acid leaching seems to affect 
the catalyst surface by alumma and possibly nickel oxide dlssolutlon 

- EDS analysis The results for the near-surface elemental composttlon are 
shown m Fig 7 (for alummmm and zinc) and m Fig 8 (for Iron, copper and 
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treatment 
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Fig 9 Bulk chemcal analysts results for the catalyst’s active components before and after the regeneration 

treatment 

s&con) The concentration of all contammants at the surface IS mmlmlzed and 
reaches that of the new catalyst Acid leaching seems to remove greater quantities 
of metallic oxide contammants from the surface 

- Bulk chemical analysis The results concemmg the catalyst active species 
(platinum and nickel) are shown m Fig 9 and those concerning the mam metallic 
contaminants (zinc, iron and copper) m Fig 10 Considerable nickel dlssolutlon 
was observed durmg Procedure 4 
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Fig 10 Bulk chermcal analysts results for the mam metalhc contammants (zmc, non and copper) before and 

after the regeneration tnxtment 



TN Angelths et al /Apphed Catalyms B Envwonmental4 (1994) 301-313 311 

80 

80 

-A- NEW 

+ WENT 

4 PROCEDURE 1 

-e- PRocEWRE P 

+- PROCEDURE 3 

- PROCEDURE 4 

CONVERSION, lb 
100 

40 

20 

0 
300 380 400 460 100 660 800 

TEMPERATURE, OC 
Ftg 11 Actlvlty tests ( N20 conversIon, 9b) at various temperatures for catalyst before and after treatment 

- Activity tests were conducted m a mlcroreactor under the condmons descr&d 
m the expenmental procedure The yield of nitrous oxide reduction for various 
temperatures 1s shown m Fig 11 and for the temperature used by the mdustrml umt 
(460°C) m Fig 12 

In Table 1 the results of the above observations from bulk chemical analysis and 
activity tests are quantified and summarzed to facilitate compatlson between the 
expenmental procedures used It is obvtous that the catalyst SubJected to wet 
screening combmed with calcmatlon gams 80% of the new catalyst activity Acid 
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Fig 12 Activity tests results at 460°C (A spent catalyst, B wet scnzemng. C wet screenmg and acetx acid 
leachmg, D calcmatlon and wet screenmg, E calcmahon, wet screenmg and acetlc acid leachmg, F new catalyst) 
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Table 1 

Companson of the mam metalhc contammants removal yield and catalytic actlvlty of the appkd regeneration 

procedure9 

Removal (9%) Procedure 1 Procedure 2 Procedure 3 Procedure 4 

Zinc 

Iron 

Copper 

N@ 

26 3 65 6 406 906 
42 4 72 7 606 84 8 

41 I 66 7 583 15 0 

43 2 62 0 807 92 0 

’ Metallic contammants removal yield calculations are based on the added by contammatlon quantity, since a 

consIderable quantity of these elements exist in the new catalyst N20 reduction yield calculation is gven as a 

Percentage of the respective value for the new catalyst 

leaching further improves the catalyst actlvlty but possibly dissolves active species 
(nickel oxide) A further improvement of the calcmatlon procedure (proper reg- 
ulation of temperature and atmosphere) and the wet screenmg procedure (proper 
washing time, washing water pressure and the use of a vtbratmg screen), may 
increase further removal of contaminants, allevlatmg the need for the problematic 
acid leaching stage 

4. Conclusions 

A spent R-N10/A1203 nitrogen oxides reduction catalyst was examined con- 
cerning the causes of deactivation and the posslblhty of regeneration Various 
techniques (SEM, EDS, TGA and chemical analysis) were used to define the 
contaminants causing deactlvatlon The so collected mformatlon combined with 
mformatlon of the active mdustnal condltlons were adequate for establlshmg that 
the deactlvatlon IS caused by fouling Substances causmg fouling were found to be 
carbon and metallic oxides (mamly zmc oxide) A combmatlon of contammants 
removal procedures (calcmatlon, wet screemng and acetlc acid leaching) results 
m a considerable increase m actlvlty of the spent catalyst, confirmmg the above 
proposed deactivation mechamsm The applied procedures establish a regeneration 
treatment that makes the spent catalyst reusable Further kmetlc studies are needed 
to optimize the regeneration system conditions 
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