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ABSZBACZ 

Research conducted at Giner, Inc. during 1981-83 under the present 

contract has been a continuation of the investigation of a high temperature, 

regenerable desulfurization process capable of reducing the sulfur content 

in coal gases from 200 ppm to 1 ppm. The overall objective has been the 

integration of a coal gasifier with a molten carbonate fuel cell, which 

requires that the sulfur content be below 1 ppm. ~omme~ciall~ available 

low temperature processes incur an excessive energy penalty. Results 

obtained with packed-bed and fluidized bed reactors have demonstrated that 

a CuO/ZnO mixed oxide sorbent is regenerable and capable of lowering the 

sulfur content (as H2S and COS) from 200 ppm in simulated hot 

coal-derived gases to below 1 ppm level at 600-650'~. 

Four potential sorbents (copper, tungsten oxide, vanadium oxide and 

zinc oxide) were initially selected for experimental use in hot 

regenerable desulfurization in the temperature range 500-650'~. These 

choices were based on consideration of low attainable equilibrium 

concentration', favorable sulf idat ion and regeneration reaction chemistry, 

and the prospect of acceptable thermal stability. Experimental bench scale 

evaluations of .the desulfurization and regeneration performance in fixed 

bed and f luidized-bed reactor con£ igurations were conducted for three of 

the four sorbents: copper, zinc-oxide, and vanadium oxide. 

Results of. further studies conducted at Giner , Inc. identified Cu and 

CuO/ZnO to be especially attractive sorbents and the use of steam-air to be 

efficient for regeneration of the spent sorbent. Further optimization has 

established highly dispersed CuO on zeolite, highly dispersed [CuO + ZnOl 

on zeolite, and a coprecipitated CuO/ZnO as the three most promising 

sorbents for efficient utilization of the theoretical desulfurization 

i i i  
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capacity.  Based on engineering considerations,  such a s  desulfurization 

capac i ty  i n  per weight o r  volume of sorbents,  a coprecipitated C ~ O / Z ~ O  was 
, . 

se lec ted  f o r  fu r the r  study. A s t r u c t u r a l  reorganization mechanism., unique 

t o  mixed oxides, was ident i f ied:  the  creat ion .of r e l a t i ve ly  f i n e  

c r y s t a l l i t e s  of the  sulf ided components (Cu2S and ZnS) t o  counteract the  

l o s s  of surface  area  due t o  s in te r ing  during regeneration. Studies w i t h  9 

t o  26% water vapor i n  simulated coa l  gases show t h a t  su l fu r  l eve l s  below 1 

ppm can be achieved i n  t h e  temperature range of 500' t o  650'~. The 

a b i l i t y  of CuO/znO t o  remove COS, CS2 and CHjSH a t  these  conditions 

has been demonstrated in  t h i s  study. Also a previously proposed 

pore-plugging model was fur ther  developed with good success for  data  

treatment of both packed bed and fluidized-bed reactors.  



T h i s  renort summarizes t h e  t.echnica1 resul ts  of a two year study 

conducted a t  Giner , Inc. for the Morqantown Energy. ~ e c h n o l o g ~  center 

(MFTC) of the United States De~artment of Energy (DOE) under Contract 

110. DE-AC-21-81PC16021. Vork was accomplished under the direction of 

Dr. Vinod Jalan, Principal Investisator. Those who contributed t o  t h i s  

study were Dr. Jose Giner and Messrs. Clyde Frooks, Mahesh' Desai and 

Robert FTaterhouse, of Giner , Inc. . Professor ~ h r  i s tos  Georgak is and 

Mr. Donald Koch of Massachusetts Ins t i tu te  of 'Technology, and Dr. M. S. 

Ananth of Indian Ins t i tu te  of Technology, Madras (Visiting Professor a t  

Princeton Ilniversity) provided expert qu.idance i n  mathematical modelin@. 
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-- 
Giner, Inc., under t h e  support  of Morgantown Energy Technology Center 

(METC) has c a r r i e d  ou t  a program t o  develop a high temperature desu l fu r i za t ion  

system t o  f a c i l i t a t e  t h e  i n t eg ra t ion  of a c o a l  g a s i f i e r  with'molten carbonate 

f u e l  ce l l  o r  combined cyc le  gas  t u rb ine  power p lan ts .  The program began with 

systematic ,  fundamental inves t iga t ions  based on thermodynamic f e a s i b i l i t y  of  

s u l f u r  removal and regeneration,  e f f e c t s  of water gas  s h i f t  react ion,  and carbon 

deposi t ion.  The s e l e c t i o n  c r i t e r i a  included p r a c t i c a l  considerat ions  of c o s t ,  

s u l f u r  uptake capac i ty ,  regeneration e f f i c i ency  and c y c l e ' l i f e .  The develop- 

mental phase cons is ted  of preparat ion of high a c t i v i t y  sorbent  s t r u c t u r e s ,  

determination of operat ing and evaluat ion i n  f l u id i zed  and 

packed bed reac tors .  

The o r i g i n a l  program was based on t h e  premise t h a t  a two-stage s u l f u r  

removal would be  u t i l i z e d  -- t h e  f i r s t  s t age  would be t h e  reduction of 

hydrogen s u l f i d e  from 6000 t o  200 ppm by the  regenerable i ron  oxide process 

developed a t  Morgantown and the.second s t age  t o  be developed i n  t h i s  program 

t o  f u r t h e r  reduce hydrogen s u l f i d e  l e v e l s  t o  l e s s  than one ppm. Since then, 

t h e  emphasis a t  METC has s h i f t e d  t o  regenerable ZnO and ZnFe204. The zinc 

f e r r i t e  process has improved s u l f u r  capac i ty  over ZnO, but  a t  a cos t  of e x i t  

stream p u r i t y  -- ZnO can bring t h e  H2S l e v e l  down t o  2 ppm but  ZnFe204 a t  ' 

t h e  same condi t ions  (538 '~  with 27% H 2 0  vapor) cannot reduce H2S l e v e l s  

below 5 ppm, which is f a r  from being acceptable  f o r  t h e  molten carbonate f u e l  

cells. Therefore,  t h e  necess i ty  of a secondary high temperature desu l fur i -  

zat ion process  t o  reduce H2S l e v e l s  'w 1 pprn st i l l  remains. 

During t h e  course  of t h i s  .program, it was shown tha t :  ' (1) CuO/ZnO 

is a regenerable s u l f u r  sorbent  capable of reducing H2S l e v e l s  below 1 ppm, 

(2) t h e  use of a steam-air mixture was e f f i c i e n t  f o r  regeneration of spent  



sorbents, and ( 3 )  the reverse flow approach was useful for regeneration to 

minimize sulfate formation, i .e. , desulfurization is carried out by passing 
. . 

the coal gases from bottom to top and the regeneration is carried out by 

passing the steam-air mixture'from top to bottom. The latter two approaches 

were successfully incorporated into the zinc ferrite studies at METC. 

Further optimization has established highly dispersed CuO on zeolite, 

highly dispersed '[CuO + ZnOl on zeoliter and a coprecipitated CuO/ZnO as 

the three most promising sorbents. Based on engineering considerations, 

CuO/ZnO was selected for further study. A structural reorganization 

mechanism, unique to i ~ ~ i x e d  oxides, -was identified: t-he creation uf 

relatively fine crystallites of the sulfided components (Cu2S and ZnS) 

which counteracts the loss of surface area due to sintering during 
/ 

regeneration. Studies with 9 to 26% water vapor in simulated coal gases 

show that sulfur levels below 1 ppm can be achieved in the temperature 

range of 500' to 650'~. Although adequate for the performance of this 

program, the detection tube technique could not provide quantitative 

measurement of H2S below the 1 ipm level. The ability of CuO/znO to 

remove COS, CSZr and mercaptans at these conditions was also demonst.rated. 

This study has finally shown t h e  feauibility of regenerati,on of spent 

sorbents by the simulated MCFC cathode exit gases, e.g., 5% 02, 10% C02, 

10% H20 and 75% N2. 

The program has met the overall objective towards the development of a 

high temperature (550-650'~) desulfurization process by identifying 

CuO/ZnO as an efficient regenerable surbent that can rcduce H2S 

concentrations to below 1 ppm. Among other major accomplishments are: 

the invention of steam-air mixture for regeneration, elucidation of 

structural reorganization of CuO/ZnO sorbentr and the development of a pore- 

x i i  



plugging model f o r  d a t a  ana lys i s .  During t h e  performance of t h e  program, 

t h e r e  were t h r e e  unexpected f ind ings  which required ' s p e c i a l  a t t e n t i o n .  
. -, 

Further  work is recommended t o  t ake  advantage of  t h e s e  f ind ings ,  which are :  

(1) A poss ib le  formation of V(HSI3 o r  a s u l f i d e d  compound of 

vanadium e u t e c t i c  with some impurity o r  suppor t  ma te r i a l .  
, . . . 

(2 )  I n t e r a c t i o n  of CuO with S t a i n l e s s  S t e e l  Reactor g iv ing a r e a l  

s y n e r g i s t i c  e f f e c t  between CuO a n d F e  suggest ing CuO/FeOx and 

CuO/ZnO/FeOX a s  p o t e n t i a l  d e s u l f u r i z a t i o n  sorbents .  

(3) Higher than a n t i c i p a t e d  s u l f u r  uptake capac i ty  of CuO/ZnO i n  t h e  

f luidized-bed reac tor .  

Based on t h e  r e s u l t s  obtained here and these  unexpected f inding 

recommendations a r e  made t o  f u r t h e r  t h i s  program t o  provide a complete 

process i n t e g r a t i o n  with c o a l  g a s i f i e r  and f u e l  cel l  o r  o the r  a p p l i c a t i o n s  

such a s  combined c y c l e  power p lan t s .  



The overall objective of this program was to develop a low cost, 

commercially feasible desulfurization system which could be integrated into 

a molten carbonate fuel c'ell powexplant. The im&iak objectives 

were to prepare, characterize and optimize promising desulfurization 

agents which could remove H2S to below 1 ppm at intermediate to high 

temperatures (500 - 7 0 0 ~ ~ )  , and which could be regenerated efficiently. 

The cost and operation of the desulfurization system had to be consistent 

w j t h  the cost and heat rate objectives of the powerplant. - 



I. U T E Q B W  
c . :  

Molten carbonate.fue1 c e l l  powerplants appear t o  provide-the mdst 

a t t rac t ive  way t o  convert coal or other f o s s i l  fuels  to '  e lec t r i c i ty .  ' . 

Recent design studies show that  a  baseload e lec t r i c  plant operating on coal 

can provide an a l ternat ive  ' technology with higher efficiency and lower 

gaseous emissions. However, the successful development,of molten carbonate 

c e l l s ,  especially thei r  integration with a coal gas i f i e r ,  requires t h a t ,  

H2S be removed from fuel  gases down t o  one ppm or lower l eve l s . .  . 

. Sulfur removal is an essent ia l  requirement in the,clean up.of the 

gases from coal gasif icat ion for many applications, but it is par t icular ly  

exacting for the molten carbonate fuel  c e l l .  There are  a large number of 

commercial sulfur  removal processes available. The limitations tha t  

r e s t r i c t  the i r  applicabil i ty t o  clean up molten carbonate fuel  c e l l  . 

feed-stock consist  of disadvantages such as: re la t ively  low operating 

temperatures of about 150'~ or less;  scrubbing agents that  a re  

incompatiblewith some of the more reactive fuel  gas components such as  

C02; fa i lu re  t o  remove sulfur  t o  acceptable levels for the fuel c e l l ;  

excessive plant capi ta l  cost;  and creation of secondary pollution problems 

in disposal of the recovered sulfur  and regeneration of the scrubbing liquids. 

There a re  d i s t i nc t  technical and economic advantages in using high 

temperature desulfurization processes for sulfur  removal from coal gases 

(Figure 1). The energy penalty (TRW, 1979) associated w i t h  cooling the gases 

from the gas i f i e r  for the low temperature commercial desulfurization processes 

such as  Selexol, Rectisol, etc., is high (Table 1). There a re  a lso  

signif icant  plant cost  advantages t o  high temperature desulfurization 

processes in regard t o  fuel  processing costs  (Table 2 ) .  Additional 

advantages of a  hot regenerable sorbent are: (1) loss of fuel  gas. 

components due t o  retention in the desulfurization solvents is avoided, (2) 
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con ta in ina  no t a r  o r  o i l s .  

- Low temperature  cl-eanup wi th  s t a t e  of t h e  
a r t  technolouy 

3 - Product  g a s  from fluid-bed a a s i f i e r  
c o n t a i n i n s  no t a r  o r  o i l s .  

- Pigb temperature  c leanup  wi th  devel.opmenta1 
s t a g e  process ing  system. 

TAFLE 2 

COST COMPARISOPJ OF LOW AND H I G H  TEMPERATURE GAS CLEAhTUP 
(Ref. Blecher ,  1980) 

GASIFIER 

lWo Stage: Entrapped Fed 

Air-Flown 

02-Flown 

F lu id  Fed: U-Gas 

UNIT COST 
( $ / I n s t a l l e d  KW) 

Low Temperature High Temperature 
(Se lexol )  (Conoco) 

Low Steam Rate 



secondary waste'disposal problems associated with liquid scrubbers are 

minimized, and ( 3 )  compatability with dispersed power plants of small or 

intermediate size is provided. Consequently, these econorr~ic considerations 

dictated that the desulfurization system operate in the 500 to 650'~ 

temperature range. 

The original program was based on the premise that a two-stage sulfur 

removal would be utilized, the first stage being the reduction of H2S from 

6000 to 200ppm by the regenerable iron oxide process developed at METC. 

Since then, the emphasis at METC has shifted to regenerable ZnO and 

ZnFe204. The zinc ferrite process has improved sulfur capacity 

relative to ZnO, but at the cost of exit stream purity; ZnO can bring the 

H2S level down to 2 ppm but ZnFe204 at the same conditions (538O~ 

with 27% H20 vapor) cannot reduce H2S levels below 5 ppm, which is not 

acceptable for molten carbonate fuel cell applications. Therefore,, the 

necessity of a secondary high temperature desulfurization process to reduce 

H2S levels below 1 ppm still remains. 

During the past year, Giner, Inc. has continued a program under 

. support of Morgantown Energy Technology Center (METTI with t.he objective of 

developing a high temperature desulfurization system, to facilitate the 

integration of coal gasifier with molten carbonate fuel cells (MCFC) or 

combined cycle gas turbine power plants. The particular incentive to 

undertake the present study was the potential advantage provided by a 

satisfactory second stage compatible with selection of any of the above 

systems for use in sulfur removal from molten carb0nat.e fuel cell 

feed-stock. The commercial use, of intermediate temperatures of 200-450'~ 

for non-regenerable ZnO guard-beds for protection of sulfur sensitive 

catalysts such as those used for steam reform of hydrocarbons, methanation 

of H2/C0 gases, synthetic ammonia catalysts, etc. is well established. 



This type of non-regenerable guard-bed .is not economically a t t r a c t i v e  for 

use for  removalbof su l fu r  above the  t r a c e  l eve l  fo r  gas production systems 

w i t h  the  la rge  volumes ant ic ipated fo r  coa l  gasif ier1-integrated molten 

carbonate f u e l  c e l l  power plants .  There a r e  other adsorbent systems such 

a s  act ivated carbon and sponge iron which have received a t t en t ion  a s  second 

. s tage  su l fu r  removal guard-bed type appl icat ions ,  but  they have not ye t  

been developed s u f f i c i e n t l y  t o  solve the  problem. 

The performance c r i t e r i a  considered in  i den t i f i ca t ion  of promising 

sorbent candidates cons i s t  of: 

- rapid su l f ida t ion  k ine t i c s  

. , - low equilibrium H2S concentrations , 

- high conversions of the  removal agent t o  the  sulf ided s t a t e r  

- rapid regeneration k ine t ics ,  

- thermal and mechanical s t a b i l i t y  fo r  the  removal agent under bdth 

c0ndi.t ions of su l f  i da t  ion and regene r a t  ion , and 

- compat ibi l i ty  of the  removal agent with other more react ive  gas 

components. 

The Giner, Inc. program began'with a systeniatic screening of po t en t i a l  

sorbents based on thermodynamic f e a s i b i l i t y  of high temperature sulfu; 

removal and regeneration, e f f e c t s  of water gas s h i f t  reaction,  and carbon 

deposition. The se lec t ion  c r i t e r i a  included p r a c t i c a l  considerations of 

Cost, su l fu r  uptake capacity,  regeneration eff ic iency,  and cycle  l i f e .  The 

developmental phase consisted of preparation of high a c t i v i t y  sorbent 

structures,~determination of operating parameters and evaluation i n  

f lu idized and packed-bed reactors.  

During the  p r i o r  phase of the  program, we had iden t i f i ed  the  

following: 1) CuO/ZnO a s  a regenerable sul£ur sorbent capable of reducing 

H2S l eve l s  below 1 ppm, 2) use of steam-air mixture for  e f f i c i e n t  



regenerat ion of spen t  sorbents ,  and 3 )  reverse  flow approach f o r  

regenerat ion t o  minimize s u l f a t e  formation, i .e. ,  desu l fur iza t ion  is ca r r i ed  

' o u t  by passing t h e  c o a l  gases  from bottom t o  t o p  and t h e  regeneration is 

c a r r i e d  out  by passing steam-air mixture from top  t o  bottom. The l a t t e r  two 

approaches have been succes s fu l ly  incorporated i n t o  t he  zinc f e r r i t e  s t u d i e s  

a t  METC (Grindley, 1981). Further  op t in~ iza t ion  es tab l i shed  highly dispersed 

CuO on z e o l i t e ,  h igh ly  dispersed [CuO + ZnOl on z e o l i t e ,  and coprec ip i ta ted  

CuO/ZnO a s  t h e  t h r e e  most promising sorbents.  A quest ion has been ra ised about 

t h e  danger of poisoning due t o  copper pickup on t h e  N i  anode when CuO/ZnO is 

used a t  h igh .  temperature (Personal Communication, METC) . Although Cu is a 

poison f o r  some gas, phase react ions  over N i  ca ta lys t . ,  t h i s  is no t  a case a t  t h e  

anode of MCFC a s  evidenced by , r ecen t  . . e f f o r t s  t o  u t i l i z e  Cu based MCFC 

anodes (Camara and Ong,1983). Although the  e f f e c t s  of H2S on Cu anodes 

is not  known, due t o  its high a f f i n i t y  f o r  s u l f u r ,  it is believed t h a t  t he  

requirements of low s u l f u r  containing gases  would still e x i s t .  Under t h e  

, .current  program, t h e  desu l fu r i za t ion  capac i ty  of t h e  most promising sorbent 
5 .  

systems was s tud ied  i n  supported and unsupported form using both f ixed-bed 

and fluidized-bed reac tor  confiqurat ions .  The t e s t  garamet.ers cnnsiilcrcd 

involved: 1) prepara t ion  procedure, 2)  nature  of support ,  3 )  sorbent  p a r t i c l e  

s i z e ,  4)  water p a r t i a l  p ressure ,  5 )  desu l fu r i za t ion  temperature, 

6 )  regenerat ion mode, 7) a b i l i t y  t o  remove organic s u l f u r  (COS, CS2, CH3SH), 

8) reac tor  wa l l  e f f e c t s ,  9) prereduction i n  H2S-free f u e l  gas  versus HZ-N2 

mixtures,  and 10) maintenance of desu l fu r i za t ion  capac i ty  a f t e r  s eve ra l  

regenerations.  

The sorbents  were charac te r ized  by scanning e l ec t ron  microscopy (SEMI, 

energy d i spe r s ive  a n a l y s i s  by x-ray (EDAX) , x-ray d i f f r a c t i o n  (XRD) , 

chemical ana lys i s ,  Hg porosimetry, and BET sur face  area.  Modeling of' t he  

fixed-bed and fluidized-bed reac tors  was continued t o  a i d  i n  t h e  da ta  

t r e a t m e n t .  



A. * 
There are a number of desulfurization processes available for sulfur 

removal. primarily of H2S, from coal gases. These can be classified 

into two principal categ~ries~low -and high'temperature processes. The low 

temperature processes can be defined, somewhat arbitrarily as those operating 

below about 1 2 0 ~ ~ .  The low temperature processes (Table 3) fall into four 

categories: chemical solvent types, physical solvent types, direct conversion 

and dry bed types. 
. . 

The chemical that are commercial processes consist of 

MEA (manoethanolamine), DEA (diethanolamine) ,TFA (triethanolamine), Akazid 

(potassium dimethylaminoacetate) , Benfield (potassium carbonate solution and 

mine), and Catacarb (activated potassium carbonate solution). These 

processes opirate in the range of about 80 for MEA up to about 250'~ fo; 

Benfield and Catacarb and are capable of removing H2S and varying amounts 

of COS at an efficiency of about 99 percent. Sulfur vapor pressures are not 

usually reduced below 100 ppm as H2S without process modification, however. 

The processes consist of sulf in01 (~ulfola~e + 

Diisopropanol amine), Selexol (polyethylene glycol) and Rectisol 

(methanol). These processes operate at lower temperatures than the 

chemical solvent type processes ranging from about 50'~ for Sulfinol to 

less than -18'~ for Rectisol. Sulfur removal efficiencies of 99 percent 

can be obtained for these processes, but once again, sulfur levels below 

100 ppm are nat readily attained. All three of these are commercial 

processes. 

The two processes consist of the Stretford 

(NaZCO3 + anthraquinone sulfonic acid) which is a commercial process 

and Townsend (triethylene glycol) . Sulfur removal efficiencies of 99.9 



TABLE 3 

E f f i c i e n c y  o f  S. Removal . A b s o r b e n t  Form o f  
Process Absor3ent Type o f  Temp, % H2S E f f l u e n t  C h a r a c t e r l s t l c s  S u l f u r  

Absorbent OC l n f  1 uent  H2S PPm Regen- Se 1 e c t  I v I t y  Recovery 
e r  a t  1 on Toward .................................................................................................................. 

1. MEA Monoefha- Aqueous 
nolamlne s o l  u t  Ion  

2. DEA O le thanc l  Aqueous 
amlne s o l u t  Ion  

3. TEA T r  1 etha- Aqueous 
no1 amlne s o l  u.t Ion  

4.Alkazld Potasslum Aqueous 
d lmethy 1 s o l u t l o n  
amlno a c e t a t e  

5.Benf l e l d  Act l v a t e d  Aqueous 
potasslum s o l u t l o n  
carbonate  

6.Catacarb Act l v s t e d  Aqueous 
potasslum s o l u t l o n  
carbonate  

.25 tn 50 9 9 -1 00 Thermal Forms non- As H2S 
regen .comp. gas 

. CS2 

.40 t.0 55 9 9 -1 00 Thermal Absorbs C02 As H2S 
Does n o t  gas 
absorb COS, 

CS2 

40 t o  65 9 9 -1 00 T herma 1 As H2S 

gas 

20 t o  50 99 -1 00 With  Steam H2S As H2S 

gas 

85 to 120 9 9 H S + COS With Steam H2S I s  As H2S 
*-I 00 h l g h  gas 

65 to 120 9 9 H S + C O S  W l t h S t e a m  H S p a r t I a l  A s H S  ' 

2-1 00 a?so absorbs 
cos, cs* 



TABLE 3 (cont . )  

7.SuOflnol S u l f o l a n e  Organlc 2 5 t 0 5 0  
+ D l l s o p r o -  s o l v e n t  
panoam 1 ne 

8. Selexo l  Po lye thy leneOrgan i l c  - 7 t o 2 7  
G l y c o l  e t h e r  s o l v e n t  

9 .Rect lso l  Methanol Organ 1 c  < . - I8 
s o l  vent  

\D 

1 0 . S t r e t f o r d  Na C03 + A l k a l  l n e  - 
an?hraqu l n  s o l  u t l o n  

1  I .Townsend T r  I e t h y  Iene Aqueous 65 t o  120 
g l y c o l  s o l u t l o n  

12. l r o n  Hydrated . F lxed  bed 20 to 40 
Sponge Fe203 

All processes are commercial . 

99 H S + COS Low Pressure  H S As H2S 
2-1 00 o r W l t h  Steam or so absorbs gas 

COS, SC2 and 
mercaptans 

9  9  H S + COS 
2-1 00 

H S a l s o  As HZS 
azsorbs COS gas 

H2S 
Elemental 

S u l f u r  

99.9 -1 0  Elemental  
S u l f u r  

9  9  H2S + COS H2S and a l s o  Elemental  
-1 00 towards COS, S u l f u r  

and mercaptans 



percent  can be achieved, but  a t  temperatures well below 120 '~  for  the  

Townsend and approaching ambient fo r  t he  Stre t ford.  The par t icu la r  merits  

of these  processes a r e  t he  low su l fur  l eve l s  a t t a inab le ,  10 ppm a s  H2S, 

and the  recovery of t he  su l fu r  i n  elemental form. A dry bed process is the  

commercial i ron sponge (hydrated Fe304) process' which is operable , 

below 40°C and achieves about 99 percent su l fu r  removal, but a t t a in ing  
1 

only about 100 ppm H2S. Sulfur recovery i n  the  elemental form is claimed 

but  not .  commonly p rac t i ca l .  

. The Drv Bed process a t  low temperature  c o n s i s t s  primarily of an iron 

sponge used a t  20 t o  4 0 ' ~  t o  remove H2S a id  COS. This sorbent is not . 

capable of reduction of su l fur  l eve l s  much below lOOppm and is not 

regenerable . 
Lorton (1980) recent ly  evaluated su l fu r  removal processes for  advanced 

f u e l  c e l l  systems and selected the  Selexol, Benfield, Sulf inol  and Rectisol  

processes for  de t a i l ed  technical  and economic comparison. In  t h i s  study, 

two raw gas compositions based on oxygen-blown and air-blown Texaco 

gas i f i ca t ion  were used. The bulk of the  su l fu r  was removed, leaving small 

amounts (1 or 25 ppm a s  H2S) in  the  gas. The visualized process 

consisted of t h e  su l fu r  removal un i t ,  su l fu r  polishing un i t  (zinc oxide 

bed), su l fur  recovery/ ta i l  gas cleanup un i t  and, where applicable,  a . 

c a t a l y t i c  COS hydrolysis pretreatment uni t .  Permissible environmental 

emissions corresponding t o  a range of 0.01 t o  0.05 lb.  SO2 per MBTU were 

achieved and t h e  Selexol p rocess  with COS ,prehydrolysis  a t  480'~ and the  

Rectisol-.1Iiprocess (under development) were found t o  be the  most promising 

+ ,  
of t he  four processes considered. - 



B. 

The cleanup of s u l f u r  from f o s s i l  f u e l  gases  and f l u e  gases  usinq 

dry  scrubbing over s o l i d  sorbents  has been s tud ied  extens ively .  I n  f u e l  

gas desul fur  i z a t i o n  , p r i n c i p a l  a t t e n t i o n  has been given t o  mid-temperature 

( > 2 0 0 ~ ~ )  physica l  adsorpt ion of H2S, COS and organic s u l f u r  compounds, 

such a s  mercaptans and thiophenes, on carbon (Dietz,  1948) and on z e o l i t e s  

(Milton 1959; Breck 1964; Haynes, 1964; Turnock, 1971, 1973; Co l l ins ,  1.972; 

Rosynek, 1976). Higher temperature adsorpt ion processes on var ious  metal  

loaded sorbents  f o r  f u e l  gas  desu l fu r i za t ion  have a l s o  been s tud ied  

(Grindley, 1982; Meissner, 1976; Reeve, 1958; Bureau, 1967; Schultz ,  1970; 

Oldaker, 1975, 1976; Josh i ,  1977; Agrawal, 1980; S t e i n e r ,  1977; Wheelock, 

1976, 1977; Gutman, 1969; Onursa.1, 1979; Huff, 1936; Nachod, 1948) bu t  t o  a 

l e s s e r  degree of understanding. Adsorption processes a t t a i n i n g  commercial 

s c a l e  development f o r  f u e l  desu l fu r i za t ion  c o n s i s t  of t h e  Calgon process 

employing metal oxide impregnated carbon (Calgon , 1978) and t h e  processes 

of Haynes (1961, 1964) and, Linde (Milton , 1939,. 1964; Breck ,' 1964; 

Co l l ins ,  1972; Turnock, 1971, 1973) using z e o l i t e s .  These processes 

pr imar i ly  involved physica l  adsorpt ion of t h e  s u l f u r  component a s  opposed 

t o  a chemical s u l f  iding react ion.  

The technology f o r  t h e  hot desu l fu r i za t ion  of c o a l  f u e l  gases  

0 5 0 0 ~ ~ )  is l e s s  advanced than f o r  flue gas  cleanup app l i ca t ions ,  b u t  

t h e r e  a r e  s e v e r a l  use fu l  recent  c o n t r a c t  r epor t s  (TRW, 1979; Onursal, 1979; 

Curran, 1977; Blecher, 1980; Lorton, 1980; Vidt,  1981) of which one (Onursal, 

1979) g ives  a genera l  d iscuss ion  of hot  f u e l  gas  d e s u l f u r i z a t i o n  processes.  

Two o the r  s t u d i e s  (Curran, 1977; Blecher, 1980) cover hot  c o a l  gas  cleanup 

technology (TRW, 1979; Vidt,  1981) app l i cab le  t o  powerplants i n  general .  

Three s t u d i e s  (Moore,1977; TRW, 1979; Vidt ,  1981) s p e c i f i c a l l y  address 



s u l f u r  removal from coa l  gases for  in tegrat ion w i t h  advanced f u e l  

cell  systems. A summary, col lected from the  contract  and patent  l i t e r a t u r e ,  

of t he  s t a t e  of the  a r t  of process technology on the  hot desulfur izat ion of 

coa l  gases relevant t o  cleanup of low and intermediate BTU gases is 

presented in  Tables 4 and 5. The summary covers the  type of su l fur  removal 

agent,  appl icable  temperature range for  desulfur izat ion,  mode of regeneration, 

s t a t e  of development of the  process, p r inc ipa l  known disadvantages, sponsor 

of research, and l i t e r a t u r e  source. 

The th ree  general  types of desulfur izat ion agents cons i s t  of 

dolomites, molten s a l t s ,  and metal/metal oxide. Physical configurations 

cons i s t  of f ixed bed, f lu idized bed and melt. The examples c i t ed  in  Tables 

4 and 5 a r e  representa t ive  of t h e  pr inc ipa l  types of systems studied. 

1. QQJ.Qmite PKWPRSM 

There a r e  several  dolomite processes which have been evaluated: 

t h e  OCRIAir Products and Chemicals/Morgantown Energy Research Center (MERC) 

(O'Brien, 19761, Conoco (Curran, 19771, Westinghouae (Lemezis, 19751, and 

United S ta tes  S t ee l  (Feinman, 1980). Among these systems, the  Conoco 

process appears t o  have reached the  most advanced s tage  of development, 

i .e. i pi l 'o t  plarit scale. The other processes do not  appear t o  be under 

invest igat ion a t  t h e  present  time. In  the  Conoco process e f f luen t  su l fur  

l e v e l s  of the  order of 200-300 ppm H2S a r e  achieved a t  9 0 0 ~ ~  in  f luidized 

bed configuration of half  calcined dolomite (CaC03/Mg01. Regeneration of 

t h e  s u l f i d e  sorbent is conducted with carbon dioxide/st.eam mixtures around 

700'~. Disadvantages of the  dolomite system include the  need for  very high 

temperatures, i n su f f i c i en t  su l fu r  removal, r e l a t i ve ly  poor su l f ida t ion  and 

regeneration k ine t i c s  i n f e r io r  t o  iron oxides, sorbent a t t r i t i o n  in  t h e  

f luidized-bed , and accumulation of unregenerated ash (CaS041 . 



Table 4. &t Oas ~ l f u r w l o n  of -Gas - 
Desulfurlzatlon Reaeneratlon 

Pracess Agent Tpp. Attalnable T*. Agent State of Development Dlsadvantagu RBD Sponsor . References 
C H,S Conc. 

rb2hmua 

CaO-MgO 870- 600 Calclned d o l a t t e  600- Bench scale; Rapld coklng; sor- OCR, A l r  Products OBrlen, 
930 650 st am no current work bent degradation; 6 Chemicals and 1976 

reactor corroslon MERC (MERT) 

Conoco ha l f  cal- Cam3- 900 200-300 700 C O t  Bench scale; 
clned dolomlte h0 . s t  am pilot plant; 

no current work? 

Westlnghouse 
dolomlte 

Cam3- 815- (600 800 A l r  Bench scale; 

Mgo . . 925 p l l o t  plant; 
no current work . 

U.S. Steel CaO-MgO 1000 <65 Proprietary; Bench scale 
d o l m l t e  produces H2S Current work? 

Sul f ldat lon k lnet lcs Conoco Onursa I, 
I n fe r l o r  t o  FeO ; 1979 
poor regenerab I T  1 ty 

(Xeates excessive Westlnghouse R8D Lemezls 
non-regenerated 1975 
ash (CaS04/Mg01 

Produces hydrated U.S. Steel R6D Fe 1 nman , 
unregenerated 1980 
d o l a l t e  ash 

BSttel l e  L1, Na, , 850- <40 Canplex aq. Bench scale? Complex regen., Bat te l  l e-Northwest Moore, 
molten s s l t  K, Ca, 1000 chem. v l a  car- s a l t  carry over 1975,1977 

Carbonate bonatlon 191th and corrosion Cover,l973 
H2S t o  Claus 

IGT Melssner Pb 330- - >330 Elec- Bench scale expts; Corrosion; Pb IGT Mel ssner . Me l ssner 
1200 t r o l y s l s  current work - vo la t l l l za t l on  1976 



DesuI fur lzat lon Rqenerat lon 
Process, Agent At ta inable T p .  Agent 

PPm ----------------------------------------- 

State o f  Development Disadvantages RID Sponsor References 

App l eby- l ron  ox l de 355- 150 640- A l r  
Frodlngham gramles  420 8-30 

Prototype t e s t s ?  Sorbmt a t t r l t l o n  Appleby-Frodingham Reeve.1953 
abandoned and plpe corrosion Steel Company Bureen,l967 

l ron 0x1 de 400- 200- 950 A l r /  
s l  l l ca 750 800 steam 

Bench scale; p l l o t  
plant; comnerclal 
deslgn 

Hlgh e f f l u e n t  S; . 
sorbent vulnerable 
t o  degradat i on 

METC and A i r  Shul tz.1970 
Products Oldalget.1975, 

1976 
Sosh1.1977 

Catalysts and ZnO 150- 
Chemlcal s 6 50 

kt evaluated Not ef fecglve 
above 650 C 

Catalysts and Gutmen.1969 
Chemicals 

Bench scale expts. 
term I nated 

IFP ZnO ZnO an 450- 
supaort 630 

METC Zlnc f e r r l t e -  Zn f e r r l t e -  420- 
ZnO Znsblnder  650 

carr  l e r  

w 
Exxon La -1 -A1 0 150- 

*3 2 3 9 3 0  

630-, A l r?  
900 

Bench sca le  
current  work? 

l n s t l t u t  Francals du Onursal ,f979 
Petro l  e 

t o  A l r /  
650 steam 

Bench sca le  
current  work 

Req u 1 res good 
regen. temp. contro l  
-sorbent l l f e  
undetennlned 

METCI DOE Grlndley.1982 
1983 

150- A l r /  
-0 steam 

Bench scale expts. 
termlnated 

Propr le tary  Exxon Wheelock.1976 
Wheelock.1977 

Foster-Wheeler Nl support WO- 
790 

540- A l r  
790 

Bench scale expts. 
terml nated 

Not published Foster-Wheeler Stelner.1977 

Johns Hopklns Cu/Cr/Y A O -  
820 

Bench scale expts. 
term 1 nated 

Fa1 lu re  t o  sustaln 
s u l f u r  remodal 
capac 1 t y  

Johns Hopklns U. and Huff.1936 
gas cunpanles 

-- A l r  

A t l a n t i c  Ref ln lng Cu/Pb/Zn 90- 
a l m l n e  540 
s l l  ;cate 

- 5 -  Alr /  

Sd0 . steam 
Bench scale expts. Lo* ranoval 

termlnated e f f l c lency  

Termlnated D l f f  l c u l t  Kennecott Meyer.1978 
regenerat lm Agrawa1,1980 

Esso -- LOO- Cu20 

T 40 
Bench scale expts. Temp. c o n t n l  Esso Lewls.1963 
term1 nated requl res c l r c u l a t l o n  



The p r i n c i p a l  molten s a l t  p r o c e s s  t h a t  has  been eva lua t ed  f o r  h o t  

f u e l  g a s  d e s u l f u r i z a t i o n  is t h e  molten ca rbona t e  e u t e c t i c  o f  l i t h i u m ,  sodium 

and potass ium (Moore, 1975, 1977) w i th  about  17  weight  p e r c e n t  CaC03 added. 

E f f l u e n t  s u l f u r  l e v e l s  o f  40 ppm H2S a r e  a t t a i n e d  i n  t h e  o p e r a t i n g  range o f  

850 t o  1 0 0 0 ~ ~ .  Regenerat ion is achieved v i a  a complex aqueous chemical  r o u t e  

involv ing  ca rbona t ion  and d i sp lacement  o f  t h e  s u l f u r  a s  H2S. Problems 

w i t h  t h i s  p roces s ,  i n  a d d i t i o n  t o  t h e  complex r egene ra t i on  r o u t e ,  a r e  a s h  

accumulation i n  t h e  melt, carry-over  of melt components i n t o  t h e  p i p i n g ,  and 

s e v e r e  m a t e r i a l s  c o r r o s i o n .  B a t t e l l e  Northwest Research L a b o r a t o r i e s  

(Noore, 1975, 1976) have c a r r i e d  o u t  t h e  most r e c e n t  work on t h i s  p roces s ,  

whereas workers a t  M. W. Kellogg (Cover, 1973) and Rockwell ( B o t t s ,  1976) 

have made e a r l y  c o n t r i b u t i o n s  t o  t h e  technology. An a d d i t i o n a l  melt sy,stem 

examined f o r  c o a l  d e s u l f u r i z a t i o n  i nvo lves  molten l e a d  a t  3 2 7 - 1 0 0 0 ~ ~  

(Meissner,  1976) . 
3. g 

The p r i n c i p a l  me ta l lme ta l  ox ide  ho t  g a s  d e s u l f u r i z a t i o n  s o r b e n t s  

cons idered  f o r  c o a l  g a s  c l eanup  have been i r o n  ox ides  (Reeve, 1958; ~ u r e a u ,  

1967; S c h u l t z ,  1970; Oldaker ,  1973, 1976; J o s h i ,  19771, copper/copper ox ides  

(Huff,  1936; Nachod, 1948;Lewis 1963; Meyer, 1978; Agrawal, 19801, supported 

n i c k e l  ( S t e i n e r  , 1977 ; S e t z e r  , 1969) , a suppor ted  copper/chromium/vanadium 

s o r b e n t  ' (Huff , 1936) , suppor ted  copper / lead /z inc  (Nachod, 1948) , supported 

La203 (Wheelock, 1976, 19771, z inc  ox ide  (Gutman, 1969) and a z inc  

f e r r i t e / z i n c  ox ide  s o r b e n t  (Grindley,  1982) shown i n  Table  5. Among t h e s e  

i r o n  ox ide ,  z i n c  ox ide ,  and copper based s y s t e n ~ s  have been o f .  most i n t e r e s t .  

a .  U o n  Ox ide  Eroc.esses 

An i r o n  ox ide  p roces s ,  t h e  Appleby-Frodingham (Reeve, 1958; 



Bureau, 19671, demonstrated excessive sorbent  degradation and has been abandoned 

f o r  economic reasons. The METC i ron  ox ide / s i l i ca  ( f l y  ash)  sorbent  (Schul tzp 

1970; Josh i ,  1977) is t h e  most advanced of t he  regenerable f ixed bed systems. 

This  process  w i l l  achieve 200-800 ppm H2S i n  t h e  e f f l u e n t  c o a l  gases  a t  

temperatures i n  t h e  range of 400 t o  750'~. Regeneration is achieved a t  950 '~ 

i n  a i r  o r  a i r /s team.  This process has been evaluated up through p i l o t  p l a n t  

s t a g e  and commercial process  design.  

b. Z e d  p m  
. . , .-: I 

Two sorbents  used i n  t h i s  category a r e  supported ZnO (Onursal, 

1979) and a mixed oxide --iron oxide and zinc oxide reacted t o  form zinc 

f e r r i t e  (Grind3,eyr 1982).  The supported zinc oxide is under inves t iga t ion  

by t h e  l n s t i t u t  Francais  du Pe t ro l e  (IFP),  where low e f f l u e n t  H2S 

concentrat ion has been claimed. However, according t o  t h e  bes t  ava i l ab l e  

information (unpublished),  t he  development, to d a t e ,  has not  advanced p a s t  bench 

sca l e .  Evaluations of t h e  IFP zinc oxide a t  METC (S t e in fe ld ,  1982) show t h a t  

it was capable o t  removing H2S t o  about 10 pprn but  with low s u l f u r  capac i ty  

r e l a t i v e  t o  Harshaw zinc oxide. Its r egene rab i l i t y  was determined t o  be good, 

and no l o s s  of su r f ace  a r ea  was de tec ted  a f t e r  t h r e e  sulfidation/regeneration 

cyc les .  The second sorbent ,  an ex t ruda te  of z inc f e r r i t e  with a binder ,  is 

c u r r e n t l y  undergoing bench s c a l e  evaluat ion a t  M E T C  (Grindley, 1982). They 

r epo r t  s u l f u r  removal t o  l e v e l s  of about 5 ppm H2S. Since i ron  oxide is not  

capable  of s u l f u r  removal t o  t h i s  l e v e l ,  t he  z inc oxide is believed t o  be t h e  

dominant desu l fu r i za t iod  agent. The z inc  f e r r i t e  proceos  ha^ been shown t o  

have improved s u l f u r  capac i ty  over z inc oxide, but  with t he  pena l ty  of e x i t  

stream pur i ty .  This can be explained by pos tu la t ing  t h a t  under t h e  

desu l fur ie ing  condi t ions  zinc f e r r i t e  merely a c t s  a s  a physical  mixture of 

z inc oxide and i ron  oxide with t h e  l a t t e r  ac t ing  a s  a high s u l f u r  capac i ty  



c o n s t i t u e n t  b u t  a  d i l u e n t  f o r  low l e v e l  s u l f u r  removal by ZnO. The e f f e c t  

of  z i n c  ox ide  concen t ra t ion  on s u l f u r  removal a b i l i t y  is shown i n  F igure  2  

( t aken  from S t e i n f e l d ,  1982) .  A s  shown i n  F i g u r e  3  ( a l s o  taken from 

S t e i n f e l d ,  19821, z inc  oxide  can reduce t h e  H2S c o n c e n t r a t i o n  t o  2  ppm 

b u t  z inc  f e r r i t e  a t  t h e  same c o n d i t i o n s  ( 1 0 0 0 ~ ~  w i t h  27.66 p e r c e n t  steam) 

cannot  reduce H2S l e v e l s  below 5  ppm which is above t h e  a c c e p t a b l e  

c o n c e n t r a t i o n  f o r  t h e  molten ca rbona te  f u e l  cells.  Furthermore, judging from 

F i g u r e s  2-18, 2-19 and 2-20 of t h e  S t e i n f e l d ,  1982 reference,.regenerability 

of z i n c  f e r r i t e  a t  1000-1200°F (538-649'~) is poor. 

c -  * 
The e a r l i e r  s t u d i e s  involving copper s o r b e n t s  (Huff ,  1936; 

Nachod, 1948; Lewis 1963; Meyer, 1978; Agrawal, 1980) a r e  o f  i n t e r e s t  because ( 

of t h e i r  re levance  t o  t h e  c u r r e n t  work repor ted  i n  t h i s  paper.  . D e s u l f u r i z a t i o n  . '  . . 

was examined f o r  t h e  copper s o r b e n t s  i n  q u e s t i o n  (Table 5)  a t  tempera tures  up ' .. 

t o  980'~. The most e f f e c t i v e  r egenera t ion  was conducted by s o l i d - s o l i d  ;. 

r e a c t i o n  between Cu2S and CuO. The p r i n c i p a l  d i sadvan tages  o f  t h e s e  copper 
.. , I'. 

L 

* /  

s o r b e n t s  were d i f f i c u l t  r egenera t ion  and f a i l u r e  t o  s u s t a i n  d e s u l f u r i z a t i o n  : . .  : .  

c a p a c i t y  a f t e r  r egenera t ion .  These s t u d i e s  have been terminated .  R e s u l t s  of  

t h e s e  s t u d i e s  a r e  examined i n  some d e t a i l  below. 

About t h e  e a r l i e s t  s i g n i f i c a n L  e f f o r t  t o  e v a l u a t e  copper s o r b e n t s  f o r  

ho t  g a s  d e s u l f u r i z a t i o n  was t h a t  conducted a t  Johns Hopkins U n i v e r s i t y  

(Huff,  1936).  The s o r b e n t s  prepared  were mixed ox ides  o f  copper w i t h  i r o n ,  

uranium, chromium, t i n ,  manganese, vanadium, molybdenum, antimony and bismuth ' 

as b i n a r y  and t e r n a r y  combinations wi th  v a r i o u s  b inder  components such a s  c l a y ,  

pumice, alundti~n and lime. Bench s c a l e  d e s u l f  u  r  i z a t  ion  experiments were 

conducted w i t h  "blue  gas"  and ca rbure ted  water  g a s  c o n t a i n i n g  1600 ppm H2S and 

100 ppm organ ic  s u l f u r  compounds over  t h e  tempera ture  range of  350 t o  816'~. 
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copper was considered the most e f f i c i en t  agent for H2S removal, w i t h  chromium 

and uranium largely responsible for removal of organic sulfur compounds. 

Addition o£ steam was considered t o  enhance the removal efficiency of organic 

su l fur  compounds. The most effect ive desulfurization temperature range 

was 450 - 550'~. One of the most promising mixed oxide sorbents had a 

composition of 24 w t %  copper and 6 w t %  vanadium as  metals w i t h  the remainder 

a c lay  binder. Regeneration of the sulfided sorbents was conducted w i t h  a i r  

oxidation.. Some large sca le  plant t e s t s  were a lso  conducterl with these 

sorbents. High i n i t i a l  sulfux remova3.s i.n excess QE 97% werc obtained w i t h  

some of these sorbents, but removal efficiency declined with repeated 

desulfurization/regeneration duty cycles. This degradation of . 

desulfurization capacity was at t r ibuted t o  deactivation of the copper by 

reaction w i t h  the binders. 

The next s igni f icant  use of copper in hot sulfur removal sorbents was 

t h a t  of Nachod, e t  a l .  (1948) i n  which heavy metals, such as  copper, 

zinc and lead, supporbed on aluminosilicates were used t o  remove sulfur 

from pe t ro leumdis t i l l a t e s  and gases containing inorganic (H2S) and 
. . 

organic sulfur  compounds i n  t.hr temperature range 90 to 540'~. SulIidrJ 

sorbents were regenerated with air/steam mixtures a t  370 - 540'~. The 

ac t ive  metals (Cu, Zn, and Pb) introduced as  acetate  s a l t s  were considered 

t o  be bound t o  the  aluminosilicate supports a s  exchange cations replacing the 

sodium and potassium i n i t i a l l y  present on the aluminate and s i l i c a t e  support 

precursors. Unfortunately, the aluminosilicates formu3ated were very 
. . 

infer ior  t o  the hydrothermally s tab le  zeol i tes  curren.tly available. The 

maximum sulfur  rentoval eff ic iencies  reported were of the order of 43%. 

Publication of r e su l t s  was limited t o  a patent (Nachod, 1948). 



A subsequent s tudy of copper sorbents  is t h a t  of Lewis (1963) who used 

copper supported on s i l i c a  t o  desu l fu r i ze  H2S/H2 gas  mixtures over t h e  

temperature range 300 - 1 0 0 0 ~ ~ .  Ultimate appl ica t ion  was intended f o r  

coke oven gas ,  producer gas ,  water gas and hydrocarbon gases. The 
. , 

Cu/Si02 sorbents  containing 2-20 wt%Cu were prepared by so lu t ion  
. , 

impregnation. The desu l fur iza t ion  evaluat ion tests were conducted with 

concentrat ions  of H2S of 1-1.5% i n  hydrogen with t h e  sorbent  i n  

f lu id ized  bed o r  s t i r r e d  gas/sol id  reactors .  Sulfided sorbents  were 

regenerated by oxidat ion with a i r  o r  CuZO i n  t h e  temperature range 
, > 

400 - 700'~. Metal l ic  copper was considered t h e  prefer red  s u l f u r  removal 

agent and e f f o r t s  were made during regeneration t o  l i m i t  t h e  oxygen 

concentration s o  t h a t  t h e  regeneration of t h e  su l f ided  "copper produced 

pr imari ly  me ta l l i c  copper and SO2. T h i s  regeneration mode led  t o  

production of high p u r i t y  SO2 and a sorbent  cons is t ing  of 90 w t %  Cu and 

10 w t %  C U ~ S  w i t h  neg l ig ib l e  Cu20. Sulfur  removal e f f i c i e n c i e s  of 98.5% 

(from 1.5 percent  t o  225 ppm) were rea l ized  in  bench s c a l e  t e s t s . i n  what 

was considered t h e  optimum desu l fur iza t ion  temperatwe range (350 . t o  ~ O O ~ C ) ,  

w i t h  removal e f f i c i e n c i e s  decl ining t o  80-95% i n  the  higher temperature range 

of 600 - 930'~. Information about t h a t  process is ava i l ab l e  only from t h e  

pa ten t  l i t e r a t u r e ,  and the  reasons f o r  termination of t h e  work a r e  not  known. 

The most recent  study s ince .  t h a t  of Lewis  (1963) , is  t h e  Kennecott copper 

process (Meyer, 1978; Agrawal, 1980) i n  1978-80. Bench s c a l e  desu l fu r i za t ion  

t e s t s  were conducted with simulated Lurgi f u e l  gas  containing H2, CO and 1-1.5% 
. > 

H2S over t h e  temperature range 480 t o  5 1 0 ~ ~ .  Four copper sorbents  were 

evaluated. These consis ted of copper metal ,  Cu(OH) CuO and a copper 
6 2 '  , . 

cha lcopyr i te  concentrate  containing 24 w t %  Cu, 21.5 w t %  Fe and 26 w t %  S i n  a 

f ixed bed configurat ion w i t h  sand d i luen t .  Sulfur  removal e f f i c i e n c i e s  i n  



excess of 90% (1.5% t o  1500 ppm) were obtained. Sorbents. were regenerated 

a t  816 '~  in  a i r  t o  minimize copper su l fa t e  formation. Although the high 

temperature yielded 99% regeneration, there was considerable sorbent 

degradatioqwhich diminished the efficiency of H2S removal a t  the s t a r t  

of the  next su l fur  removal cycle. Work on t h i s  process was terminated: 

in  1976 and available information is contained primarily from a 'contract 

report  (Meyer, 1978) and in  a preprint  from a recent meeting (Agrawal, 1980) 

where a ma.jor,probl.em ident i f ied was the hot-solid-transport for a solid-solid 
. . . . 

regeneration scheme. 



The d e s u l f u r i z a t i o n  reac t ion  f o r  hydrogen su l£ ide  removal i n  a 

reducing atmosphere a t  temperatures much i n  excess o f + ,  400'~ over metals  ' . 

and metal  oxides is . p r i m a r i l y  s u l f i d a t i o n .  For a .  meta'l bxide  with 

i n v a r i a n t  valence such a s  zinc t h e  s u l f i d a t i o n  reac t ion  is: 

ZnO + H 2 s  -- ZnS + H 2 0 .  For metal oxides such a s  V205 of W03 

which undergo reduction t o  a lower oxide, t y p i c a l  r eac t ions  c o n s i s t  of:  

and m2 + 2H2S -+ WS2 + 2H20 . . . . 
, . , . . .  

The s u l f i d e s  formed can be expected t o  vary s u b s t a n t i a l l y  from t h e  

s toichiometry indica ted  by t h e  above equat ions,  notably  . f o r  vanadium 

systems. Idea l i zed  stoichiometry has been assumed i n  t h e  p resen t  work i n  

t h e  c a l c u l a t i o n  o£ t h e  reported mole percent  conversions. 

For t h e  metal oxides of copper t h e  expected s u l f i d a t i o n  reac t ions  are:  I. . 

CuO + H 2 s  + CUS + H 2 0  

o r  Cu20 + H2S -r Cu2S + H20 
. . 

and, s i n c e  t h e  oxides a r e  r ead i ly  reduced t o  t h e  m e t a l l i c  state' a t  

temperature above 2 0 0 ~ ~ :  

A t  temperatures above 40o0c, only  Cu2s is s t a b l e '  ( ~ v a n s ,  1959) . 
The highes t  d e s u l f u r i z a t i o n  capaci ty  f o r  t h e  copper oxides r e s u l t  from 

conversion t o  m e t a l l i c  copper by reduction i n  hydrogen:or i n  simulated c o a l  

gas  p r i o r  t o  t h e  s u l f i d a t i o n  reac t ion  with H2S. oxidized copper, i f  not  

prereduced, w i l l  be quickly  reduced upon con tac t  with t h e  f u e l  gas. 



Regeneration of the  sulfided metals is most d i rec t ly  accomplished 

by d i r e c t  oxidation with a i r  t o  form the metal oxide with the 

conversion of the  su l fur  a s  sulfur dioxide. Typical reactions are: 

ZnS + 1.5 O2 -+ ZnO + SO2 

V2S3 +505 O2 + v205 + 3S02 

Cu2S + 2 o2 -+ 2 cuo + so2 

Intermediate su l fur  products from oxidation can be elemental sulfur or 

metal su l fa t e s  such as ZnS04, Zn0.2 ZnS04, CuOSCuSO4 and Cuso4. 

The production of elemental sulfur  is minimal a t  temperatures above about 

500'~ in  the presence of excess oxygen. The formation of the metal su l fa te  

intermediate is negligible in the case of the vanadium for which the ,sulfates  

a r e  unstable above about 4 0 0 ~ ~ .  The zinc and copper su l fa tes  have 

re la t ive ly  high decomposition temperatures and require low ambient SO2 

p a r t i a l  pressures t o  minimize the amount of the metal su l fa tes  a t  temperatures 

in  the range of 500-650'~. Zinc su l fa te  is reported t o  decompose thermally 

in  the range of 600-750'~ and requires an ambient SO2 p a r t i a l  pressure 

below 10 ppm a t  650'~ t o  avoid persistence of ZnSOO (Mu, 1981). Based 

on our past  work (Jalan,  1981) the regeneration process was found t o  be 

enhanced by using a combination of a i r  and steam. The steam apparently 

f a c i l i t a t e s  the decomposition of metal su l fa te  formed during the oxidation of. 

the  su l f ide  by an intermediate hydrolysis. The postulated reactions, in the 

presence of oxygen, are: 

ZnS04 + H 2 0  4 Zn(OH12 -I- E03 

Zn (OH) 2 -+ ZnO + H20 

Copper su l fa t e  is reported t o  decompose thermally in  a range of 

570-705OC and requires similar low ambient SO2 p a r t i a l  pressure t o  avoid 



persistence of CuS04 (Mu, 1981). For copper oxide on alumina system, copper 

sulfate is observed to form even at low SO2 partial pressures and at low 

temperatures such as 450'~ '('~c~rea; 1971). One regeneration alternative for 

facilitating sulfate decomposition if formed, is to complete the process in 

an inert gas such as nitrogen at 750'~ after the bulk of the sulfur has 

been removed as SO2 by air oxidation. Another regeneration alternative for 

copper sorbents is the use of low oxygen partial pressure in the initial 

regeneration of CU2S by 'the reaction: 

Another 'regeneration mode is reduction of the residual metal sulfates 

This type of regeneration mode has been proposed for the regeneration of 

supported copper sorbents used for SO2 removal from flue' gases (McCrea, 1971). 

Direct hydrogen reduction of metal sulfides, such as Cu2S, as a regeneration 

. . .  
mode is: 

This would be an attractive mode s'ince hydrogen sulfide can be thermally 

dissociated to yield elemental sulfur at temperatures above 400'~ and 

has been studied over copper and other transition metals (Wilson, 1974; 

Chivers, 1980). While the bulk of the sulfur can be displaced as H2S by hot 

reduction, the formation of metal subsulfides can be expected to persist down 

to extremely low H2S partial pressures. 



IV. CURRENT PRO-, - INC...19811983 - - 

'Work has been conducted during the past  two years t o  identify and 

evaluate which metal/metal oxide systems a re  most appropriate a s  hot 

regenerable sorbents for advanced fue l  c e l l  systems capable of reducing 

the sulfur  content of coal gases t o  1 ppm. T h i s  program.was undertaken in 

a s  much as  cer ta in  metal/metal oxide sorbents provide promising potent ial  

£or the molten carbonate fue l  c e l l ,  owing to: (1) the low levels of sulfur 

a t ta inable ,  (2) the ,h igh  capacity for sulfur removal, ( 3 )  regenerability, 

(4 )  maintenance of sulfur  removal capacity during desulfurization/regeneration 

duty cycles, (5) capacity for removal of organic a s  well as  inorganic sulfur 

compounds, (6) compatibility with fuel gas components, (7)  economic 

u t i l i za t ion  of fue l  gas heat content, and .(8) economies in plant capi tal-and 

operating costs.  

Desulfurization sorbents evaluated under the Giner, Inc. program have 

consi.sted of: unsupported ZnO. and CuO; CuO, ZnO, and CuO/ZnO on supports 

( s i l i c a ,  alumina and zeol i te ) ;  mixed CuO/ZnO and V205 (unsupported and 

on alumina); and a proprietary sorbent (United Catalyst C125, which 

subsequently was found t o  contain calcium oxide and was dropped from 

further study).  Both fixed-bed and flu'idized-bed reactor configurations 

have been used in these studies. The parameters evaluated were: 

(1) the nature of the support, (2 )  sorbent pa r t i c l e  s ize ,  (3) water p a r t i a l  

pressure, ( 4 )  desulfurization 'tenlperature, (5) regeneration mode, 

deoulfurieation of inorganic (H2s) and, (6) organic (COS, CS2 end 

C H 3 ~ ~ )  sulfur  compounds and (7)  interferences from reactor materials 

( s ta in less  s t e e l  vs. quartz).  

Sorbent characterization has been conducted for CuO/ZnO and supported 

CuO sorbents with EDAX, SEM, XRD, and gas adsorption, mercury porosimetry 



and chemical analysis t o .  evaluate surface s t ruc tura l  changes accompanying 

prereduction, desulfurization and regeneration. Data treatments consisted 

of modeling for fixed-bed reactors and fluidized-bed reactor parameter 

evaluation, notably pa r t i c l e  s ize  effects .  

The evaluation program a t  Giner, 1nc. for the per'iod pieceding '1981 

(Jalan, 1981) demonstrated tha t  the desulfurization agents such as  CuO 

(reduced t o  Cu) , V 2 ~ 5  (reduced t o  V203) and mixed oxide C ~ O / Z ~ O  

i n i t i a l l y  selected based on thermodynamic c r i t e r i a  merited further 

investigation as hot regenerable sorbents for second stage sulfur  removal 

from coal gas feed stock. for advanced fuel  c e l l s .  In addition, it was 

established tha t  desulfurization over supported sorbents offered 

s ignif icant  improvements i n  the efficiency'  of sorbent u t i l iza t ion .  

Further evidence was obtained for the advantages of using air-steam gas 

mixtures in  regeneration of sulf  ided sorbents. 

A. Amaratus 
.-. 

A l l  the experiments were carried out w i t h  a simulated coal 'gas  

mixture (2508% H2,  47.2% N2, 15.5%C02, and 11.5%CO on dry basis)  
.,. . 

containing 200 ppm H 2 ~  and varying amounts of water vapors unless otherwise 

specified. Although the aim was t o  reduce theH2s  levels t o  l e s s , than  

one ppm, the desulfurization runs were carried out u n t i l  the ex i t  H 2 s  

concentration.was measured t o  be above 10 ppm. The experiments were 'carried 

out in a fixed-bed and a fluidized-bed reactor a s  described below. 

1. - R P ~  : The fixed-bed reac tor  (Fig. 4) used in the 

desulfurization performance t e s t s  has been described i n  the preceding 

contract reports (Jalan, 1981a,1981b). The only s ignif icant  modification 

used with t h i s  reactor consisted of introduction of a quartz l iner  for 

cer tain t e s t s  t o  evaluate wall effects .  
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2. 
. . - : The f luidized-bed reactor used is shown in 

Pigs. 5-7 and the design and i n i t i a l  evaluation t e s t s  a re  low . 
The design of the experimental fluidized-bed reactor lope 

of operating conditions t o  be applied t o  it a re  motivated 

prac t ica l  requirements: 

- The reactor mus t  be large enough t o  yield meaningful resul t s  in  

terms of scale-up and appl icabi l i ty  t o  other systems, t o  the data 

produced from it and t o  the model developed t o  match tha t  data. 

- The t o t a l  time required t o  perform each experiment should be limited 

t o  a s ingle  working day or  a t  most overnight, a maximum of 20 hours. 

- The conversion attained in  the reactor should be greater than 

99.5% in order t o  reduce the  H2S concentration from an i n l e t  

concentration of 200 ppm t o  1 ppm. 

Of these requirements, the f i r s t  is the most d i f f i c u l t  t o  quantify. A 

brief  survey of the l i t e r a t u r e  combined with  past experience led us t o  

define a minimum diameter of 3 c m  for  the reactor. Then, considering the 

scale  of the  present laboratory f a c i l i t y ,  and the  costs  of furnaces, a maximum 

diameter of 5 cm was chosen. On the basis  of the f i r s t  requirement l i s t e d  

above, t h e  5 cm diameter reactor was chosen a s  the foundation for  our i n i t i a l  

design calculations. This choice was later re-evaluated against the resul t s  of 

these calculations. Another factor on which the  i n i t i a l  design study was 

based was t o  l i m i t  the L/D (length t o  diameter) r a t i o  for  the resting bed 

t o  no less than one. The e f fec t  of t h i s  choice was then evaluated in  the 

design calculations. With these two dimensions of bed diameter and rest 

height established, the two parameters against which the  second two 

requirements were applied were par t i c l e  s i z e  and gas flow rate.  

The fluidized-bed experiments were performed a t  minimum fluidizing 



Figure 5.  The Fluidized-bed Desulfurization Apparatus: 
Reactor ( l e f t )  and Gas Mixing System (right) 

Figure 6. Close-up of the Quartz Reactor and Tube Furnace 
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conditions. The bed is most eas i ly  described under these conditions where 

bubbling is e i the r  non-existent or insignificant.  The simplest model for  

describing t h e  bed is the  CSTR (Continuous St i r red Tank Reactor) which 

permits se lec t ion  of upper and lower limits on the pa r t i c l e  s i z e  used 

according t o  t h e  requirements defined above. These l i m i t s  a r e  i l lus t r a t ed  

in Figure 8. The l i m i t  on conversion, (Co/Ci) = .005, corresponds t o  a 

maximum particle diameter of .074 c m  (740 ,urn). The l i m i t  on experimental 

duration is characterized by t10 ppm = 20 hr, the  time required t o  reach 

a 10 ppxn H2S (a concentration selected for  experimental purposes) 

breakthrough a t  the  reactor ou.tlet predicted by the  pore-plugging and CSTR 

models and corresponds t o  a minimum p a r t i c l e  s i z e  of .015 c m  (150,um). 

A t  the  minimum fluidizing conditionsr the experiment duration and 

conversion a r e  much stronger functions of pa r t i c l e  s i z e  (which determines 

the  minimurn f lu id iza t ion  velocity) than of bed height and they a re  not a t  

a l l  affected by the diameter of the  bed. Thus, the  trade-offs of 

decreasing the  bed-height in  favor of decreased experiment duration for 

smaller p a r t i c l e  s i z e s  vs. increased conversion for  pa r t i c l e  s i zes  larger 

than the  paximum are not: strong ones. An option taken for  the oake of 

experimental convenience w a s  t o  decrease the  bed height s l i g h t l y  t o  

decrease time t o  breakthrough for  the  smaller pa r t i c l e s  and increase the  

bed height t o  increase the  conversion for  the larger pa r t i c l e s  within the 

l i m i t s  already defined. 

A t  Elow rates greater. than t h e  r in in tum f luidizat ion velocity, Umf, 

the  development of bubbles in  the  bed adds t o  the complexity of any model 

used t o  describe t h e  system. Bubbles w i l l  shorten the contact and 

residence time d is t r ibut ions  fo r  a f ract ion of the  gas flow and w i l l  

reduce the  overa l l  conversion achieved by the reactor. Bubbles w i l l  a l so  
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increase the dispersion of the pa r t i c l e s  and a fraction of the gas which 

resides in  the inter-part ic le  or emulsion phase. Because of these 

complexitie.~, the i n i t i a l  experiments were performed a t  conditions close 

t o  minimum f lu id iza t ion .  -- conditions which should discriminate more 

c l ea r ly  between d i f fe ren t  sorbent.materials and d i f ferent  pa r t i c l e  

s t ructures .  Once a "bestn sorbent and pa r t i c l e  s t ructure were defined a t  

minimum fluidizing conditions, experiments were performed a t  higher . 

flowrates, in a bubbling bed, in order t o  explore separately the "reactor 

e f fec t sn  on the.desulfurization process. 

Fluidization t e s t s  established the charac ter i s t ics  of zeol i te  support 

material ,  Linde SK500, which had been crushed and sieved into four 

fract ions according t o  pa r t i c l e  size: -30/+ 50 mesh (600,um t o  300,urn). 

-50/+ 70 mesh (300 pm t o  200 p m )  , -70/+ 100 mesh (200 p m  t o  150 ,urn), and 

-100/+140 mesh (150 , u m  t o  100 ,urn) . samples of lOOcc each were loaded into 

the reactor tube and t e s t s  were conducted both a t  room temperature and a t '  

elevated temperature ( 6 5 0 ~ ~ ) .  Figures '9  and 10 show the pressure vs. 

flowrate curves for ' two d i f ferent  pa r t i c l e  f ract ions a t  room temperature, 

-50/,+70 mesh and -loo/+ 140 mesh respectively. ~ o t h  curves demonstrate the 

ear ly  pressure peak which is charac ter i s t ic  of fluidized systems and which 

represents the point a t  which the set t led.bed "unlocksn w i t h  the voidage 

increasing s l igh t ly  accompanied by a decrease in pressure drop. The 

flowrate must then be increased s l igh t ly  t o  establ ish fluidization 

a f t e r  which the pressure drop increases slowly. The curve for  t h e  

decreasing flowrate is 'used t o  determine the minimum fluidizing f lowrate 

because the pressure peak associated with  the bed "unlockingn phenomenon 

does'not occur. The minimum fluidizing flowrate is found where the slope 

of the pressure drop curve.changes. The observed minimum fluidization 



Gas (NZ)  Flowrate (Std L i t r e s  Air/Min) 

Figure 9. Sk 500, -50 + 70 
Pressure Drop Across Bed vs. Flowrate 



. Figure 10. Sk 500, -100 + 140 
Pressure Drop Across Bed vs. Flowrate 



velocity compares well with values calculated from the Ergun equation 

which assumed a bed voidage of 0.50 and a particle sphericity of 0.80 

(Figure 11). The bed expansion, too, correlates well with calculated 

values assuming the value A. = 0.01 where A. is the distributor plate 

area of the orif ice (Figure 12) . 
At elevated temperatures, the fluidization behavior is altered 

somewhat from the behavior exhibited at room temperature. Figure 13 shows 

the pressure-drop vs. flowrate curves of -30/+ 50 mesh particle fraction 

at room temperature and 6 5 0 ~ ~ .  At higher temperature, the pressure, drop 

increases faster initiali~ and peaks earlier than at room temperature. The 

minimum fluidizing condition also occurs earlier at 650'~ than at room 

temperature with minimum fluidizing velocities of 8.5 vs. 10.0 l/min., 

respectively. 

B. 'Sorhent S e l e c t i o n  

The elements receiving consideration to date have been selected 

largely on an empirical basis from essentially every group'of the 

periodic table (Table 6). One effort to make a systematic examination of 

candidates fo,r the hot desulfurization of low BTU fuel gases is that of 

Westmoreland and Harrison (1976). In their approach they made use of the 

free energy minimization method of Van 2eggeren and Story (1970) and 

resulted in a select.ion of 11 out of 28 elements considered. 'These potential 

candidates for fuel gas desulfurizafion within'the temperature range of 

400-1200~~ were Fe, Zn, Mo, Mn, V, Ca, Sr, Ba, Cot C U ~  and W. Based on 

thermodynamic considerations, Westmoreland and Harrison (1977) selected MnO, 

CuO, V203, and ZnO for kinetic studies and found MnO to have the most 
. . 

favorable kinetics. 
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Figure 11 :Comparison of experimentally determined minimum fluidizing 

veloci ty ,  u ( c i r c l e s )  t o  theore t ica l ly  calculated values 
( so l id  l i n e r  f o r  mS = 0.80 and crnf - 0.50. 
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Figure 12: Comparison of experimentally observed bed expansion (c i  r c l e s )  

t o  theoret ical ly  calculated values ( so l id  l i n e )  f o r  A. = 0.01. 



Figure 13. Pressure Drop Across Bed vs. Flowrate 
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CU, Aq. 1, 6 ,  7 ,  8 ,  9 ,  10 ,  11, 1 2  

Mg, Ca, Sr, Fa 1, 13 ,  14 ,  15 ,  16 ,  17 ,  18 ,  19 ,  20 

Cd, Zn 1, 6 ,  8, 21, 22, 23, 24 

Ga, A 1  27, 28 

W, Mo, C r  6 ,  7 ;  29, 31,  32 

-- -- 

VIIa Mn 

VIIb -- 
VII I  N i ,  Fe 

Lanthanides  Ce 

A c t  i n  i d e s  U 

__.__-.%A 

*See f o o t n o t e  a t t a c h e d .  
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A more recent systematic examination primarily using thermodynamic 

criteria for selection of candidates for.the hot regenerable desulfurization 

of coal gases for advanced fuel cel.1 applications is that of Jalan (1'979) . 
Criteria that must be kept in mind as a guide for selection of appropriate 

sorbent candidates consist of: low equilibrium H2S concentrations at 
. . . . 

applicable temperatures for typical fuel gas compositions and the removal 
. . 

agent; rapid sulfidation kinetics; high conversions of the removal agent to 

the sulfided state under conditions applicable; rapid kegeneration kinetics; 

thermal and mechanical stability for the removal agent under both conditions 
. . 

of sulfidation and regeneration; a compatibility of the removal agent with 

other. more reactive gas components. 

The principal initial criteria used for selection,of the particular 

su'lfur removal agents evaluated in this study was based on thermodynamic 

considerat ions such as attainable equilibrium H2S concentrations for gas 

compositions typical of coal gases 'and at temperatures of about 650'~ 

. typical of the effluents from a hot iron oxide sorbent bed and on the 

regenerability of the sulfided adsorbents (Jalan and Wu, 1979; Jalan, 

Following are the reactions of primary concern in desulfurization: 

in sorbent reduction; 

with cb = ad + f 

and in regene rat ion; 

2cMeaSb + (2cb + ad) O2 -+ 2aMecOd + 2cbS02 



2cMeaSb + adS02+ 2aMecOd + (2cb + ad) S (6) 

aMecOd + f SO2 + cMeaOb + f S 

with ad + f = cb 

with the possible s ide  reaction of: 

Me,Sb + 2b02 + Me (S04),b (8) 

Employing a temperature of 6 5 0 0 ~  (923'~), and a typical fuel 

coniposition (47% N2, 20% H2,  17% CO, 10% C02, 6% H 2 0  and 6000 ppmv 

H2S) minimization of Gibbs free energy was used as  the c r i t e r i a  o f .  

thermodynanlic f e a s i b i l i t y  for desulf ur i za t  ion reaction 1 and 2. React ions 

3 and 4 a re  of importance for metal oxides such as  CuO, W03 and V20S 

which w i l l  be reduced t o  lower oxidation s t a t e s  in the fuel  gas environment. 

Regeneration of the sulfided metal by oxidation t o  the metal oxide, 

reaction 5, was a lso  an important concern i n  the selection of sorbent 

candidates. 

Reactions such as  6 and 7 for the reaction of SO2 w i t h  the 

sulfided or  oxidized metal and the s t a b i l i t y  of metal su l fa tes  formed 

(reaction 8) in oxidation of the sulfided metals were a lso  considered i n  

the i n i t i a l  selection of candidate. sorbents. 

Of 42 metals and oxides i n i t i a l l y  examined, 12 candidates (Fe, Co, Pb, 

Mo, Cd, W, Zn', V, Mn,. Sr, Ba, Cu) were evaluated in some d e t a i l  (Fig. 14). 

Four candidates, ZnO, Cu,  WOZ, and V203, were selected as  meriting 

experimental evaluation of the i r  desulfurization and regeneration 

performance. Interferences from carbon deposition and water-gas s h i f t  
, . .  

reactions were c r i t i c a l l y  analyzed. The amount of water necessary t o  avoid 

carbon deposition and. t o  maintain water-gas s h i f t  reaction .equilibrium 

was theore t ica l ly  determined, and its effec ts  on the desulfurization 

a b i l i t y  for each candidate were calculated. Even in adverse conditions, 
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a l l  four candidates (ZnO, V203, CU and W 0 2 )  look a t t r ac t ive  for low 

level  desulfurization. 

The desulfurization agents evaluated experimentally during the past 

two years have consisted of CuO, ZnO, the binary mixture of CuO/ZnO, and 

V205. These agents have been exanlined principally on supports such as  

alumina or zeo l i t e  but a lso as  unsupported sorbents, notably for the 

binary mixture CuO/ZnO, ZnO and V205. Commercially available sorbents 

were used but a number of experimental sorbents were prepared as  well. 

The experimental supported sorbents were prepared by solution 

impregnation and cation exchange on a prestabil ized alumina .and on a 

commercial zeol i te .  These experimental sorbents ,were prepared by 

saturation of precalcined ( 5 0 0 ~ ~ )  sorbents with aqueous n i t r a t e  

solution followed by dehydration a t  150 '~ and thermal decomposition of 

the absorbed n i t r a t e  in a i r  a t  5 0 0 ~ ~ .  Metal loadings as  cupric oxide 

or zinc oxide were established gravimetrically. The alumina support 

selected was Harshaw AL4133, prestabil ized i n  a packed-bed reactor by 

flowing simulated H2S f ree  fuel  gas a t  700 cc/min. a t  650'~ for four 

hours, followed by exposure t o  an air-steam (75-25 volume percent) gas 

mixture a t  700 cc/min. a t  650'~ for one hour. The i e o l i t e  selected 

a s  a support consisted of a high surface area, hydro-thermally s table ,  

ra re  earth loaded faujas i te  (Linde SK500). 

The mixed CuO/~nO/zeolite sorbents were prepared by cation exchange 

using the same eeol i tc  w i t h  aqueous n i t r a t e  solutions followed by 

dehydration of the exchanged zeol i te  a t  150 '~ in a i r  and calcining a t  

5 0 0 ~ ~  in a i r  t o  decompose residual n i t ra tes .  Three exchange procedures 

were used in view of the known range of exchange s i t e s  in various positions 

nn the surface of t h e  zeol i te  l a t t i c e  and the possible introduction of 



se lec t iv i ty  factors  in the exchange process. I n  addition, a range of Cu/Zn 

loading ra t ios  was desired. The f i r s t  preparation (A)  involved a two 

s tep  exchange in which the zinc was exchanged i n i t i a l l y  and subsequently, 

the copper was exchanged, the second preparation (B) was also two stage 

except tha t  copper was exchanged i n i t i a l l y ,  and the th i rd  preparation (C)  

was conducted i n  a s ingle  s tep  w i t h  both copper and' zinc present i n  a 1:2  

molar r a t io  of CuO t o  ZnO. Preparation B and C are  comparable t o  the 

commercial CuO/ZnO material, .(United Catalyst 66B) w i t h  a CuO/znO mole r a t io  

of 0.5. Preparation A provided a wide difference i n  the copper content 

from ei ther  sorbent B or C. The compositions of CuO and ZnO obtained on 

the zeol i te  support a re  given i n  Table 7. 

D. -fun Perf- 

A brief summary of the work accomplished on the immediately 

preceeding contract (Jalan,  1981b) is given here (Table 8). Based on " 

thermodynamic calculations of the equilbriun H i s  concentrations for 

gas compositions typical  of coal gases and a t  temperatures of 650'~ 

typical of the molten carbonate fuel  c e l l s  and the c r i t e r i a  c i ted  above' 

i n  section 1V.C the sorbent candidates selected for evaluation consisted o f ,  ' 

'2'5 CuO, W03 and ZnO. 

~xperimental  evaluation t e s t s  were conducted on a fixed bed bench 

scale reactor t o  establ ish sulfur removal a t  650% from a simulated coal 

gas (25.8% H2, 47.2% N2, 15.5% C02, and 11.5% Coon dry basis)  

containing 200 ppm H2S. Sulfur capacit ies of the sorbent a t  about 10 ppm 

H2S eff luent  concentration and -the regenerability of the sorbents were 

determined. Tests conducted with the unsupported - - oxides, V205, CuO,  W03, 

provided sulfur  loadings of 0.14, 0.7, and 0.5 mole. percent, respectively, 

corresponding t o  the sulf ides  V2S3, Cu2S, and WS2, a t  breakthrough 



TABLE 7 

preparation 
Method 

Composition of CuO/ZnO/Zeolite Sorbents 

CuO ZnO CuO/ZnO 
w% w% Wt. Ratio 



Table 8. .-tion S t yd ies  on Metal Oxide Sorbents 

Desul fur izat lon o f  Simulated Coal Synthesis Gas Contalnlng 200 ppm H2S 

Desu l f u r  Regenerat 1 on Cond It ion Su l f a t e  
Agent Sul f u r  Capacity a t  650'~' Red uct  1 on Decompos t I on 

Sorbent w t  % Support W t .  ~ a s l s ~  Mole %. Temp. OC Temp. 'C ------ -------- ------- ........................ ---------i------------------- ------------- 
37.5 CuO None 0.14 0.7 A i r  650 650 

700-860 
SIO, 1.7 22.51 A1 r 600 H, 500 

10 V205 None 0.07 0.14 A i  r 650 Fuel 650 
v,03 ( v ,o, 1 100-200 

A1203 
0.13 2.5 A l r  650 Fuel 650 ......................................................................................................................... 

pel l e t  100 W05 None 0.14 0.5 A i r  650 650 
wo2 ( wo3 1 - 

powder None 0.52 1.9 A i r  650 
H2 

65 0 ...................................................................................................................... 
!& 80 ZnO None 1.9 5.9 A l r  750 None 

ZnO 600 
3.6 11.6 Steam 650 None 

8 A i r  
--------------------C--------------------------------------------------------------------------------------------------- 

33 cuo 
65 ZnO 

None Steam 750 
"2 

250 
8 A i r  

+ 
A t  10 ppmv H2S I n  e f f l u e n t  

*Desu l f u r  l z a t  Ion a t  5 0 0 ~ ~  

A Ibs. s u l f u r  removed per 100 I bs. o f  charge 
based on ac t i ve  components I n  hlghest 
ox lda t  Ion s t a te  (CuO, V205, W03, ZnO) and 
support, i f  any. 

Assumed conversion t o  Cu2S, V2S3, WS2, and ZnS respect l ve l  y. 



.' j 

concentrations of 10 ppm H2S for removal of 200 ppm H2S a t  650'~ from a I 

simulated fue l  gas (Table 8). A l l  these sorbents received prior reduction 

t o  V203, Cu and W 0 2  which had been predicted t o  be the act ive species. 

Regenerability was achieved by a i r  oxidation a t  650'~ t o  displace the 

adsorbed su l fur  a s  SO2 for a l l  three of these agents. The low specif ic  

surface areas of these unsupported oxides was considered the principal 

l imiting factor leading t o  the low sulfur loading capacit ies obta'ined w i t h  

these agents. 

Cornrnerc5al .Zn0 p e l l e t s  and commercial supported V 0 sorbents were 
2 5 

a l so  evaluated. Sulfur loadings of 5.9 t o  11.6 mole perceht were obtained 

for  ZnO a t  650'~ for scrubbing 200 pprn H2S t o  10 pprn H2S. The 

larger of these sulfur  loadings was obtained for a ZnO regenerated w i t h  a 

mixture of a i r  and steam (25 volume percent steam) indicating a promising 

a l te rna t ive  t o  a i r  a s  a regenerant. The commercial supported V205 

sorbent provided sulfur  loadings up . to  2.5 mole percent for systems 

regenerated by prereduction a t  6 1 0 - 6 5 0 ~ ~  for sulfur  scruhhing tests a t  ' . 

650'~ for reduction from 200 ppn~ H2S t o  10 pprn H2S. 

A commercial copper supported on s i l i c a  and a commercial mixed oxide 

CuO/ZnO were also evaluated as sulfur removal sorbents. A sulfur loading 

0 
of 22.5 mole percent for copper supported on s i l i c a  was obtained a t  500 C 

for scrubbing 200 pprn H2S i n  simulated coal gas t o  10 pprn H2S a f t e r  

a i r  regeneration a t  600'~ and a prereduction a t  500'~. Similar t e s t s  

with the mixed oxide, CuO/ZnO, resulted i n  sulfur loadings of 9.7 mole 

percent a t  650'~ a f t e r  a i r  regeneration a t  750'~ and a prereduction a t  

240-250'~. 

Some exploratory evaluations were a lso  conducted w i t h  Cr203, 

BaC03, and SrC03 which indicated tha t  a t  ~ O O O ~ C ,  SrC03 can achieve 



eff ic ient  sulfur  removal t o  10ppm H2S from 200 ppm H2S in simulated 

coal gas. The observed sorbent u t i l iza t ion  was 47 percent of theory 

suggesting further evaluation would warranted for 

desulfurization beyond t h e  scope of . t h i s  study. 

Extensive physical characterization of ZnO pe l l e t s  was conducted 

using low temperature nitrogen adsorption, scanning electron microscopy and 

microanalysis and established s ignif icant  semiquantitative information on 

the surface s t ructure of the pe l l e t s  accompanying desulfurization, 

' regeneration w i t h  a i r  and steam,and thermal sintering. The principal 

resul ts  obtained include the posit ive identification the pore plugging i n  

the coarser pores, which accompanies the sulfidation of the ZnO pel lets .  

Microanalysis provided further evidence of the pore plugging during 

sulfidation and the limitation it imposes on e f f i c i en t  u t i l iza t ion  of the 

of the pe l l e t  t o  depths i n  excess of 2 5 0 , ~ .  Finally, considerable e f for t  

was expended i n  devising a pore plugging model which could u t i l i z e  

experinlentally accessible parameters t o  permit design of more effect ive 

sulfur removal sorbents. 

1 . D e s u l f u r i ~ a a  

a. -on Quer Used 

Exploratory t e s t  evaluations conducted in a fixed bed reactor 

w i t h  a simulated fue l  gas a t  650'~ w i t h  a proprietary sorbent, United Catalyst 

C125, commonly used for a combination of sulfur and chloride removal from 

hydrocarbon gases, showed a consistently reproducible sulfur loading of 1.5 

t o  2.0 weight percent. T h i s  resul t  was obtained a f t e r  regeneration by 

air-steam oxidat ion end thermal decomposition i n  nitrogen a t  650 t o  7 5 0 ~ ~ .  

I n  addition t o  t h i s  regenerable desulfurization capacity, a t t r ibutable  t o  one 

component of the sorbent, there was a consistent sulfur removal onto a second, 



largely unregenerable component. Later it was identified as  calcium oxide 

and t h i s  discouraged further investigation of t h i s  sorbent . 
- .  . . .  

b.. -n 0 0  

' .  Giner, Inc. had previously reported a very favorable 

.thermodynamic analysis of the reaction 

V2O3 + HzS + V2S3 + 3H20 

based on the heat of formation of V2S3 obtained from the National Bureau 

of Standards (Wagman, e t  a l . ,  1971). Our experiments, however, showed 

very small reac t iv i ty  of V203 w i t h  H2S (Jalan,1981af1981b) . ~ f t e r  ' 

re-examination of the l i t e r a t u r e  and consultations w i t h  METC (Table 91, it 

was decided tha t  the  National Bureau of Standards value of the heat of 

format ion of V2S3 (-227 Kcal/mole) was .suspect. 

In pa ra l l e l  investigations, workers a t  KETC reported tha t  a 10 ppm H2S 

fed into a bed of vanadia catalyst  (containing 0.043 w t %  S) resulted i n  

100 ppn H2S a t  the e x i t  and increased the sulfur content of the vanadia 

ca ta lys t  t o  0.147 weight percent (run 54,  Grindley, 1983). A simple material 

balance tor  su l tur  indicates an unknown source of sulfur outside the vanadia 

bed. T h i s  could.be due ei ther  poor performance of ZnO bed (ruled out by run 

55, Grindley, 1983) or contaminated reactor walls. An important conclusionr 

however, is t ha t  with.27% water vapors present i n  the coal gas mixture, a t  

, 64g0c, vanadium oxide reacted with low concentration H2S (10-100 ppm) t o  

increase the sulfur  content of the , ca ta lys t  from 0.043 t o  0.147 weight 

percent (see 'rabie 3 of.Grindley, 1983). I t  is important t o  note tha t  the 

preferred value of the heat of formation of V2S3 (-125 Kcal/mole) w i l l  

not permit the reaction of V203 w i t h  H2S i n  the presence of 27% water 

vapors. I t  i s  possible tha t  a sulfur compound other than V2S3 is formed. 
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The Harshaw vanadia ca ta lys t  was retested in our bench scale packed 

bed reactor. Furthermore, t o  determine the react ivi ty  of H2S w i t h  V203, 

"steady s t a t e"  experiments were conducted i n  a quartz reactor with unsupported, 

high pur i ty  V205 (Union Carbide), V205/A1203 (Harshaw) obtained 

d i r e c t l y  and via METC, and V205/alumina prepared at 'Giner ,  Inc. Mixtures 

of hydrogen w i t h  6 t o  10 percent H2S and 6 t o  26 percent water vapor a t  

650 '~ were reacted with the various V205 samples for f ive hours. Based 

on chemical analyses for sulfur  and vanadium and assuming the sulf ide t o  be 

V2S3, the measured conversions of V203 t o  V2S3 were 0.8 t o  1.1 

percent for unsupported V203 and 198 percent for highly dispersed V203 

on alumina (Table 10) .  I t  is speculated tha t  the anamolously high sulfur 

value of 198 percent is possibly a t t r ibutable  t o  formation of a surfacc 

compound such a s  V(HSI3, analogous t o  sulfur  compounds formed with alumina 

and s i l i c a .  

The resul t s  of t e s t s  in  both the packed bed s ta in less  s t e e l  reactor and 

in  the exploratory quartz reactor, along with METC resul ts ,  have confirmed 

our previous experiments t h a t  V203 does have the a b i l i t y  t o  react a t  

650 '~ with H2Sf and t ha t  the conversion of V203 was very small for 

H2S ef f luent  concentrations less  than 10 ppm. I t  is concluded tha t  a t  t h e  

present s t a t e  of understanding, V205 would not make a good sorbent. 

c. e e r  Q u b  

A summary of the resul t s  of the desulfurization performance 

t e s t s  conducted under the current program w i t h  single  component and binary 

component systems, unsupported and supported, a re  given i n  Tables 11 and 12. 

With the objective of improving u t i l iza t ion  efficiency, the ea r l i e r  studies 

with CuO and ZnO were extended t o  highly dispersed supported sorbents for 

the hot, regenerable removal of su l fur  from simulated coal gas. Specifically,  



TABLE 1 0  

DESULFURIZATION OVER V i E 3  I N  QUARTZ REACTOR 

SORBENT SURFACE AREA 

V 2 0 3  UNSUPPORTED 

( U n i o n  C a r b i d e )  

( H a r s h a w )  

V203  ( 1 3 . 8  W t % ) / A 1 2 0 3  

( G i n e r  , I n c  . ) 

LOW 

SULFUR LOADING AT 6 5 0 ° C  , 

W t  % S MOLE %V2S3 

1.1 2 . 1 .  

MODERATE 0 . 8  

HIGH 

REACTANT GAS MIXTURE 6 %  H,O, 6 %  H,S, AND 88% H, 

W t  % S BY CHEMICAL ANALYSIS O F  PRODUCT 



TABLE, 1 1 

DESULFURIZATION SUMMARY-SINGLE COMPONENT SYSTEMS 

P r e h i s t o r y  D e s u l f u r i z a t i o n  
Regeneration Space S u l f u r  

Compcaition Sorben t  T.?mp. Velo it -Tes t  . Loading Duty T e s t  
.3 

Sorbent  CuO w/o ZnO w/o wt.e Pre t rwa t  Atmosphet-2 C hr-' y ~ r a t i o n  b r  mol 5 Reactor  Cycles  No. ....................................................................................................... 
ZnO -- 100 20.E Name Fresh  650 5500 25.75 15.5 S. S 1 1 

(unsuppor ted)  Air n 5500 11.25 6.8 , 3 3 

ZnO - 80 5.i Naoe Fresh  . ' 650 19350 4.75 7.1 S.S 1 47 
(unsuppor ted)  Alr/Ste.am am 19350 6.38 11.6 4 50 

. . 

ZnO Z e o l i t e  -- - -- - 

4.5 N&e 
Nare 

4.5 Nme 
Nme 

Fresh  
Air/Steam 

Fresh  
Air/Steam 

10.0 N a e  
Nooe 

H Bed 
H: Bed 

F resh  
A i r  ' 

Fresh 
Air 

CuO/ A1203 17.8 - 5.2 R e d  R 5 Free  Fresh  650 5000 1.6 8.7 . S.S 1 7 5 
~ u e l '  Gas 

17.8 - H2 Bed. Air 5000 2.14 11.7 5 79 - ,17.8 5.0 H2 Bed. F re sh  650 2030 3.42 6.9 S.S 1 -- 83 
17.8 H2 Bed. Air/Steam 2030 2.75 ..5.4 5 87 

R l ed .  
Red 5 Free  

~ u e $  Gas 
R2 Bed. 
H Bed. 
I$ Bed. 
H p  Bed. 
H2 Bed. 
h2 Bed. 

F re sh  
Air 

Fresh  
Air/Steam 

Fresh  
Air 

Fresh  
F resh  

22.9 S.S 
62.6 
5.2 Q 
6.5 
5.0 INCOLOY 800E 

16.3 S.S. 



TABLE 12 

CuO and ZnO - BINARY SYSTEMS 

Notes - Values In parenthesee indicates WH 1126 correspmdlng t o  reported s loading 
S.S - Stainleee Steel  

. . ' [I - Quartz 

, 

Sorbent 

6fYzn0 

Corrpoeltlon . Sorbent 
Vt.9 

5.0 

CuO w/o 

33 

8.77 

8.00 

, 8.5 

21-10 d o  

65 
65 

6.4 
6.4 
6.4 
6.4 

11.1 
11.1 

3 3 
I .  

CuO/ZnO Zeolite 9.8 
prep- A . 1 iii 
Q10/7~-10 Zeolite 5.9 
Prep. 0 

i 

Prehistory 

5.9 

Pretreat 

. M e  
f12 Red 

Red 
t 2  Red 
I >  Red 
11: Red 

A Red 14 Red 

Regeneration 

Abnoephe r e  

Fresh 
nir/steam 

Fr&h 
nir/Steam 

Frwh ' 

hir/Steam 

Fresh 
AlrLSteam 

Desulfurlzatim . 

Gulfur 
loading 

mol 8 

4.1 
8.9 

>12.9(4Ie 
0.4 

12.0 
3.3 

>15.0(0)* 
5.9 

- 
Test 
Duration 

hr 

2.83 
12.0 

5 ; O  
0.13 
4.25 
1.17 

7.07 
2.75 

T i  

650 

650 ' 
650 

650 ' 

tNty 
Cycles 

1 

&+ace 
V e p i t y  
hr 

24970 
12500 . 

3 850 
3650 
4300 
4300 

3900 
3900 . 

l o  

1 
4 
1 

. 9  

1 
5 

T e s t  
tb. 

51 

Reactor 

S.S. 
60 

124 
127 
128 
136 

137 
1 4 1  

. . 

Q 

Q 
+ "  

Q 



CuO, ZnO, and mixed sorbent  CuO/ZnO dispersed on hydrothermally s t a b l e  

alumina and z e o l i t e  supports  were examined (Tables 13 and 14, Figures 15-20). 

Unless o the r  wise, s t a t e d  a l l  experiments were ca r r i ed  out  with simulated 

c o a l  gas  (on dry bas i s :  25.8% H2,  47.2% N2, 15..5% C02,  and 11.5% CO) 

containing 200 ppm H2S. The desu l fur iza t ion  runs were terminated when e x i t  

H2S concentrat ions  above 10 ppm were measured. Parameters evaluated 

cons is ted  of the  r o l e  of  t he  support ,  e f f e c t i v e  p a r t i c l e  s i z e  of t h e  sorbent ,  

t en~pera ture ,  water p a r t i a l  pressure ,  wal l  e r f e c t s ,  reproducib i l i ty ,  

pretreatment  h i s to ry ,  and regeneration mode. These r e s u l t s  a r e  discussed i n  

d e t a i l  i n  t h e  s ec t ions  t h a t  follow s t a r t i n g  with unsupported ZnO. 

i. Z i n c d ~  - U- 

Most of t h e  desu l fur iza t ion  runs were terminated when 

e f f l u e n t  H2S concentrat ions  above 10 ppm were neasured. However, i n  order t o  

genera te  d a t a  for  t h e  model discr iminat ion ( see  Section I V  k' ) ,desulfur izat ion 

perfnrmance of unsupported ZnO was measured i n  the  f ixed bed reactor  till 

breakthrough concentrat ions  approached the  in j ec t ion  concentration of 200 ppm H 2 s -  

The unsupported ZnO sorbents  consis ted of United CaLalyst, UCI C72-1; 

Strenl 30-270 and Harshaw 0401. These t e s t s  were conducted i n  a 

quar tz- l ined f ixed bed reac tor  with dry  siniulated coa l  gases in  a space 

veloci.ty range of 15000 t o  23000 hr- l ;  f o r  a t y p i c a l  height of 5cm, t h i s  

corresponds 21 t o  3 2 c d s e c .  I n i t i a l  s u l f u r  loadings on f r e sh  sorbents  were 

determined t o  be 6.0, 2.3 and 5.1 mol.e% for  t he  UCl ,  Strem and Harshaw 

matera l s ,  respec t ive ly ,  a t  2Uppi11 H2Y i n  the e f f l u c n t  yac. The s u l f u r  

capac i ty  of the  UCI ZnO, a f t e r  t h e  f i r s t  regeneration,  dropped t o  1 mole %, 

but  remained constant  over subsequent duty cyc les  (Figure 21) .  S imi la r ly  

regnerated batches of Strent and Harshaw ZnO sorbents  demonstrated i n i t i a l  

dec l ines  i n  s u l f u r  loadings (Figures 22 and 23).  These dec l ines  were 



TABLE 13 

P 8 i o r  Regenera t ion  S u l f u r  Conversion 
No. o f  Temp. C Prereduc t ion  Mole. % 
T e s t s  Oxidant/N2 Decompn. Oxidant  Gas a t 1 0 P P M V  ; 
--------------------.------------------------------------------------------.----------- 

Fresh  

Fresh  

None 

None 

2 

- 

650/650 A i r / N 2  Fue l   as' 0.50 

2 650/650 A i r  & Steam/N2 Fue l   as' 4.6 

2 650-7501750 A i r / N 2  2% H2 i n  N2 10.3 

3 650-750/650-750 A i r  & Steam/N2 2% H2 i n  N2 6.6 

O H2S F r e e  Fue l  Gar 



TABLE 14 

4 Prior .hqeneratioA Sulfur 'conversion 
Mole % 

No. of Temp. OC P.rereduct ion 500'~ 650'~ 
Tests Oxidant/N2 Decomp. Oxidant Gas ' a t  10 PPMV 
---------------------------------------------------'"---------------------------------'-- 

F r e s h  None 

F r e s h  None 
- 

Fuel   as' 

2 650/750 Air/NZ 2% H2 i n  N2 -- 15.3 

2 650-750/750 A i r  6 Steam/N2 2% H2 i n  N2 -- 13.7 

1 ,650-750/750 Air 6 SteadN; 2% H2 i n  N2 79.7 - 

O H2S FreeFu e l  Gas 



b 

Space Velocity = 3780 hr- I  - 
Temperature ' = 6 5 0 ~ ~ '  

%BT 
= 30.75 hr. 

144 

10 13 ZU L3 

Conversion Hole % 

Figure 15. HIS Uptake curve for Supported ZnO (17.81 wt% zno/zeolite) 



CONVERSION ( Mole % 
F i g u r e  16. A Comparison o f  the D e s n l f u r i z a t i o n  performance o f  Copper Oxide 

Suppor ted  on  Alumina and o n  Z e o l i t e ,  A i r  Regenera ted .  . . - 



CONVERSION ( Mole % ) 

Figure 17. A Comparison of the Desulfurization Performance of Copper Oxide 
' 

Supported on Alumina and on Zeolite, Air-Steam ~egenerated. 



4 8 12 16 2 0  

CONVERSION (Mole %) 

Figure  1 8 ,  The E f f e c t  of Prereduct ion  a t  650°C wi th  
Hydrogen and Fuel  GaS on t h e  Desu l fu r i za t ion  
Performance a t  650°C of Copper Oxide Supported 
on Alumina ( s t a b i l i z e d ) .  



... 

Figure  1 9 .  ' E ~ S  Uptake Curve f o r  CuO/ZnO.Supported on Zeolite (Prep.A) 



Figure  20 .  H2S Upt,&e C u r v e  f o r  CuO/ZnO Supported on Zeolite (Prep.B) 



Space Veloci ty  15000 hr" 

Temp. 6 5 0 ' ~  

~ B T  
66 hr 

A i r  Reg. .Temp. 7 5 0 ' ~  

Time (Hrl 

Figure  21. H ~ S  Uptake Curve for ZnO (United Catalyst)  



Time (Hr) 

Figu re  22 .  H2S Uptake Curve for En0 (Sttern Chemical) 



Figure 23. H2S Uptake Curve for ZnO (Harshaw Chemical) 



attributed to the sintering and volatilization of elemental'zinc in dry gas 

observed above for the supported ZnO/zeolite sorbent. The data from these 

desulfurization-regeneration tests with unsupported ZnO are discussed~below 

with the 'modeling calculations. 

ii. ijinc W e  - 
Desulfurization performance of ZnO supported on zeolite 

was measured in simulated cpal gas mixture containing 200ppmH2S and 6% H20. 

It was anticipated that very high surface a'rea of the sorbent would yieldhigh ' 

sulfur uptake capacity and the spatial dispersion would inhibit sintering 

and provide better regenerability. 

Zinc oxide supported on zeolite '(17.8 wt% ZnO) exhibited 20 mole percent 

conversion at lOppm H2S breakthrough concentration, but the initial 

performance was'not maintained on subsequent regeneration/desulfurization 

duty cycles (Figure 15). This degradation was attributed to a combination 

of a,:small amount of sintering and reduction of very small particles of 

zinc oxide and subsequent volatilization at 700'~ in the relatively dry 

. , 

hydrogen rich simulated coal gas.. To test this, using the quartz lined 

fixed-bed reactor, a dry mixture of 20% H2 in nitrogen was passed over 

the' ZnO/zeolite sorbent at 650'~. Zinc volatilization from the sorbent 

bed and condensation on the cold walls at the exit end of the reactor was 

observed. 

A conclusion based on these test data is that exposure to high 

temperature reducing atmospheres during desulfurization of sulfur-laden 

coal gases would cause volatilization of microparticles of zinc. 

However, under these conditions, zinc sulf idat ion' becomes a strongly 

competitive reaction with reduction of the ZnO. In addition, zinc 

volatilization will be further inhibited by.water partial pressures in the 



range 9-27 pe rcen t  t y p i c a l  of a i r -blown g a s i f i e r  and even h igher  f o r  

oxygen-blown g a s i f i e r s .  

iii. w e r  O&e 
. . - 

The d e s u l f u r i z a t i o n  tests conducted i n  a bench' s c a l e ,  

f i x e d  bed r e a c t o r  con f igu ra t ion  . a t  6 5 0 ' ~  wi th  CuO on a p r e s t a b i l i z e d  

commercial alurr~ina c o n s i s t e n t l y  provided s u l f u r  c a p a c i t i e s  of  6 t o  1 2  mole 
. . 

pe rcen t  when prereduced i n  hydrogen (2  t o  26 mole pe rcen t )  a t  6 5 0 ' ~  and wi th  

e i t h e r  a i r  regenera t ion  a t  650.'~ p l u s  s u l f a t e  decomposition i n  n i t rogen  

a t ' ,  75O0c o r  regenera t ion  a t  6 5 0 0 ~ .  wi th  . a i r  and steam mixture .  The 

d e s u l f u r  i z a t  ion pe r f  orhance of t h i s  CuO/A120 j so rben t  a t  6 5 0 ' ~  

is s u p e r i o r  i n  terms of s t o i c h i o m e t r i c  convers ion by an o rde r  of magnitude 

t o  r e s u l t s  ob ta ined  p rev ious ly  a t  500 t o  6 0 0 ' ~  f o r  d e s u l f u r i z a t i o n  over a 

commercial copper o x i d e / s i l i c a  s o r b e n t ,  United C a t a l y s t  G108B (compare 

r e s u l t s  Table 8 and Table 1 3 ) .  Experience t o  d a t e  i n d i c a t e s  t h a t  

d e s u l f u r i z a t i o n  c a p a c i t y  a t  5 0 0 ' ~  s i g n i f i c a n t l y  exceeds t h e  c a p a c i t y  of  CuO 

a t  6 5 0 ' ~  (Table 8 and 1 4 ) .  Prereduc t ion  of CuO/Cu so rben t s  wi th  H2S-free . 

f u e l  g a s  was found t o  be  less e f f i c i e n t  than  wi th  hydrogen-nitrogen gas '  ; 

mixtures ,  due appa ren t ly  t o  i n h i b i t i o n  of  so rben t  reduc t ion  by t h e  presence  

of ox id i z ing  gases  (C02 and H 2 0 )  i n  t h e  f u e l  g a s  (F igure  18 )  . 
For reduc t ion  of H,S from 200gpm t.o I,Oppm i n  a s i n ~ u l a t e d  f u e l  gas , ,  

& 

s u l f u r  c a p a c i t i e s  a t  5 0 0 ~ ~  were determined t o  be  about  63 mole p e r c e n t  

wi th  t h e  z e o l i t e  (a  commerc ia l . ra re -ear th  loaded fau jas i te -Y)  suppor t ,  

compared t o  1.3 t o  4.5 mole percent  wi th  t h e  s i l i c a  suppor t  (Table  8 and 141, 

wllereas s u l f u r  c a p a c i t i e s  a t  6 5 0 ' ~  ranged from about  16 t o  23 mole pe rcen t  

wi th  CuO/zeoli te t o  0.7 mole p e r c e n t  f o r  unsupported CuO. 

Air ox i d a t  ion and thermal  decomposit ion i n  n i t rogen  i n  t h e  tempera ture  

range 650 t o  7 5 0 ' ~  provide b e t t e r  than  90 p e r c e n t  r e g e n e r a t i o n ' o f  t h e  



sulfided sorbents. The use of air-steam regeneration mixtures enhances 

sulfur removal efficiency,. Prereduction in hydrogen at 250 to 650'~ 

provides sufficient preconditioning and availability of copper fog efficient 
. . *  

desulfurization. These experimental tests demonstrated that' the 

desulf ur ization capacity can be increased from less than one percent for 

unsupported CuO to in excess of 63 percent for CuO/zeolite sorbent. 

Structural stability combined with high dispersion of the CuO appear to be 

key factors in optin1ii;ing the de~ulfurizat,ian performance of these 

exper in~ental supported CuO sorbents . 
Additional data summaries for the CuO supported sorbents with the 

prestabilized alumina and the zeolite showing the effects of temperature, 

regeneration mode (air or aidsteam) and prereduction with fuel gas vcrcus 

dilute hydrogednitrogen mixtures are given in Tables 13 and 14 and Figures 

16 and 17. .The mole percent conversion capacity for the copper supported 

on zeolite was approximately double that for the copper supported on alumina. 

Supported systemsr such as either CuO or ZnO on zeoliter shvw 

consistently higher sorbent utilizatiun efficiency at lopp& Hi5 

breakthrough concentrationr cvn~pared with uneupportcd snrbents-  The . . 

supported CuO systems show consistent improvement in sorbent utilization 

when going from silica to alumina, to zeolite as the support, 'The 

CuO/zeolite demonstrated a significantly high conversion of about 63 mole 

percent at .500°c, compared with about 23 mole percent at 650°c for silica. 

Both CuO/alumina and CuU/zeolitc ~orbents show promising 

maintenance of conversion efficiency in the range of 5.4 to 16.0 mole . ' 

percent at 650'~ after 4 to 5 duty cycles. The initial declines in 

conversion efficiency observed for the early tests with these.experimenta1 

sorbents can be attributed to the fact that pretreatment and regeneration 



c o n d i t i o n s  had n o t  y e t  been optimized and t h e  s ta te  of  d i s p e r s i o n  of t h e  

d e s u l f u r i z a t i o n  agen t  had n o t  been s t a b i l i z e d .  

Prereduc t ion  under r e l a t i v e l y  mild c o n d i t i o n s ,  such a s  ~SO'C, is 

s u f f i c i e n t  f o r  reduc t ion  of  CuO and minimizes s i n t e r i n g .  I n  t h e  cake  of  
. . 

h igh ly  d i spe r sed  ZnO, high temperature  (650-750'~) reduc t  ion ,  i n  t h e  

absence of apprec iab le  water  p a r t i a l  p r e s s u r e s ,  would l ead  t o  v o ? t i l i z a t i o n  

of e lementa l  z inc .  

Ai r  o r  oxygen regenera t , ion . .a t  r e l a t i v e l y  high tempera tures  such a s  

650-750'~ is ' required f o r  e f f i c i e n t  decomposit ion- of e i t h e r  copper o r  
. ,  . 

z inc  s u l f a t e s  formed dur ing  s u l f i d e .  ox ida t ion .  Air/steam regenera t ion  

combined wi th  an i n e r t  g a s  decomposition a t  650-750'~ c o n t r i b u t e  t o  t h e  

more e f f i c i e n t  regenera t ion  of bo th  CuO and ZnO so rben t s .  

Three mixed CuO/ZnO s o r b e n t s  A,  B, and C were prepared 

a s  desc r ibed  under s o r b e n t  p repa ra t ion  (Sec t ion  IVC) with  composit ion a s  

g iven  i n  Table  7. Ear ly  work- (Table 8) performed wi th  commercial mixed 
. . 

CuO/ZnO m a t e r i a l s  l e d  t o  promisingly high d e s u l f u r i z a t i o n  capac i ty .  

Therefore ,  it wakcons ide red  important  t o  e s t a b l i s h  t h e  advantages provided 

by using supported CuO/ZnO mixtures  wi th  h igh  s t a t e s  of  d i s p e r s i o n .  These 

sorber i ts  were prereduced i n  20% H2 i n  n i t r o g e n  a t  6 5 0 ' ~  i n  p r e p a r a t i o n  

f o r  t h e  d e s u l f u r i z a t i o n  tests with  sixrtulated c o a l  g a s  con ta in ing  200 ppm 

H2S a t  650°c. Regeneration was conducted wi th  s t e a d a i r  a t  650'~. 

The , r e s u l t s  f o r  s o r b e n t  A, i n  which t h e  'ZnO was t h e , f i r s t  agen t  

impregnated a r e  shown i n  F igu re  19. Nine consecu t ive  du ty  c y c l e s  were run 

wi th  170ppm H ~ S  i n j e c t i o n  concen t r a t ion  and a space  v e l o c i t y  of  4300 hr- l .  

The i n i t i a l  s u l f u r  c a p a c i t y  was 12 mole p e r c e n t  on t h e  f r e s h  s o r b e n t ,  b u t .  

c a p a c i t y  dec l ined  and s t a b i l i z e d  t o  about  5 pe rcen t  .on subsequent du ty  cyc l e s .  ' 



The r e s u l t s  f o r  s o r b e n t  B, i n  which the 'Cu0  was t h e  f i r s t  agen t  

impregnated,  a r e  shown i n  F i g u r e  20. S ix  consecu t ive  d u t y  c y c l e s  were run .  

w i t h  170ppri~ H2S i n j e c t i o n  c o n c e n t r a t i o n  a n d a  space  v e l o c i t y  of 3900 hr- l .  

'The i n i t i a l  s u l f u r  loading on t h e  fres.h s o r b e n t  was 28.5 mole p e r c e n t  ( run  137) . 
.This  c a p a c i t y  was mainta ined a f t e r  one regenera t ion  ( run 1 3 8 ) .  Subsequent du ty  

c y c l e s  l e d  t o  a  d e c l i n e  in  c a p a c i t y  which a t t a i n e d  4 mole p e r c e n t  a f t e r  t h e  

f i f t h  r e g e n e r a t i o n .  Sorberlt C ,  which was prepared  by simultaneous impregnation 

o f  a  copper-zinc . n i t r a t e  s o l u t i o n  wi th  a  2: l  a t o n ~ i c  r a t i o ,  was t e s t e d  under 

t h e  same c o n d i t i o n s  a s  s o r b e n t  A and E. The i n i t i a l  capacity on f r e s h  so rben t  

was 8 mole p e r c e n t  a t  10 ppm H2S breakthrough concen t ra t ion .  Th i s  c a p a c i t y  

d e c l i n e d  t o  1 mole p e r c e n t  a f t e r  t h e  f i r s t  r egenera t ion .  I t  is n o t  p o s s i b l e  

. t o  o f f e r  an exp lana t ion  f o r  t h e  s u p e r i o r ,  d e s u l f u r i z a t i o n  c a p a c i t y  of so rben t  

E, of t h e  t h r e e  s o r b e n t s ,  b u t  it is a p p a r e n t l y  r e l a t e d  t o  z inc  occupying rnore 

f a v o r a b l e  c a t i o n  exchange sites. The suppor ted  mixed ox ides  (Table 7  and 

F i g u r e s  1 9  and 20) demonstrated r e l a t i v e l y  h igh i n i t i a l  d e s u l f u r  i z a t i o n  

c a p a c i t i e s ,  bu t  underwent r a p i d  d e c r e a s e s  i n  c a p a c i t y  on subsequent  t e s t s  

and provided no c l e a r , a d v a n t a g e  over t h e  s i n g l e  component supported s o r b e n t s ,  

whether CuO o r  ZnO (Table  11). 

d. -ce Fr- 

P a r t i c u l a r  c o n s i b e r a t i o n  was g iven t o  t h e  r o l e  of  p o s s i b l e  

i n t e r f e r e n c e s  i n  t h e  fixed-bed s t a i n l e s s  s t e e l  r e a c t o r  by i n s t a l l i n g  a  

q u a r t z  Pirier and repea t ing  t h e  desulf ur  i z a t i v r ~  tests wiLh Lot11 copper and 

' z inc s o r b e n t s .  E a r l i e r  blank tests run wi th  an empty s t a i n l e s s  steel  

r e a c t o r  a t  500-650% i n d i c a t e d  n e g l i g i b l e  s u l f u r  removal t o  t h e  w a l l s  

fo r ,  t h e  s i n ~ u l a t e d  c o a l  g a s  mixtures  con ta in ing  200 ppm H2S. Based on 

these e a r l i e r  blank tests, no s i g n i f i c a n t  d i f f e r e n c e s  i n  s u l f u r  ren~oval  

c a p a c i t i e s  were a n t i c i p a t e d  f o r  q u a r t z  ve r sus  s t a i n l e s s  steel  r e a c t o r s .  



This resul t  was substantiated for t e s t s  run under similar conditions i n  

quartz and s t a in less  s t e e l  reactors for ZnO and V205.(Table 151, but 

surprisingly was not applicable t o  the CuO/zeolite sorbent. 

A desulfurization t e s t  run over' CuO/zeolite in s ta in less  s t e e l  (Test 178) 

was i n  essent ia l  agreement with an ea r l i e r  run (Test.90) under the same 

conditions but gave consistently greater sulfur loading .than could be 

obtained in e i ther  quartz or a  high nickel a l loy (Incoalloy 800H) (Figure 

24. and Table 15).  Since. the t e s t s  w i t h  empty s ta in less  s t e e l  reactor and 

with ZnO and V205 in the s ta in less  s t e e l  reactor did not .show such 

analomous behavior, it is clear  tha t  t h i s  increased sulfur absorption is 

a simple react ion with the  s t a i n l e s s  s t e e l  reactor. 

The apparent explanation for t h i s  marked discrepancy is tha t  a  new 

desulfurization component results,from an interaction 'between the copper 

and s ta in less  s t ee l .  This new desulfurization component is very . l ike ly  an 

iron-copper f e r r i t e  type product resulting from interaction of the copper . 

with the 316 .s ta inless  s t e e l  reactor wall. The enhanced desulfurization 

capacity added by ' this  new "scale product" sugg'ests that .copper-ferri te 

merits evaluation. Copper-ferrite might prove as  s ignif icant  a s  the 

zinc-f er r i t e  under investigation a t  METC. 

. . 
e.. -on ~f  Def .-. 

A comparison of the principal desulfurization sorbents 

examined h e r e ' i s  summarized in Table 16.   he principal conclusions apparent 

from these resul t s  a re  the following: 

The highest mole percent conversions are  realized w i t h  zeol i te  

supported CuO and ZnO. However, w i t h  these two systems decreases i n  

sulfur loading were observed during repeated desulfur ization/ 

regeneration cycles. The i n i t i a l l y  high capacity is believed t o  be 



CONVERSION MOLE ' %  

Figure 24 CuO/Zeolite Sorbent in  Various Reactors. 



TABLE 15 

EFFECT OF REACTOR MATERIAL ON SORBENT CAPACITY 

SORBENT RUN# , REACTOR MOLE %S 

ZnO (United Catalyst) 4 4 STAINLESS STEEL . 5.85 

158 QUARTZ ,, 5.93 

V205 (Union Carbide) .14 STAINLESS STEEL. 0.25 

121 QUARTZ 0.28 

CuO/Zec,lite (Giner, Inc. ) 90 STAINLESS STEEL 17.5 . . 

178 STAINLESS STEEL 16.2 

173 QUARTZ 5.5 

175 INCOLOY 800 'H, 5.4 



TABLE 16 

DESULFURIZATION SUMMARY 

SORBENT 

FRESH AFTER (n) CYCLES 

33% Cu0-65% ZnO 8 9 (7) 

(1) D~SULFURIZATION CON3UCTED AT 6 5 o 0 c ,  . PRBREDUCED IN H2, 2OOppm H2S 

IN SIMULATED FUEL G-W WITH 6% WATER PARTIAL PRESSURE. 

(2) SIJLFUR LOADINGS GIIIW AS CONVERSION TO SULFIDE (Cu2.S or ZnS) AT 

.. EXIT (H2.S) 10 (ppm). 



due t o  very high d i s p e r s i o n  of meta l  ox ides  on t h e  z e o l i t e  suppor t .  

The subsequent dec rease  i n  c a p a c i t y  can be  a t t r i b u t e d  t o  c r y s t a l l i t e  

growth o r  s i n t e r i n g  and, i n  t h e  c a s e  of z inc  t o  v o l a t i l i z a t i o n .  

.Both t h e  CuO/ZnO mixed so rben t  and t h e  CuO/zeoli te demonstrate  

t h e  c a p a b i l i t y  o f  maintaining t h e  H2S concen t r a t ions  below 1 ppm a t  

s i g n i f i c a n t  load ings  a s  shown i n  F igure  25. The mixed CuO/ZnO s o r b e n t  

has  demonstrated a remarkable maintenance of  d e s u l f u r i z a t i o n  c a p a c i t y  

over seven du ty  cyc l e s .  

From a p r a c t i c a l  engineer ing p o i n t  of view, t h e  mixed s o r b e n t .  

CuO/ZnO provides  l a r g e r  s u l f u r  load ings  on e i t h e r  a weight o r  volume 

b a s i s  than t h e  b e s t  of t h e  supported s o r b e n t s  t e s t e d ,  c u o / z e o l i t e  

(Table 1 7 ) .  For t h i s  reason,.  t h e  mixed CuO/ZnO so rben t  was s e l e c t e d '  

f o r  f u r t h e r  s tudy  i n  t h e  f luidized-bed r e a c t o r .  

. . 
2. -d.Bfld R e a c t o r  

I n  view of t h e  promising . d e s u l f u r i z a t i o n  performance wi th  t h e  

mixed so rben t ,  CuO/'~n0, a d d i t i o n a l  tests were conducted wi th  t h e  f l u i d i z e d  

r eac to r  t o  e v a l u a t e  t h e  r o l e  of so rben t  p a r t i c l e  s i z e ,  water p a r t i a l  

p r e s su re ,  temperature ,  and d e s u l f u r i z a t i o n  performance wi th  s e l e c t e d  

organic  s u l f u r  compounds. A summary of t h e  r e s u l t s  of d e s u l f u r i z a t i o n  

tests i n  t h e  f luidized-bed r eac to r  is given  in Table  18. 

a .  E f k c L s  of  P a r t i c l e  Srze 

A s e r i e s  of d e s u l f u r i z a t i o n  tests were conducted wi th  CuO/ZnO 

i n  t h e  .f luidized-bed r e a c t o r  wi th  d i f f e r e n t  p a r t i c l e  . s i z e s ,  . i.e., 450 p m ,  

250 p m ,  and 175 h m ,  a t  a m' t e m p e r a t u r e  ( 6 0 0 ~ ~ )  and wi th  c o n s t a n t  

water p a r t i a l  p r e s s u r e  (26%) .  The f r e s h  s o r b e n t  f o r  each tes t  was prereduced 

i n d i l u t e  Hz. The s u p e r f i c i a l  g a s  v e l o c i t i e s  a t  minimum f l u i d i z a t i o n  

c o n d i t i o n s  f o r  450 pin, 250 pm, and 1 7 5 ' ~ ( m ,  p a r t i c l e  s i z e  were found t o  b e  3.0, 



TEMPERATURE :650°c 

INLET H2S :200ppm 

CONVERSION TO SULFIDES (Mole'.%) 

Figure 25. Comparison of CuO/ZnO and CuO/Zeolite 



TABLE 17 

SORBENT 

ENGINEERING CONSIDERATIONS OF SELECTED SOREENTS 

SULFUR CAPACITY AFTER FOUR REGENERATION CYCLES 

MOLE . % AS .GM. OF S PER 100 GM. KG OF S PER M~ 

Cu2S AND ZnS OF SORBENT BED OF SORBENT BED 

11% CuO/ZEOLITE 16 0.33 2.8 



TABLE 1 8  ' 

SUMM,IRY OF DESULFURIZATION TESTS I N  FLUIDIZEL BEL REACTOR 

Desul fur iza t ion  
Sorb.ent . composition   or bent P a r t i c l e  Temp. I n l e t  S.V. Test  Su l fu r  

Loading ,Run w t  % W t .  
O C hr'l 

Duration 
Size  pm PH20 

g hr . . Mole % 

CUO /ZnO 33% CuO 1 450 650 22. 1990 2.C 32 204 
65%ZnO, 

cuO/ZnO 33% ZuO 1 450 650 9 1990 2.67 42 . 210 
65% ZnO 

28 211 CuO/ZnO 33%' CuC 1 450 650 . 26 ' 1990 , 1.75 
65% ZnO 

cuO/ZnO 33% CuO 1. . 450 650 15 1990 2.92 4 6 2 1 2, 
65% i n 0  

cuO/ZnO 33% CuO 1 450 600 26 2330 2.00 .37 213 
65% ZnO. 

26 2660 ' 1.00 2 1 2 14 CuO/ZnO . 33% CuO 1 450 550 
03 65% ZnO 
h, 

I 

CuO /ZnO 33%CuO - 1 450 500 26 2790 2.00 4 5 216 
65% Zn9 

. . 

600 26' . 1200 4.42 42 217 CuO/ZnO 33% CUD 1 250 
65% ZnO 

CuO / ZnO 33% CuO 0.5 175 600 26 800 4 .. 67 59 218 
65% ZnO 

ZnO ,100X ZnO , 1 450 600 2 6 2330 ' 1.33 20. 226 

-- 

cu0/sid2 305 Cu 3.3 456 600 2 6 2330 0.067 1.6 227 

CuO/Si02+ 30L. Cu 1 CuO 4501 600 2 6 2330 1.45 26 . 228 
ZnO . '  100% ~ n 0  0.65 Zr~0 

' ZnO/Zeolite 3.22% ZnO 16.7 450 600 26 1200 0 ' . 5 . t o 1 . 0 0  8 t 0 . 1 6  237 

CuO /ZnO 6.83% CuO 13.0 450 600 26 900 2.25, 16 239 ' 

~ e o i i t e  4.22% ZnO 

CuO/Zeolite 14.5% CuO 13.5 450 600 2 6' ' 900 1.30 8.4 . 240 



1.53, and 1.0 c d s e c ,  respectively. A reduction in pa r t i c l e  s i ze  increases 

the specif ic  surface area of the so'rbent resulting . in  an additional 

increment i n  sulfur  capacity.. The sulfur capacit ies were observed t o  be 

36, 43 and159 mole % for 450 v m ,  250 pm, and 175 pm, pa r t i c l e  s i ze  

respectively (Figure 26) . These desulfurization t e s t s  with C U O / Z ~ O  sorbent 

for the three d i f ferent  pa r t i c l e  s izes  showed tha t  the sulfur capacity of 

the sorbent can be increased by increasing surface area with small 

par t ic les .  There is a pract ical  l i m i t  on s i ze  reduction, however, t c  avoid 

excessive entrainment and a t t r i t i o n .  

b . .  Ro- Pre- 

Experiments were conducted with the mixed sorbent CuO/ZnO in 

the fluidized-bed reactor t o  examine the ef fec t  of water p a r t i a l  pressure on 

the desulfurization capacity a t  600'~ and 650'~. A par t i c l e  s i ze  of 

450 U m  and water p a r t i a l  pressures between .9 and.26%, which encompass the 

range from air-blown t o  oxygen-blown gasif icat ion,  were u s e d i n  these t e s t s  

(Figure, 27). The sulfur capacit ies a t  ' 6 5 0 , ~ ~ .  cover the CuO/ZnO sorbent in 

Figure 27 were observed t o  be 42, 46, 32, and 27 mole %, respectively, 

corresponding t o  t h e  water p a r t i a l  pressures of 9, .15,  22 and 26% i n  the 
. . 

simulated coai gas containing 200 ppm H2S. A similar curve with a 

maximum a t  15% water p a r t i a l  pressure was obtained a t  600'~ also. 

Based on thermodynamic considerations alone, the water p a r t i a l  

pressure would be expected t o  a f fec t  the desulfurization performance over 

ZnO, but not over Cu, since the H20 is a product for  sulfidation of ZnO, 
. , 

but not of Cu. A maxin~um i n  the desulfurization performance between 9 and 

26% water partia1,pressure over t h i s  mixed sorbent, CuO/ZnO, indicates that  

b0t.h components a re  act ively involved in the desulfurization process. A 

possible explanation for the rr~aximum observed a t  15% water pressure for 



I . .  :26% WATER VAPOR I 
30'- 

CONVERSION TO SULFIDES [MOLE 96) 

Figure 26. E f f e c t  of Particle Size on the  Sulfur Capacity of CUO/Z~O. 

m- 

TEMP. 600'~ 



WATER CONCENTRATION 

Figure 27. E f f e c t  of Water C o n c e n t r a t i o n  
on S u l f u r  C a p a c i t y  of C u O i Z n O .  

. . . . - .  . 



CuO/ZnO a t  6 0 0 ' ~  and 6 5 0 ' ~  is d i scussed  l a t e r  (see General Discuss ion)  

c. W R o l e  o f  T P ~ & ~ z & u E  

. . The e f f e c t  of  tempera ture  between 500 and 6 5 0 ' ~  on d e s u l f u r i z a t i o n  

of  s i n ~ u l a t e d . c o a l  g a s  c o n t a i n i n g  200 ppm H2S -over t h e  mixed s o r b e n t ,  

CuO/ZnO, and over  unsupported ZnO was eva lua ted  i n  t h e  f lu id ized-bed 

r e a c t o r .  A p a r t i c l e  s i z e o f  450 v m ,  and a water  p a r t i a l  p r e s s u r e  of  26% was 

'used. The r e s u l t s  of  t h e s e  tests a r e  p resen ted  i n  F i s u r t  28. For t h e  mixed 

o x i d e  s o r b e n t ,  t h e  o v e r a l l  t r e n d  is f o r  a d e c l i n e  i n  d e s u l f u r l z a t i o n  c a p a c i t y  

i n  going from t h e  maximum observed a t  5 0 0 ' ~  t o  t h e  h i g h e s t  tempera ture  of  

6 5 0 ~ ~ .  There is a s u r p r i s i n g  minimum a t  5 0 0 ' ~  (reproduced i n  two 

s e p a r a t e  tests)  f0.r which an  exp lana t ion  cannot  be  o f f e r e d  a t  t h i s  t ime.  

T h e d e s u l f u r i z a t i o n  t e s t s  over  ZnO show a weak dependence upon t e k p e r a t u r e  

between 500 and 6 5 0 ' ~  wi th  a maximum a t  600'~. 

. . 
d. o f  Packed - Bed B- 

e F-ed - Re- 

I n  o r d e r  t o  v e r i f y  t h a t  t h e  ranking of t h e  d e s u l f u r i z a t i o n  

c a p a c i t y  d e r i v e d  from t h e  packed-led r e a c t o r  was maintained jn t h e  

f lu id ized-bed r e a c t o r ,  t h e  d e s u l f u r i z a t i o n  c a p a c i t y  of  these $orbents i 1 . 1  

t h e  i l u i d i z e d  r e a c t o r  we're determiried. The r e s u l t s  of these t e s t s ' a r e  

p resen ted  i n  F i g u r e  29, wi th  t h e  mixed CuO/ZnO s o r b e n t  e x h i b i t i n g  t h e  h i g h e s t  

mole convers ion  t o  s u l f i d e  a t  a  10 ppm breakthrough c o n c e n t r a t i o n  of H2S. 

The mixed s o r b e n t  a l s o  demonstrated a s i g n i f i c a n t  mole p e r c e n t  convers ion  a t  ' 

an H S concentration beiew 1 ppm. I L  is notewnrthy that  t h e  d e s u l f u r i z a t i o n  
2 

c a p a c i t y  o f  t h e  p h y s i c a l l y  blended CuO/Si02 (33%) and ZnO (66%) is great .e r  

t h a n  what would be expected based on t h e  c a p a c i t i e s  of  CuO/Si02 and ZnO 

a lone .  Th i s  s u g g e s t s  a  s y n e r g i s t i c  e f f e c t  between t h e s e  s o r b e n t s ,  and t h i s  

s y n e r g i s t i c  e f f e c t  is cons ide rab ly  g r e a t e r  f o r  t h e  CuO/ZnO mixed oxide.  



CAPACITY OF CuO/ZnO 

INLET H2S :200pprn - 
PARTICLE SIZE :4tiOp 

WATER CONCENTRATION 26% 

ZnO 

U C - 7 - 2 - A  

Figure 28. Effect of Temperature' on 
Sulfur Capacity of C\zO/ZnO 
and ZnO. ' 
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/" CuO/S102 TEMPERATURE :'600°c 

INLET H2S :200ppm 

VJATER CONC. :26 % 

CONVERSION TO SULFIDES (Mole %) 

Figure 29. Comparison o r  S o r b e n t s  i n  F luLdized  Bed 



3. Desulfurizarion o- 

Desulfurization tests were conducted with the CuO/ZnO sorbent in 

the fluidized-bed reactor at 600'~ with 450 pm, particle size sorbents 

for three organic sulfur compounds: COS. CS2, and CH3SH. Each 

compound was examined in dry and wet (15% water partial pressure) gas 

mixturesr and the results are given in Table 19. promisingly high conversions 

(to Cu2S and ZnS) were obtained for all three sulfur compound5. The , . 

presencG of water partial pressure at 15% had comparatively little effect 

on the desulfurization capacity for COS, the capacity was enhanced for CS2 

and reduced significantly for CH3SH. 

1. ZnQun- 

In its high surface area.forrn, ZnO showed high suifur uptake and 

good chemical regenerability but poor structural regenerability. ZnO pellets 

were extensively characterized by SEM, .microanaiysis and low temperature 

nitrogen adsorption to investigate the pore structure and sulfur 

distribution as affected by sulfidation and regeneration. The ZnO pellets 

select.ed for this evaluation were retrieved from desulfurization tests 

conducted in a quartz reactor with a single layer of ZnO pellets as the 

reaction bed to minimize uncertainties due to non-representative sampling. 

Low temperature nitrogen adsorpt.ion isotherms were used to calculate the 

BET surface area, the pore volume, and the pore.volume vs. pore size 

distributions. 

The results of the low temperature nitrogen adsorption measurements 

are surnn~arized in Table 20 and Figure 30. Pore volume analyses clearly 

show that the most significant changes in the pore structure of ZnO 

resulted, f rom a heat treatment in nitrogen (inert) atn~osphere, This 



S U - W R Y  OF ORGANIC SULFUR REMOVAL TESTS I N  FLUII.IZED BED REACTOR 

SORBENT - C U O / Z , ~ O  ( G  6 6 B ) ,  PARTICLE S I Z E  4 5 0 P  TEMP. 6 0 0 ° C  

SULFUR CAPACITY AS 
ORGANIC SULFUR RUN# INLET GAS COMPOSITION CU2S AND ZnS (MOLE P 

COS 2 3 2  U2.-7-4. 2 % ,  H2-25.  8 % ,  COS-60 ppm 4 7  ( 1 0  ppm) 

COS 2 3 3  

. . 

?d2-59.2%, H 2 - 2 5 . 8 % ,  H 2 0 - 1 5 % )  COS-50 ppm 2 5 - 4 5  ( 1 0  ppm) 

2 4 1  N2,-48.28,  H 2 - 2 5 . 8 % ,  ~ ~ 0 - 2 6 % ,  CS2-60 ppm 37-44  ( 1 5  ppm) 

2 4 5  N - - f O O % ,  CS2-100 ppm 
2 - 

9-18  ( 2 0  ppm.) 

CH3SH 2 4 3  N , - 5 3 .  2 % ,  , H2-25 . .8%, H 2 0 - 1 5 % ,  CH3SH-30 ppm 
L .  

2 5  ( 0  ppm) 



Tab l e 20 Low Temperature Nf trogen . Adsorpt Ion Anal ys 1 s of 
the  Pore Structure of ZnO 

Percent of Max. 
N BET Pore Pore Volume 

surf age Area Vo l y me t o  40 A t o  425 A 
H 1 story m /g cm /g (0.1 P/P 0 .  1 (0.8 P/Po) 

UII------------Q------.-----------.-.--------------------------------- 

Fresh 

Headed a t  
750 C In N2 13.0 0.055 

After 
Desulfurlzatlon 9.9 0.029 10 3 4 



- A  FRESH 

-- B 
-.- c 

HEATED IN N2 
SPENT 

RELATIVE PRESSURE P/P, 

OR 

PORE .DIAMETER. ANGSTROMS 

Figure 30. Pore Structure ~f ZnO From Low Temperature 
Nitrogen Adsorption - Percent of Maximum 
Pore Volume vs. Pore Size Distribution 



indicates  t h a t  thermal s in te r ing  of ZnO p a r t i c l e s  occurred i n  an i n e r t  

environment and, fu r ther ,  t h a t  subsequent desulfur izat ion produced 

r e l a t i ve ly  small changes i n  t he  pore s t ructure .  The small decrease i n  the  

t o t a l  pore volume of t he  spent ZnO is a t t r i bu t ed  t o  a "swelling" of t he  

pore walls  due t o  t h e  increase i n  molar volume associated with su l f ida t ion  

of ZnO (see Pore-Plugging Model sec t ion) .  This explanation is supported by 

the  r e s u l t s  i n  Figure 30, which show t h e  creat ion of new smaller diameter 

(< 40 g) pores i n  the  spent ZnO (curve C) when compared with t he  heat 

t rea ted  ZnO (curve B) . A sample of ZnO regenerated by a i r  oxidation showed 

s ign i f i can t  fu r ther  decrease i n  t he  spec i f i c  surface  area. 

Regeneration by a i r  oxidation of ZnS (spent ZnO) is a highly 

exothermic reaction. This could lead t o  very high temperatures loca l ly  

and cause s in t e r ing  of ZnO par t ic les .  The observed l o s s  of spec i f i c  

surface  area  during regeneration supports the  s in te r ing  theory and 

i d e n t i f i e s  the  s in te r ing  during highly exothermic reaction t o  be a major 

cause fo r  a severe decrease i n  the  a c t i v i t y  of regenerated zinc oxide. 

Electron microscopy, microanalysis, and surface  area  measurements 

were obtained and examined i n  conjunction w i  ing model t h a t  

accounted fo r  t he  geometric changes occurring i n  t h i s  type  of gas  s o l i d  

reaction when the  molar volume of product s o l i d  (ZnS:. 24.4 ml/mole) is larger  

than t he  molar volume of reetctant s o l i d  (ZnO: 14.4 ml/mole). I f  di f fus iona l  

l imi ta t ions  i n  the  pores a r e  important t he  porosi ty  decrese w i l l  be grea te r  

near t he  surface  of t he  porous p e l l e t ,  and pores w i l l  plug, l imi t ing access 

La t he  inner part of t he  ZnO pe l l e t .  Figure 31 is a scanning e lect ron 

micrograph of a sect ion of a spent sorbent pellet and corresponding su l fu r  

x-ray do t  map and su l fu r  scans and shows concentration of su l fu r  a t  t h e  

outer 200 of t he  pe l l e t .  This and other  microanalytical  r e s u l t s  confirm 



Finure 31 

SCANNING ELECTRON MICROGiiAPH (A),  SULFUR DOT MAP (B) AND SULFUR S C P !  (C) OF A SPENT ZnO PELLET 



' m i ,  T- 8 ' 

t h a t  su l fu r  penetrat ion i n  t he  ZnO p e l l e t  is l imited t o  an outer  t h i n  layer;!; 
I. .-. 

1 . r 
- "' ; - of t he  pe l l e t .  

Ear l ie r  work had shown t h a t  upon regeneration in  a i r ,  ZnO had l o s t  

its su l fu r  uptake ac t iv i ty .  Sintering of ZnO p a r t i c l e s  during a i r  

oxidation was iden t i f i ed  as a major cause fo r  t h i s .  The investigation of 

regeneration a l t e rna t ives  t o  a i r  oxidation of ZnO sorbents has now revealed 

t h a t  a combination of steam and a i r  enhanced regeneration efficiency.  

Steam is known t o  provide pore widening in  various adsorbent and c a t a l y s t  

systems and would o f f e r  a promising solut ion t o  t he  complicating e f f e c t s  of 

pore-plugging accompanying su l f ida t ion  which have been demonstrated in  the  

present  program. 

Pore volume and pore s i z e  analyses iden t i f i ed  closing of larger  

pores during su l f ida t ion  of ZnO and thermal s in t e r ing  during heating and 

regeneration. Electron microscopy and microanalysis fu r ther  demonstrated 

t h a t  t h e  u t i l i z a t i o n  of t h e  present ly  used Zn0 p e l l e t s  was l imi ted t o  about 

200 8. The pore plugging model provides guidelines t o  design improved 

sorbent s t ructures .  

2. CuDlZnQ 

Electron microscopy of t h e  mixed CuO/ZnO (G66B) sorbent i n  t he  

prereduced (Figure 32a) , s u l f  ided (Figure 32b) and oxidation regenerated 

(Figure 32c) states provides ins igh t  as t o  t h e  surface  s t r u c t u r a l  changes 

accompanying these steps.  The second micrograph (Figure 32b) shows t h a t  

during su l f ida t ion ,  a f i n e r  g ra in  surface s t ruc tu re  has developed, 

producing a f i l l i n g  i n  of t he  coarser pore spaces. This  apparently 

r e s u l t s  from a creat ion of r e l a t i ve ly  f i n e  c r y s t a l l i t e s  of t he  sulf ided 

metals, copper and zinc. The t h i r d  micrograph (Figure 32c) indicates  a 

return t o  t he  coarse open pore s t ruc tu re  of the  prereduced sorbent (Figure 



Figure 32. Electron Micrcscopy Characterization of CuO/ZnO Scrjent ir, the 
, (a) PrereLuced, (b: Sulfurized, and (c) Regenerated States. 



32a) a f te r  oxidation of the sulfide. 

The conditions of pretreatment used for prereauction might be 

expected t o  form a brass alloy on the surface of t h i s  CuO/ZnO. Sulfidation 

of th is  prereduced mixed oxide could be expected t o  form small crystal l i tes  

of the new metal sulfide phases formed during desulfurization a t  the grain 

boundaries of the larger brass, CuO, and ZnO crys ta l l i tes  of the substrate. 

Exposure t o  reduction or oxidation conditions would be expected to  cause . 

sintering and generate relatively large brass or oxide crystal l i tes ,  

whereas the periodic sulfidation causes a drastic surface structural  

reorganization, countering the sintering, and the formation of the metal 

sulfide crystall i tes.  

The validity of t h i s  concept was tested by electron microprobe and 

SEM examination of the surfaces of polished brass pel le ts  (40 w t %  Cu/60 w t %  

Zn) which had been consecutively oxidized i n  a i r  a t  650°c, prereduced in  

dilute  hydrogen (20 vo1 % 82 in N2) a t  250'~ and sulfided w i t h  simulated 

coal gas a t  650'~. Scanning electron micrographs of samples examined a t  

each stage of treatment are shown i n  Figures 33a-33c. These micrographs 

clearly show that extensive surface structural reorganization accompanies 

the above gas/solid reaction steps: oxidation creates a rough gas-solid, 

fissured oxide scale; hydrogen reduction leads to  a sintering of the oxide 

scale platelets; and the sulfidation process generates small c rys ta l l i tes  

of the new sulfide phases, Cu2S and ZnS, on the surface of the reduced 

and sintered platelets of the metal oxide scale. 

There is a t  least  one documented instance for gas-solid reactions in 

which t h e  repetitive recycling of a solid phase, FeTi alloy, between a 

hydrided s t a t e  and a thermally discociated state leads t.o progressive 

decrepitation of granular chunks of the alloy into a f ine powder (Sandrock, 



Figure 33. Electron MLcroscopy Characterization of Model Cu,'Zn Alloy 
"Smooth" Sslrf~ee in the (a) Prereduced, (b) Sulftarized, and 
( c )  Regenerated States. 



The p r e s e n t  c a s e  of a gas -so l id  d e s u l f u r i z a t i o n  r e a c t i o n  i n  which t h e r e  has 

been r e p e t i t i v e  recyc l ing  of a s o l i d  phase,  mixed CuO/ZnO, between 

consecut ive  r e a c t i o n s  of hydrogen reduc t ion ,  s u l f i d a t i o n  wi th  H2S, and 

ox ida t ion  provides  one s i m i l a r i t y  t o  t h e  FeTi-hydride system and one marked 

d i f f e r e n c e .  The s i m i l a r i t y  c o n s i s t s  of t h e  a l t e r n a t i o n  between r e a c t i o n  

wi th . and  decomposition of  t h e  s o l i d  phase wi th  a gaseous component , ' in  t h i s  

c a s e  H2S, c r e a t e s  c o n d i t i o n s  of p rog res s ive  d e c r e p i t a t i o n  f avo rb le  f o r  

maintenance of  a high s t a t e  of d i s p e r s i o n  of t h e  CuO/ZnO so rben t .  A 

p r i n c i p a l  d i f f e r e n c e  between t h e s e  two systems l i e s  i n  t h e  presence  of  a 

suppor t  s t r u c t u r e '  i n  t h e  c a s e  of,CuO/ZnO which l i m i t s  t h e  d i s i n t e g r a t i o n  of  

t h e  so rben t  dur ing  t h e  consecut ive  format ion and ox ida t ion  of  t h e  s u r f a c e  

metal  s u l f i d e  c r y s t a l l i t e s .  

Extensive c h a r a c t e r i z a t i o n  of c o p r e c i p i t a t e d  CuO/ZnO mixtures  of  t h e  
. c 

composit ion 33 w t %  Cu0/67 w t %  ZnO have been conducted i n  view of  t h e  

a p p l i c a b i l i t y  of t h e s e  systems t o  s h i f t  convers ion and methanol s y s t h e s i s  

r e a c t i o n s  (Mehta, 1979; Bulko, 1979; Sengupta, 1981) .  There is very  

d e f i n i t i v e '  evidence from XRD, TEM, STEM, SEM and some 'gas  adso rp t ion  s t u d i e s  

t h a t  under ox id i z ing  c o n d i t i o n s  t h e  copper has  cons ide rab le  s o l i d  s t a t e  

s o l u b i l i t y  a s  cu2+ and/or CU' i n  t h e  ZnO phase,  whereas under reducing 

cond i t i ons ,  t h e  copper appears  a s  h igh ly  d i s p e r s e d  segrega ted  copper 

c r y s t a l l i t e s  w i th in  t h e  mat r ix  of ZnO c r y s t a l l i t e s .  Th i s  is a very 

s i g n i f i c a n t  f i nd ing  f o r  high temperature  d e s u l f u r i z a t i o n  processes .  where 

s u r f a c e  a r e a  l o s s  due t o  s in t e r ' i ng  dur ing  r egene ra t ion  has  been i d e n t i f i e d  

a s  a major cause  of a c t i v i t y  degrada t ion .  The mixed oxide,.CuO/ZnO, p rov ides  

a " s t r u c t u r a l l y  s e l f  regenera t ingn  system. The r e s u l t s  of c h a r a c t e r i z a t i o n  

made f o r  systerr~s used unde r . " s t eady  s t a t e "  r e a c t i o n  c o n d i t i o n s  must b e  used 

w i t h . r e s e r v a t i o n s .  However, u n t i l  inforniation can b e  ob ta ined  a s  t o  t h e i r  



app l i cab i l i ty  to  the re la t ive ly  short  term alternation of reduction and 

oxidation conditions typical  of a regknerable desulfurization sorbent. 

F. Modelinaaudks 

A relat ively simple pore-plugging model developed i n  ea r l i e r  

Giner, Inc. contract work demonstrated a good, f i t  with the experimental data. 

Unfortunately, the two parameters which are  derived i n  f i t t i n g  the model t o  

the data ,  TP (the pore-plugging constant) and Da (Damkohler number), do not 

r e l a t e  well t o  process parameters, i n  part icular  the regeneration sequence. 

Subsequently, the model has been modified t o  obtain s i x  different  

semi-en~pirica'l models describing the pore-plugging behavior of sorbents i n  

a packed-bed desulfurization reactor. 

~ h e s e  models have been identified a s  follows: 

1. F i r s t  generation l inear  model. 

2. F i r s t  generation exponential model (our or iginal  model). 

3 .  Second generation l inear  model. 

4. Second generation exponential model. 

5. Third generation l inear  model. 

6. Third generation exponential model. 

In these t i t l e s ,  " l inear"  and "exponentialn refer t o  the expression of 

the Damkohler number a s  e i ther  a decreasing l inear or declining exponential 

function , w i t h  respect t o  time. The d i f ferent  generations refer to  

increasingly more sophisticated expressions of the pore-plugging 

parameters, 'i'p. 

M o d e l _ I ) e 2 u w  

The primary complication i n  applying a simple plug flow' reactor 

model t o . t h e  desulfurization of gases by metal oxides i n  a fixed-bed reactor 

is the phenomenon of pore-plugging . The metal oxides react w i t h  H2S i n  the 



gas t o  ,form sulf ides  in ' the 'desired desulfurization reaction. The n.etal' 

sulf ides  generally have a higher molar volume than the.meta1 oxides. This 

causes the porosity of the sorbent material t o  decrease a s , t h e  reaction 

progresses, eventually causing the pores t o  plug.' The detailed 

reaction-diffusion problem re la ted . to  t h i s  pore-plugging phenomenon has 

been treated extensively in the l i t e ra tu re .  

However, the incorporation of the complete reaction-diffusion model 

for the individual pa r t i c l e  in an overall  reactor model would require a 

cumbersone numerical scheme. I n  order t o  avoid the complexities of a f u l l  

reaction-diffusion niodel, we have examined several empirical models which 

are  based on a simplified pore-plugging model developed during our ea r l i e r  

.work. 

The reactor models considered here are  based on the equation for a 

first-order i r reversible  reaction in a plug flow reactor: 

where 
y = reac tan t  concent ra t ion  ! 

5 = reac to r  p o s i t i o n  coord ina te  

Da = e f fec t i ve  Damkohler number 

The models d i f fe r  i n  the way in which the Dan~kokler number is 

computed. The Danlkohler number includes kinet ic  r'esistances, external 

mass-transfer l imitations,  and internal.sorbent diffusion limitations. A s  

the reaction progresses pore-plugging causes a decrease i n  the Damkohler 

number. 

M O W  

The available data is given as  the reactor e x i t  concentration 

versus tinle. The simplest treatment of the pore-plugging is t o  express the 

. 1'01 



Danlkohler number a s  a  function of time alone. For exan~ple, 

Da = Da, (1 - $) 

Integration of equation (1) w i t h  Da given by equation ( 2 )  gives the 
. . 

f i r s t  generation exponential model: 

The solution of equations (1) ind (3) yield the f i r s t  generation 

1 inear model : 

These f i r s t  generation models take no account of the variation i n  the 

extent of sorbent reaction within the bed. 

The linear f o r  pore-plugging can be derived from an 

idealized picture  shown i n  Figure 34 in which reaction occurs uniformly 

over a thickness s f 6 o t  the entrance region o f  each gore. The pores are  a l l  

of uniform s ize ,  dp, and the H2S is reacted completely. This visualization 

resu l t s  in an expression for T p: 



externa l  
sur face 

pore 

React i on 

. . 

F igure  34. I dea l  i z a t i o n  o f  Pore Plugging Phenomenon. 



where 
. . 

Tp = Time f o r  pores to  plug ( i n  s ec . )  

6 = Thickness of reaction zone ( i n  cm.) 

OP 
= I n i t i a l  sorbent porosity 

E = Reactor voidage 

V = Reactor volume (cm3) 

a = Mole of sorbent reacted/mole of H2S 

vsorb = Molar volume of sorbent (cm3/mole) 

a! = Ratio of su l f i de  molar volume t o  oxide molar volume. 

C 
H2S ,O 

= I n l e t  H2S concentration (mole/cm3) 

G = Gas volumetric flow r a t e  (cm3/sec) 

d p  = Pore diameter 

Using the value of ~p i n  t.he f i r s t  generation l inear  model which best 

f i t  the data in run 144, equation (6) yields a value of 6 ,  the reaction 

zone thickness, of 72 Vm.  Microanalysis of the sorbent used i n  run #44 

indicated tha t  the ZnO sorbent was pa r t i a l ly  reacted within 250 Hm of the 

p a r t i c l e  surtace. ' ~ ' R i s  ver i f i e s  tha t  the value of Tp determined is 

physically reasonable. 

The exponential expression takes account of the f ac t  tha t  pores are  

not a l l  of a uniform s ize .  While the linear'model predicts tha t  reaction 

w i l l  cease in a f i n i t e  period of time, the exponential model predicts an 

exponential decay i n  react ion ra te  .' 

The reaction ra t e  of the sorbent is proportional t o  y ,  the 

concentration of H2S, so a-second generation of models can be formulated 



by making t h e  c h a r a c t e r i s t i c  po re  plugging time, Tp, i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  l o c a l  H2S concen t r a t ion ,  y:. 

This  modi f ica t ion  y i e l d s  t h e  second gene ra t ion  exponen t i a l  and l i n e a r  

models, equa t ions  (8) and .( 9') ; r e spec t ive ly :  

The second gene ra t ion  l i n e a r  model, equa t ion  (9)  can be  i n t e g r a t e d  i n  

t o  give:  

The second gene ra t ion  exponent ia l  model, equa t ion  (71,  must be  

i n t e g r a t e d  numerical ly .  The second gene ra t ion  models t a k e  account of t h e  

v a r i a t i o n  i n  H2S concen t r a t ion  through t h e  bed. However, t h e s e  models a r e  

l i m i t e d  because t h e y  cons ide r  t h e  l o c a l  pore  plugging time a func t ion  of y  

a t  time t a lone .  

A more r e a l i s t i c  t h i r d  gene ra t ion  of models can b e  formulated by 

recognizing t h a t  t h e  pore-plugging time is a func t ion  of t h e  l o c a l  r eac t ion  

r a t e  i n t e g r a t e d  between times 0 and t. . For t h i s  purpose,  w e  i n t roduce  

t h e  e x t e n t  of  s o r b e n t  r e a c t i o n ,  a =  a(<, t) ,  and t h e  c h a r a c t e r i s t i c  e x t e n t  



of r e a c t  ion f o r  pore-plugg ing , . The time r a t e  of change i n  t h e  ex ten t  of 

so rben t  r eac t ion  is propor t iona l  t o  t h e  l o c a l  r a t e  of H2S react ion: .  

The H2S reac t ion  r a t e  can be expressed a s  a  l i n e a r  o r  exponential  

func t ion  of :  

Equations (11) and (12) can be  solved t o  g i v e  a  t h i r d  generat ion 

l i n e a r  model. Equation (12) is in tegra ted  i n l t o  give: 

D i f f e r e n t i a t i o n  by t yie lds :  

S u b s t i t u t i o n  f o r  * from equation (10) and in tegra t ion  i n  5 gives: 
at 

This  equat ion can be in tegra ted  i n  time t o  y i e l d  t h e  t h i r d  generation 

l i n e a r  rrtodel: 



i 
(17) 

= 1- [1-expTDaol) I exp (-yiDaoKt \ 

The third generation exponential model requires thesnumerical 

integration of equations (11) and (13) i n  both t and 5 t h i s  would 

involve considerable numerical work. 

Five of the models mentioned above were f i t  t o  data obtained a t  

Giner , Inc . in a f ixed-bed desulf ur iza t  ion reactor operating a t  650'~. 

The data a re  given as  H2S ex i t  concentration as  a function of time. 

For the f i r s t  generation models the best  f i t  values Dao and Tp are  

eas i ly  derived by l inear  regression on a calculator.  The second and third 

generation models can be reduced to  s ingle  non-linear equations for out le t  
. .  . 

concentration, equations (10 )  and (17) . A computer sub.routine, R M I N ,  was 

used t o  i t e r a t e  numerically t o  find the best values of the parameters. 

The evaluation of the second generation exponential model requires 

numerical integration in { . T h i s  was accomplished using a fourth-order 

Runge-Kutta routj..ne, RR, w i t h  variable step-size. The routine uses various 

step-sizes t o  achieve a pr'escribed maximum error.  Again the paran~eters are  

i terated u s i n g  R M I N  t o  achieve the lowest sum of squares. 

A l l  20 t e s t  resu l t s  were con~pared w i t h  the model predictions. For 
. . 

i l l u s t r a t ive  purpose, the data fit  for  the f ive  models t o  experimental data 

for R u n  #47 w i t h  ZnO sorbent is shown Figures 35-39. A l l  of the models f i t  

the data well, except f u r  the second generation l inear model. The second 

generation rnodel gives a theoret ical  curve which 'is generally too steep t o  

f i t  the data. T h i s  problem is due pa r t i a l ly  t o  the l inear  functionali ty of 
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t h e  Damkohler nunber wi th  r e spec t  t o  time, which g i v e s  Da = 0 i n  a f i n i t e  

pe r iod  of  time. The problem is f u r t h e r  exacerbated by t h e  n a t u r e . o f  t h e  

second gene ra t ion  models. I n  t h e s e  models t h e  Damkohler number depends on 

t h e  c u r r e n t  H2S concen t r a t ion ,  r a t h e r  than  t h e  H2S c o n c e n t r a t i o n  h i s t o r y .  

To unders tand why t h i s  causes  a s t e e p  concen t r a t ion  ve r sus  time curve ,  

cons ide r  a p o i n t  near  t h e ' r e a c t o r  e x i t .  Through t h e  e a r l y  s t a g e s  of  

r e a c t i o n  t h i s  p o i n t  sees very l i t t l e  H2S and s o  t h e  s o r b e n t  remains f r e s h .  

As breakthrough beg i n s ,  however, our  r e a c t o r  p o s i t  ion begins  t o  see 

s u b s t a n t i a l  H ~ S  concen t r a t ions .  Although t h e  s o r b e n t  has  adsorbed 
. . 

r e l a t i v e l y  l i t t l e  H2S t h e  second gene ra t ion  model t e l l s  u s  t h a t  because 

t h e  c u r r e n t  H2S concen t r a t ion  is high and t h e r e a c t i o n  time is long, t h e  

so rben t  w i l l  have a low a c t i v i t y .  On t h e  c o n t r a r y ,  s i n c e  t h e  s o r b e n t  is 

f r e s h ,  it w i l l  have high a c t i v i t y .  

The i n t e r n a l  r e a c t o r  p r o f i l e s  corresponding t o  t h e  parameters  which 

were f i t  t o  run #47 a r e  g iven  i n , F i g u r e s  40-41. The shapes  of  r e a c t o r  

p r o f i l e s  f o r  t h e . f i r s t  gene ra t ion  models do n o t  chang.e wi th  time, because 

Da is n o t  a func t ion  of r e a c t o r  p o s i t i o n .  The second gene ra t ion  models 

show,some change i n  t h e  shape of t h e  r e a c t o r  p r o f i l e .  The t h i r d  gene ra t ion  

model, however, is t h e  o n l y  model which shows t h e  kind of  r e a c t i o n  f r o n t  

p rogress ion  t h a t  one expec ts  f o r  t h i s  t ype  of  r eac t ion .  The shape of  t h e  

r e a c t i o n  f r o n t  remains t h e  same a s  it progres ses  through t h e  r e a c t o r  

because it con t inues  t o  s e e  r e l a t i v e l y  unreac ted  so rben t .  

The va lues  of t h e  b e s t  f i t  parameters  a r e  g iven  i n  Table  21 f o r  a 

number of runs.  For t h e  second gene ra t ion  models w e  d e f i n e  an e f f e c t i v e  

plugging time as :  
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B e s t  F i  t Parameter Val ues 

, 

2nd generat ion 
exponential  

l a t  generation 
exponential 

seconds 
q p , c f f '  - 

6,905 
11,071 

10,112 

Da- 

8.57 
6.64 

7.73 

Da- 

141.5 
14.1 

81.3 

3rd generat ion 
l i n e a r  .. 

t 

Hater ia l  

ZnO 
United 

Catalyst  

p x 1 0 - ~  

1.73 
2.77 

2.53 

seconds 
q p  

10,836 
13,932 

6,912 

2ad generation 
l i n e a r  Run # 

4 7 
48: 

50 

1 

History 

f resh  
1 s t  steam 

regen. 
3rd steam 

regen. 

aeconds 
"fp,eff 

22,279 
33,484 . 

31,426 

Da- 

13.56 
8.83 

11.69 

-6 
p x l O  

5.57 
8.37 

7.86 

seconds 
%,e r r  

le,68O 
25,586 

28,278 

3 

7.58 
5.09 

4.66 

p x 1 0  

4.67 
6.40 

7.07 

l e t  generation 
l i nea r  

Dan 

10.11 
8.60 

11.09 

seconds 
"fp . 

Z4,298 
:3,187 

31,384 



For t h e  t h i r d  generat ion model: 

The parameters f o r  t h e  f i r s t  genera t ion  exponential  model f a i l  t o  

show c o n s i s t e n t  t rends ,  because t h e r e  is a s t rong  i n t e r a c t i o n  between t h e  

two parameters. For example, i n  runs 47, 48, and 50, T P  f i r s t  increases  

then decreases with repeated regenerat ions,  while Dao f i r s t  decreases  

then increases  with regeneration. 

Of t h e  f i v e  models t e s t e d  a l l  except t h e  second genera t ion  l i n e a r  

model f i t  t h e  d a t a  adequately. The f i r s t  genera t ion  exponential  model, 

however, f a i l e d  t o  g ive  c o n s i s t e n t  parameter values.  Thus, t h e  ' f i r s t  and 

t h i r d  genera t ion  l i n e a r  models a n d . t h e  second genera t ion  exponential  models 

g ive  s a t i s f a c t o r y  r e s u l t s .  Of these  t h e  t h i r d  generat ion l i n e a r  model is 

pre fe rab le  on t h e o r e t i c a l  grounds, because it makes t h e  sorbent  a c t i v i t y  a 

funct ion of t h e  concentrat ion h i s t o r y  seen by t h e  p a r t i c l e .  A t h i r d  

generat ion exponential  model should a l s o  work w e l l .  Although t h e  numerical 

work involved i n  computing.such a model would be g r e a t e r ,  t h e  t h i r d  

generat ion exponential  model w i l l  be t e s t e d  a g a i n s t  t h e  experimental r e s u l t s .  

The i n t e r n a l  reac tor  p r o f i l e s  predic ted  by t h e  second and t h i r d  

generat ion models a r e  d i s t i n c t l y  d i f f e r e n t ,  e s p e c i a l l y  a t  high e x i t  

concent ra t ions  of H2S. I n  order  t o  d i sc r imina te  between these  models 

with respect  t o  how w e l l  they desc r ibe  t h e  packed-bed d e s u l f u r i z a t i o n  

reac to r ,  a s e t  of desu l fu r i za t ion  experiments were performed i n  .which each 

d e s u l f u r i z a t i o n  cyc le  was allowed t o  run t o  high (100-200 ppm) e x i t  

concent ra t ions  of 826. The models were appi ied  t o  these  new da ta .  A 

"bes tn  model was i d e n t i f i e d  which f i t  a t  t h e  high concent ra t ions .  



A survey of hot .  gas  cleanup process technology (Onursal, 1979) ind ica tes  

t h a t  Fe203 and CuO provided t h e  widest  range of compat ib i l i ty  with t h e  

va r ious  c o a l  g a s i f i e r s  a v a i l a b l e  f o r  s u l f u r  -removal c a p a b i l i t y .  The 
. . 

r e s u l t s  of t h e  p r e s e n t  work, along with t h a t  of t h e  four  preceding 

examinations (Huff, 1936; Nachod, 1948; Lewis,1963; Meyer, 1978) of copper 

systerns, demonstrate t h a t  copper can e f f e c t i v e l y  remove hydrogen s u l f i d e  a t  

temperatures between 5 0 0 ~ ~  t o  650°c, and t h a t  regenerat ion can be  achieved 

wi th  combinations of a i r  o r  a i d s t e a m  i n  t h e  temperature range of 500-800'~. 

The formation of copper s u l f a t e  had been a problem bu t  t h e  use of steam-air 

mixture o r  i n e r t  ( o r  reducing) atmosphere decomposition minimizes t h i s .  

This  review.of  e a r l i e r  work on copper sorbents ,  i n  add i t ion  t o  

providing evidence of t h e  promise of copper a s  a d e s u l f u r i z a t i o n ' a g e n t  f o r  

c leanup of c o a l  gases ,  r evea l s  t h e  d e f i c i e n c i e s  of t h e  e a r l i e r  systems. 

E a r l f e r  so rben t s ,  whether unsupported mixed oxides o r  supported copper 

systems, f a i l e d  t o  provide t h e  s t r u c t u r a l  and thermal s t a b i l i t y  adequate 

f o r  sus ta ined ,  desulfurization/regeneration duty  cyc les  under simulated 

h igh temperature use  condi t ions .  Few of these  s t u d i e s  provided an adequate 

examination of t h e  cond i t ions  optimum f o r  regenerat ion.  The s t u d i e s  

employing f luidized-beds and involving s o l i d s  mixing and t r a n s f e r  (Meyer, 

1978; Agrawal, 1980; Lewis, 1963) i d e n t i f i e d  t h e  problems, without f inding 

s o l u t i o n s  of  gas-sol id and so l id - so l id  mixing and e q u i l i b r a t i o n ,  notably 

i n  t h e  regenerat ion reac t ions .  I n  genera l  inadequate sorbent  s t r u c t u r e s ,  

i n s u f f i c i e n t  regenera t ion  and inadequate m a t e r i a l s  performance such a s  

co r ros ion  l imi ted  t h e  commercial app l i ca t ion .  

The p reseh t  work i n d i c a t e s  t h a t  copper sorbents ,  when optimized, car1 

provide  a high degree o f ' s u s t a i n e d  d e s u l f u r i z a t i o n  capac i ty  a t  temperatures 



around 500% with regeneration us ing  a combination of airisteam plus 

nitrogen a t  650-750'~ followed by reduction around 2 5 0 ~ ~ '  . The ' low 

levels (< 1 ppm) t o  which sulfur ,  as  H2S, can be reduced in simulated coal 

gases have been demonstrated. This capabili ty has par t icular  application 

t o  systems such as  the molten.carbonate fuel  c e l l  and cer tain combf.ne;i cycle 
. I 

power plants,  The merits of using a hydrothermally s tab le  support such as 

a rare earth loaded zeol i te  t o  provide a high order of dispersion of the 

copper and a high order of thermal and s t ruc tura l  s t a b i l i t y  under the 

conditions of desulf ur i za t  ion, ox idation regenerat ion and reduct ion 

appropriate for the hot cleanup of simulated coal gases have also been 

demonstrated. 

A very surprising, but advantageous finding is the a b i l i t y  of copper 

based sorbents t o  reduce H2S level  below 1 ppm. Thermodynamic analysesi' 

show tha t  in a coal/gas environment, CuO would be reduced t o  .metallic Cu 

which would react w i t h  H2S t o  give Cu2S. The equilibrium H2S 

concentration, however, for the reaction 

2Cu + H2S + Cu2S + H 2 .  

is greater than 200 ppm a t  650'~. An explanation tha t  copper can only 

reduce H2S below 1 ppm by chemisorption on metallic Cu is not consistent 

with rather large sulfur uptake capacity (18 mole percent). A possible 

explanation is: kinet ical ly  limited, incomplefe reduction of CuO in a 

thermodynamically reducing environment t o  provide presence of some Cu20. 

The equilibrium H2S concentration for the reaction 

is about 0.01 ppm (Figure 4 2 ) .  Presence of high water vapors would increase 

the poss ib i l i ty  of Cu20 formation. T h i s  may explain why the maximum 

sulfur capacity occurs a t  15% water vapor pressure as shown i n  Figure 27. 



TEMP.' (OC) 

~ i g u r e  4 2 .  E q u i l i b r i u m  for H2S Dry and W e t  H2 over 
C u ,  C u i 0 ,  and ZnO. 



Another explanat ion is t h e  formation of s o l i d  s o l u t i o n s  (Cu + Cu20) and/or 

(Cu + Cu2S); i f  SO, t h e  thermodynamic c a l c u l a t i o n s  based on indiv idual  

components a r e  inval id .  

The desu l fu r i za t ion  capaci ty  of t h e  mixed CuO/znO sorbent  was g r e a t e r  

than what would be expected from t h e  d e s u l f u r i z a t i o n  capac i ty  of e i t h e r  

coniponent alone. This  s y n e r g i s t i c  e f f e c t  was a l s o  evident  i n  t h e  physica l  

blend of CuO/Si02 and ZnO a s  seen i n  Figure 29. I n  add i t ion  t o  providing 

increased desu l fu r i za t ion  capaci ty ,  t h e  CuO/ZnO exhibi ted  conversion t o  

s u l f i d e s  a t  an H2S concentrat ion below 1 ppm. S imi la r ly ,  researchers  a t  

Kennecott (Meyer, 1978; Agrawal, 1980) have observed t h a t  t h e  b inary  sorbent  

CuO/FeOx was a b l e  t o  obta in  lower ambient H2S concent ra t ions  than e i t h e r  

component based .on thermodynamic ca lcu la t ions .  The research a t  METC 

(Grindley, 1981, 1982, 1983) on another mixed sorbent ,  Fe203/~n0,  has 

been encouraging. The o the r  promising observation'  regarding t h e  mixed 

CuO/ZnO sorbent  is its maintenance of d e s u l f u r i z a t i o n  capac i ty  a f t e r  
. . 

s e v e r a l  regenerat ions.  



This i n v e s t i g a t i o n  has e s tab l i shed  t h a t  highly d ispersed  CuO on 

z e o l i t e ,  h ighly  d i spe r sed  CuO + ZnO on z e o l i t e ,  and a coprec ip i t a t ed  CuO/ZnO 

a r e  t h e  t h r e e  most promising sorbents  i n  t h e  temperature range of 500'- 

6 5 0 ' ~  f o r  r educ t ion  of H2S from around 200 ppm t o  below 1 ppm H2S in  

s imula ted  c o a l  gas.  Based on engineering cons idera t ions ,  CuO/ZnO mixed 

so rben t  is t h e  most promising desul fur . iza t ion  agent  (Figure 29, Table 1 7 ) .  

A s t r u c t u r a l .  reorganiza t ion  mechanism, unique t o  mixed oxides,  was 

i d e n t i f i e d :  t h e  creation of r e l a t i v e l y  f i n e  cryst.al.l.i.tcs of t h e  s u l f  ided 

components (Cu2S and ZnS) counterac t  t h e  l o s s  of s u r f a c e  a rea  due t o  
. . 

s i n t e r i n g  during regenerat ion.  S tudies  with 9 t o  26% water vapor in  

s imulated c o a l  gases  show t h a t  s u l f u r  l e v e l s  below 1 ppm can be achieved i n  

t h e  temperature range of 5000 t o  650'~. The a b i l i t y  of ' C ~ O / Z ~ O  

t o  remove COS. CSZ , and mercaptans (from about '100 ppm t o  less than 1 ppm) 

a t  t h e s e  cond i t ions  was a l s o  demonstrated. Our research  has a l s o  shown 

t h e  f e a s i b i l i t y  of regenerat ion of spent  sorbents  by t h e  simulated MCFC 

cathode e x i t  gases. ,  5% 02, 10% COZf 10% HZO, and 75%5 N2. 

This program has been highly success fu l  i n  meeting t h e  o v e r a l l  

o b j e c t i v e ,  i - e . ,  t o  develop a high temperature regenerable sorbent  t h a t  can 

reduce H2S concent ra t ion  below 1 ppm. However, during t h e  performance of 

t h e  program, t h e r e  were t h r e e  major. unexpected f ind ings  which required 

s p e c i a l  a t t e n t i o n .  These f ind ings  were: 

1) anomalous r e s u l t s  of METC tests with vanadia sorbents:  an apparent 

e r r o r  i n  t h e  thermodynamic value (hea t  of formation) of V2S3 i n  t h e  

, National Bureau of Standards pub l i ca t ion  was uncovered. This  required 

Considerable a d d i t i o n a l  work which, along w i t h  METC r e s u l t s ,  confirmed 
. . 

t h e  previous experimental f inding t h a t  VZOg does r e a c t  with H2S 



and t h e  conversion of V2s3 a s  was previous ly  bel ieved. '  The poss ib le  

formation of V(HSI3 o r  a su l f ided  compound of vanadium e u t e c t i c  'w i th  

some impurity o r  support  ma te r i a l s  was suggested. I t  is understood t h a t  

t h i s  work is being continued a t  t h e  J e t  Propulsion ' ~ a b o r a t o r ~ .  

2) I n t e r a c t i o n  of CuO with S t a i n l e s s  S t e e l  Reactor: Q u i t e  

unexpectedly, it was observed t h a t  t h e r e  was ,a l a r g e  discrepancy i n  t h e  

s u l f u r  capac i ty  of CuO/zeolite sorbent  when run i n  quar tz  and s t a i n l e s s  

s t e e l  r eac to r s .  After  painstaking e f f o r t s ,  it was es tab l i shed  t h a t  ' 

t h e r e  is a r e a l ' s y n e r g i s t i c  e f f e c t  between CuO and Fe, and it is 

proposed t h a t  mixtures of CuO/FeOx b e  evaluated. 

3 )  Higher t h a n ' a n t i c i p a t e d  s u l f u r  uptake capaci ty  of CuO/ZnO in  

t h e  fluidized-bed reactor:  Based on t h e  packed-bed s t u d i e s ,  it was 

an t i c ipa ted  t h a t  t h e  s u l f u r  capac i ty  of CuO/ZnO sorbent  i n  t h e  f lu id ized-  

bed reac tor  would be of t h e  order  of 10' mole/percent; ins tead ,  very 

l a r g e  (up t o  50%) s u l f u r  c a p a c i t i e s  were observed. The m o l e p e r c e n t  

conversion of CuO/ZnO t o  s u l f i d e s ,  i n  some ins tances ,  is i n f e r i o r  t o  

CuO/Cu and ZnO supported on z e o l i t e ,  bu t  i n  terms of volume and weight 

percent  s u l f u r  loading, CuO/ZnO a f f o r d s  d i s t i n c t  advantages. 

In view of the ,above f indings ,  f u r t h e r  work must be c a r r i e d  ou t  before  

t h e  technology can be packaged f o r  engineering u t i l i z a t i o n .  An extens ive  

survey of t h e  l i t e r a t u r e ,  predominantly p a t e n t s  and repor t s ,  reveals  t h a t  

many, i f  not  a l l ,  hot  gas desu l fu r i za t ion  s t u d i e s  were terminated s h o r t  of 

p i l o t  s t a g e  evaluat ion.  These processes have no t  been s e r i o u s l y  considered 

by engineers  even though only a few c r i t i c a l  ques t ions  remain unanswered. 

Further  work is recommended t o  t ake  advantage of  these  f indings  and t o  t i e  

up t h e  loose  ends. I t  is .furthe'r:suggested t h a t ,  based on a mathematical 

model developed along with experimental r e s u l t s ,  a s tudy would be  conducted 



to provide a complete package of information for an engineer.to design a 

desulfurization-unit for integration with coal gasifier, primary 

desulfurization, and fuel cell or other applications such as combined 

cycle 'power plants. 
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