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Hydrogen sulfide is a highly undesirable component of natural gas and other gaseous 
streams. Its removal from sour natural gas streams is necessary for health and safety rea- 
sons and to prevent corrosion of equipment during its transmission and distribution. 
Herein an overview of desulfunzation processes mainly concerning liquid redox sulfur 
recovery (LRSR) techniques is given. Three successful commercial applications of LRSR 
processes are the Stretford process, the LO-CAT process and the SulFerox process. The 
first using V(V)/V(IV) redox couple has dominated the 1980's. but now stopped spreading 
because of the chemical degradation and environniental problems with vanadium. The 
iron based processes eniploying Fe(lll)/Fe(II) chelate systems, particuiarly the 
Fe(IIl)/Fe(Il)-NTA system, is gradually replacing V(V)/V(lV) systems. However, the deg- 
radarion of the chelating ligand in Fe(lll)/Fe(ll)-NTA system results in high chemical 
costs, which obviously obstructs the use of this system in large installations for the 
removal of H2S by homogeneous catalytic oxidation. Although the rate of degradation can 
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be slowed considerably by addition of Na,S,O,, which i h  known as an eftective scavenger 
for the hydroxyl radical. i t  seems that the problem involving the degradation of NTA 
in-process is not resolved completely yet. The serious deficiency calls for research or 
selection of robuht ligands. Therefore. Processes using of non-degrading ligands or regen- 
eration facilitated by microorganisms, either with or without organic ligand have 
appeared, some of them have been applied on a pilot scale. Other processes, Such as the 
biological trearment without an auxiliary redox couple and the combined sulfur/hydrogen 
recovery, are now being developed. 

Keywords: Irwlrogen srtlficlr; s r d f r ~ ;  sulfur recovery; rlesulfriri;trrio,ti~crfi(~i~ process; Srre~jiorel 
process; LO-CAT proc~ess: Sri1Ftro.v prowss; CInies pro1'e.t~; Iionioyc~irr.oiis redox; 
Fc(//(j/(f/) r&.v couple; Y(L')/VffV) r i& .~  roiiplt*: ,,ii,.i/i)i,.ioc.c,r,c oc . t i / ;  rrhyluiwilini- 
r,.//eirrti-ir(iie/I(~ crc'id; 2,6-p~i./c/i /reelf(.trrbu~~//t~ tic.;(/; 2-1 c i r h o ~ ~ - ~ - ~ i y e / r o . ~ ~ q ~ e ~ i i ~ i / i t ~ ;  2 ,  
6- i1yr i t l Ine~l Iph~is~~lr# i i I~~  c r c ~ i c l  

1 INTRODUCTION 

Hydrogen sulfide (H2S) and other sulfur-containing volatile compounds 
such as methanethiol, dimethyl sulfide, and dimethyl disultide are 
highly malodorous compounds and sources of pollution of air streams. 
They are found to be liberated in the production of natural gas and of 
combustible gases from coal, such as in coking operations, as well as 
being waste by-products in a number of chemical processes. These sul- 
fur-containing compounds are also present in geothermal steam used in 
power generation plants and in natural gas itself. Its removal from sour 
natural gas, bio-gas and other gaseous streams is necessary for health 
and safety reasons, and to prevent corrosion to equipment during its 
transmission and distribution. 

Traditional processes for removing H2S from sour gases apply liquids 
to concentrate the H2S by an absorption/desorption cycle in aqueous 
solutions of alkanolamine. The concentrated H2S stream, often contain- 
ing substantial amounts of C 0 2 ,  may then be treated in a second process 
step for conversion to elemental sulfur through partial oxidation of the 
H2S stream by air in a thermal stage with one or more catalyst beds at 
high temperature[ I]. This dry process, the Claus process, has been 
developed since it was first patented in 1883 by C. F. Claus. Recent 
modifications include the use of highly selective catalysts which enable 
a catalytic stage reaction to take place at low temperature and thus to 
favour sulfur selective conversion[2]-[7]. Other developments such as 
the use of internally cooled, isothermal catalytic reactors may contribute 
to increasing sulfur yields[8,9]. In addition, separation of H2S in an 
alkanolamine system and subsequent gas phase sulfur recovery often 

328 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



appears to be difficult to control[ 10, 111, and these processes require big 
investments and ground space[ I]. 

Considering the disadvantages of the dry oxidation process, more effi- 
cient liquid redox sulfur recovery (LRSR) techniques were developed 
and applied as early as the beginning of last century. These processes 
mainly involve regenerative liquid phase redox cycle by air and will be 
reviewed as follows. 

2 EARLY LIQUID REDOX SULFUR RECOVERY (LRSR) 
PROCESSES 

Kohl and Riesenfeld reported the first LRSR application which was 
based on the ammonium sulfide / ammonium sulfate couple[l2]. This 
process involved a number of ammonium polythionates. Feld[ 131 and 
Overdieck[ 141 described the details of the chemistry and the polythion- 
ate processes. However, as a result of the large number of side-reactions 
and undesired by-products, this concept never became a well estab- 
lished commercial application. 

Another early LRSR example involved iron oxide particles suspended 
in alkaline Na2C03 solution, and is represented by the simplified set of 
reactions (1,2 and 3). 

H2S + H 2 0  + H30' + HS- 

Fez03 + 3HS- + Fe& + 3 OH- 

2Fe2S3 + 302 -+ 2Fe203 + 6s 

(1) 

(2) 

(3) 
Subsequently suspensions of Fe(OH)3 in aqueous Na2C03 solution 

were introduced. These process reactions were similar to reaction 1, 2 
and 3. Fe203 and Fe(OHI3 suspensions were applied in a few commer- 
cial processes, the most prominent being the American Ferrox process, 
the German Gluud process and the British Manchester process. How- 
ever, these processes appeared to be hampered by a number of side reac- 
tions which yield undesired sulfur compounds such as thiosulfate and 
sulfate[ 151. 

Fe(III)/Fe(II) redox couple technology further evolved through a hex- 
acyanoferrate based system which is known as the Staatsmijnen-Otto 
process, and was described by Pieters and Van Krevelen[l6]. The 
Staatsmijnen-Otto process appeared to be problematic because of the 
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use of the toxic solution containing Fe(CN),”- (n = 3 or 4) and ammo- 
nia, and the large number of side reactions. 

The application of aqueous, homogeneous and non-toxic iron chelates 
of ethylenediaminetetraacetic acid (EDTA), or related ligands, was the 
next development. A process based on this concept was first introduced 
by Humphreys and Glasgow[l7]. However, as it was soon discovered, 
due to severe losses of organic ligand, this early application of iron 
chelates in gas purification failed to be economical. It was not until the 
early 1980’s that catalyst loss was sufficiently controlled, and iron 
chelates were re-introduced as LRSR couples, that is the contemporary 
iron chelate processes, which will be discussed in more detail in 
Section 3. 

Another redox couple used in LRSR applications is the As(V)/As(III) 
couple, AsO~~- /ASO,~‘  in the Giarnrnarco-Vetrocoke process[ 18,191. 
This process is said to be more efficient than the above processes. How- 
ever because of the high toxicity of the As(V)/As(III) couples, this proc- 
ess gradually lost its significance during the 1950’s. 

A s O ~ ~ -  + 3HzS = -4~s3~-  + 3H20 

 ASS^^- + 3 . 4 ~ 0 4 ~ -  = 3As03S3- + A s O ~ ~ -  

3 - 4 ~ 0 3 s ~ -  = 3 A ~ 0 3 ~ -  + 3 s  

. 4 ~ 0 3 ~ -  + 1/2 0 2  = A s O ~ ~ -  

(4) 

(5) 

(6) 

(7)  
The first well established LRSR application developed during the 

19505, the Stretford process, employed the vanadium 
V(V)/V(IV)-redox couple[20,2 11. There have been several patents 
involving modifications of these processes[22]. The chemistry is repre- 
sented by the simplified set of reactions: 
4V03-  + 8HS- + C03’- = v 4 0 g 2 -  + 2HC03- + 8s + 3 H 2 0  (8) 

V4Og2- + 2HC03- + 3ADA or 3NQS + 3H2O 
= 4\;03- + 3H2ADA or 3H2NQS + 2c03’- (9) 

2HzADA or 2H2NQS + 0 2  = 2ADA or 2NQS + 2H20 (10) 
The anthraquinone disulphonic acid (ADA) or naphthoquinone sul- 

fonate (NQS) (see Scheme 1) is involved as a catalyst in the oxidation 
reaction. The reaction takes place in an alkaline Na2C03 buffer (pH = 9) 
at a relatively low temperature (T = 323K)[23]. The Stretford processes 
and the modified processes have dominated the LRSR market during the 
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1980’s and 1990’s. There are several hundred Stretford process plants in 
operation in the late 1980’s throughout the world[22]. However, in these 
processes, several problems tend to increase the operating expenses, for 
example the degradation of ADA, the undesired conversion of the 
absorbed hydrogen sulfide /or the product sulfur to water-soluble sul- 
fur-containing salts including sulfates, thiosulfates and polythionates, 
and increasingly strict environmental regulations to vanadium. There- 
fore, the Stretford process appeared to have lost its prominent position 
when the Fe(III)/Fe(II) redox couple LRSR process was introduced dur- 
ing 1980’s and 1990’s and is not often chosen for new plants. However a 
large number of Stretford process plants remain in operation. 

Anthraquinone-2,6-disulfonic acid Anthraquinone-2-sulfonic acid 
(ADA) (NQS) 

SCHEME 1 Catalysts used in the Stretford process 

3 CONTEMPORARY LRSR PROCESSES 

New, more efficient, economical and non-hazardous LRSR processes 
have become available and are replacing the application of the 
V(V)/v(IV) redox couple. Usually, these new generation processes 
involve a Fe(III)/Fe(II) redox couple. Other metal ion redox couple, 
organic redox couple and biochemical systems, biochemical systems in 
combination with an Fe(lII)/Fe(II) redox couple are under development 
or in research. some are now commercial available. 

3.1 AQUEOUS Fe(III)/Fe(II) REDOX COUPLES 

As mentioned above, aqueous chelated iron processes began in the early 
196O’s[24], but because of the severe losses of ligand, no successful 
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industrial operation emerged until small capacity systems were commis- 
sioned in the 1970’s, and around 1980 the first large plants with sulfur 
productions up to 1.5 x lo4 kg/day became operational[25, 261. More 
recently, several aqueous and homogeneous chelated iron catalyst sys- 
tems have been developed. The main chelate ligands are amino and 
polyaminopolyacetic acid, including nitrilotriacetic acid (NTA), ethyl- 
ene dinitrilotetracetic acid (EDTA) and N-(2-hydroxyethyl)ethylenedi- 
amine-N,N’,Ntriacetic acid (HEDTA) (See Scheme 2) [27]-[3 11. 

CHzCOOH 
/ 

\ CH2COOH HOOC(3%’ CHzCOOH 

1 
CH2COOH HOOCCH2, 

HOOCCH2 N N C H2C H2N, 

Nitrilotriacetic acid(NTA) E3hykdbhrhtetmacet.k acid (EDTA) 

HOCH2CH2 \ CH2COOH 
N CH2CH2 N’ 

HOOCCH2 ’ \ CH~COOH 
N-(2-hydroxyethyI)ethylenediamine 

-N,N,N-triacetic acid (HEDTA) 
SCHEME 2 Ligands used in the Fe(ll l) /( l l)  redox couple syrteiiis 

Considering the ligand stability and overall economics, the 
Fe(III)/Fe(II)-NTA systems are most widely commercially employed. 
The chemistry of this process is represented in Scheme 3. This system is 
further improved by addition of a hexitol [enantiomeric forms of 
CH20H(CHOH),CH20H] which deprotonates at high pH values and in 
the presence of Fe(lI1) forms a very stable complex thereby preventing 
precipitation of Fe as Fe(OH)31[27, 321. 

Chelated iron process plant configurations are somewhat variedl33, 
34, 351, but all incorporate the basic unit operations of H$ absorption, 
Fe(I1)L oxidation and sulfur removal. 

In operation, the H2S containing gas stream is contacted with an aque- 
ous, mildly alkaline (pH 7-9) solution of Fe(II1)L ([Fe] = 0.005 M to 
0.5 M) in the absorber vessel where the following reactions take place: 

H2S (g) + H 2 0  + H2S (aq) (11) 
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SCHEME 3 Reaction for the oxidation of H,S to S with the Fe(III)/Fe(II)-NTA system as 
catalyst 
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H2S (aq) + HS- + H+ 

2Fe3+L + HS- -+ 2 Fe2+L + S 

(12) 

(13) 
Absorbers are usually custom designed in order to accommodate the 

large range of sour gas stream compositions ([H2S] = 50 ppm to loo%), 
pressures (atmospheric to over 7 MPa) and flow rates (up to 65 m3s-'). 
Absorber devices include spray chambers, packed towers with a variety 
of packing, both fixed and mobile, static mixers, venturis or eductors 
and liquid filled columns. Precipitated sulfur is continuously removed 
by alternative methods including sedimentation, filtration or melting 
under pressure[38]. 

The Fe(I1)L formed in the absorber is oxidized by air in an oxidizing 
vessel or zone where the reactions are: 

0 2  (g) + H 2 0  (1)  + 0 2  (as)  (14) 

2Fe2+L + 1/2 0 2  (aq) + H a 0  -+ 2Fe3+L + 2 0 H -  (15) 
Thus, the overall reaction is: 

H2S + 1/2 0 2  --+ H 2 0  + S (16) 
Now there are several successful iron chelate based processes 

known[ 1, 391, the most prominent being the LO-CAT process (US Fil- 
ter) and the SulFerox process (Shell Oil Company, the Dow Chemical 
Company). 

The LO-CAT process has been available since the late 1970's. The 
majority of plants operate under mildly alkaline conditions (7 5 pH I 
9)[25], and iron concentrations are in the order of 0.02 M, temperatures 
may be within the range 278 I T I 348 K, usually T= 310 K. In 1991 a 
second generation process, LO-CAT I1 was introduced which is more 
cost efficientI39, 401. The most important modification seems to be the 
use of the staged auto-circulation regenerator vessel which consists of 
multiple compartments for the regeneration reaction[4 I]. 

The SulFerox process was established in 1987, and up to 1995 
approximately 40 plaiits were licensed[42]. The process is very similar 
to the LO-CAT process apart from high iron concentrations (0.1 I C, I 
2.0 M)[29, 33, 34, 35, 39,40,43]. It is claimed that a high CFe reduces 
liquid circulation costs[4 I]. 

The Fe(III)/Fe(II)-NTA process has been applied in sweeting natural 
gas, oil refinery operations, enhanced oil recovery, marine vessel load- 
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HIDA 4 1 \ ID\ Oxidation products of ED3A 

HOOC- 

HOW--/ H o o c ~ C H 2 C o o H  HoH*c-N 

n r - C O O H  

L C O O H  
HOOc-h N 
HooCJ EDTA 

I 
Oxidation products of EDTA 

SCHEME 4 Proposed degradation route of HEDTA 

ing, underground oil shale retorting, landfill gas treating, waste water 
treating plant odour control, bio-gas treating, geothemial electric power 
generation, coke oven gas treating, beverage quality carbon dioxide pro- 
duction and a large variety of chemical manufacturing operations like 
production of titanium dioxide[44,45]. 

Despite the wide-spread application of these processes, the systems 
suffer from oxidation of the chelating ligands and eventual catalyst loss. 
The degradation of ligands may originate from the oxidation process of 
ferrous complex, which involves some strongly oxidising intermediates 
whose exact nature is still a subject of controversy[44, 451. Although 
there are some debates about the presence of free OH. and H2O2, the 
following sequence of reactions is proposed to explain the degradation 
of Fe-NTA (17 to 21)[[46]-[50]. 

(17) FeNTA- + 0 2  + H2O + Fe NTA + H 2 0 2  + 2 0 H -  

FeNTA- + H 2 0 2  + Fe NTA + OH- + OH. (18) 
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R’R2N+HCH2COO- + OH- + R1R2N+HCH2CO0. + OH. (19) 

R’R2N+HCH~CO0. + RIR’N+HCH.COO- + H+ (20) 

R’R2N+HCH.COO- + H 2 0  + Fe NTA 
+ R’R’N’HCHOH COO- + Fe NT.4- + H+ (21) 

in which 

R ’  = R2 = CH,COO-, NTA 

R’ = CH2COO-, R2 = H, IDA 

R’ = R2 = H, GLY 

Other similar polyamino polycarboxylato iron chelates such as 
HEDTA and EDTA are presumed to degrade similarly in the process, 
the point of attack being the CH2 group of the acetate chains. The degra- 
dation of these ligands can be shown by the following Schemes 4-6[ 15, 
51, 521. 

SCHEME 5 Propoacd degradation roule of EDTA 
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The fact that EDTA and HEDTA degrade faster than NTA makes NTA 
the preferable ligand[51, 521. However, the relative information is for 
the most part proprietary. Little information is available on actual loss of 
activity. 

HO(-NcH2COOH II) 

HOOCJ HOOC--/ 
IDA NTA 

cop-- HOOC-COOH-- NH~CH,COOE+---, NH; 
OXA GLY 

SCHEME 6 Proposed degradation route of NTA 

As a remedy for catalyst loss resulting from ligand degradation, some 
ligand-stabilizing agents which are considered as “radical scavenger”, 
such as t-butanol, ethylene glyco1[33], N,N-hydroxylamine, thiourea, 
thiosemicarbazide[30], thioglycolic acid, 3.3-thiodipropionic acid[53 J, 
sodium thiocyanate, dithionite[54] and anionic polymer JAYFLOC 
803[55], were added to prevent ligand degradation and to stabilize the 
catalyst system in the process. Thiosulfate is also an effective radical 
scavenger, which may be added to the iron chelate solution, and is also 
produced if H2S and 02are simultaneously present[27]. 

2HS- + 202  + s203*- + H20 (22) 
The possibility that thiosulfate ions can be regenerated in the process 

after reacting to scavenge hydroxyl radicals has been suggested[56] and 
is supported by earlier work involving pulsed radiolysis [57]. 

Sz@i2- + OH’ + s203’- + OH- (23) 

2 s203’- -t sq0e2- (24) 

S2O3‘- + Fe(I1)NTA- + S203’- + Fe(1II)NTA (25) 
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HOOC 

2,6-pyridinedicarboxylic acid 2,6-pyridinediacetic acid 
(DPIC) (DIPIA) 

HOOC QQ 
6 H  

2-carboxy-8-hy droxy quinoline 2,6-pyridinediphosphonic acid 
WQ) (2,6-PDPA) n 

HOOC N P03H2 

pyridine-2-phosphonic-6-carboxylic acid 
(2PP6c) 

SCHEME 7 Some alfernafive ligands in aqeuous Fe(lll)/Fe(ll) system 

These additives, to a certain extent, are effective as ligand-degradation 
reducing agents, reducing the catalyst loss in the process. But a key 
drawback of these additive agents is their consumption in the process, 
S,O,*- can be oxidized to SO4*- and S406*-, resulting in inert salt accu- 
mulation which eventually builds sufficiently to hamper the sulfur sepa- 
ration as well as the gas-liquid mass transfer[25]. 

2 S2032- + 1/2 0 2  + H.20 + SAOe2- + 2 0 H -  

S2032-  + 1 / 2 0 ?  + HXO -+ 2S04’- + 2H+ 

(26) 

(27) 
Due to the above reasons, further research aiming at further improve- 

ment of ligands continues. An alternative ligand studied in some detail 
by Sawyer[58] and Chen et a1[52] is 2,6-pyridinedicarboxylic acid 
(DIPIC, See Scheme7). It was reported that no degradation was 
observed during a 100 hour test, but the stability of the Fe(II1)-DlPIC is 
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n-C4H&i + HPO(OEt)2 - LiPO(OEt)2 + n-C4H,, 

0, - (CH3)2S04 

N +  COOEt 
1 
OCH, 

fi - HCI,H20 

i 
0- 

1 
0- 

SCHEME 8 Synthesis of 2PP6C 

not high enough to prevent precipitation of Fe(OH)3 at the required 
basic condition[S9,60,61]. 

A closely related ligand, 2,6-pyridinediacetic acid (DIPIA) was also 
introduced[S9], but this ligand showed rapid degradation. 

Using molecular mechanics, Hancock et a1[59, 621 selected 2-car- 
boxy-8-hydroxyquinoline (CHQ) without methylene groups (-CH2) as 
an alternative ligand. It was found that even in the presence of thiosul- 
fate as stabilising agent, CHQ degraded more rapidly than NTA. No 
details on the use of CHQ or related ligands are available as yet. 

Other interesting candidate ligands which were selected from molecu- 
lar mechanics considerations are pyridine-2-phosphonic-6-carboxylic 
acid (2PP6C) and 2,6-pyridinediphosphonic acid (2,6-PDPA)[59, 62, 
63, 641. Both are closely related to DIPIC, ligand degradation was also 
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SCHEME 9 Synthebis of 2,6 PDPA 

reported to certain extent[60]. Obviously, the absence of easily oxidised 
a-methylene group does not guarantee against the oxidative degradation 
of the ligand. However, a proper comparison with conventional ligands 
such as NTA, EDTA and HEDTA can not be made yet because no fur- 
ther information has been given. In fact, the synthesis cost of these lig- 
ands could be the major liiniting factor for industrial development. The 
synthesis of some ligands involves the use of very toxic starting materi- 
als. Scheme 8 and 9 show the synthesis of the phosphonate ligand 
2PP6C and 2.6-PDPA. 

3.2 NON-AQUEOUS LRSR PROCESSES 

Peter[65] first patented the use of P-diketonate complexes of scandium, 
yttrium and some f-block elements in effectively scrubbing H2S from a 
gas stream. However, no chemical reactions are described therein for the 
removal of impurities in the gas stream. 

Recently, Fern et a1[66] and Eng et a1[67] have reported in detail the 
application of non-aqueous liquid phase iron chelates in LRSR process, 
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R' = R2 = CH3, 
R' = Ph, R2 = CH3, 
R' = CF3, R2= CH,, 
R' = Ph, R2 = CF3, 

acetylacetone (acac) 
benzoy lacetone 
I ,  I ,  I -mfluoro-2,4-pentanedione 
1 -pheny1-4,4,4-trifluoro-1,3-butanedioi 

SCHEME 10 Tautomerization of a-diketones 

which employed P-diketonates such as acetylacetone, benzoylacetone, 
1,1,1 -trifluoro-2,4-pentaneadione and 1 -phenyl-4,4,4-trif- 
luoro- 1 J-butanedione(see scheme 10) chelating iron in solvents or sol- 
vent mixtures including 1,4-dioxane, dimethyl sulfoxide, 
N-formylmorpholine, morpholine and N-methylpyrrolidone (NMP), 
ethanol and mixtures of the above. 

These ligands, existing in two tautomeric forms, give sufficiently sta- 
ble Fe(III)/Fe(II) complexes in the prefered solvent NMP from their 
keto-enol form (Scheme 11)[66]. 

Eng et a1 investigated the degradation of the Fe(III)/Fe(II)-acetylacet- 
onate (Fe(III)/Fe(II)-acac-) and Fe(III)/Fe(II)-benzoylacetonate 
(Fe(III)/Fe(II)-bzac-) as catalysts in the oxidation of H2S in varied 
mixed solvent systems[68]. It was found that the rapid degradation of 
acac produces acetate and acetone in the re-oxidation of the Fe(I1) com- 
plex to the Fe(1lI) complex, and a mechanism for the degradation of 
acac- is proposed which involves attack of the ligand by a hydroxyl rad- 
ical (See scheme 12). 

Advantages of the non-aqueous LRSR process include enhanced sul- 
fur quality, reduced sulfur foaming and plugging. But a complication 
arising from the use of non-aqueous solvents is their high affinity for 
gaseous hydrocarbons, which requires several flash drums between 
absorber and regenerator. Also regenerator effluent air should be treated 
in an incinerator. Other disadvantages include water build-up, requiring 
a dehydration step, problems in pH control and possible oxidation of the 
organic solvent. Although the non-aqueous Fe(III)/Fe(JI) chelate LRSR 
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SCHEME 1 1 Structure of tris-(;lcetylacetona~o)iron(lll) 

process appears to be a promising application, the process has not 
matured beyond laboratory scale and many of the above claims can not 
be verified yet. 

I 
CH3COCH3 + CH3COO’ 

SCHEME 12 Mechnisrn of degradation of acac 
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3.3 THE Fe(III)/Fe(IJ) REDOX COUPLE IN COMBINATION 
WITH BIOCHEMICAL CATALYST REGENERATION LRSR 
PROCESSES----1RC-BCR PROCESSES 

Different from the Fe(III)/Fe(II) chelate processes discussed above, no 
organic ligands or inorganic ligand are used in these processes. To pre- 
vent precipitation of Fe(OH)3 and FeS, the operating pH should be 1.5 I 
pH I 2.68. Similar to reaction (13), H2S is oxidized to elemental sulfur 
by Fe3+. 

H2S + 2Fe3+ -+ S + 2Fe2+ + 2HS (28) 
However, the rate of reaction (28) at the relative operational pH values 

appears to be lower than that for reaction (13)[69]-[72]. Also in contrast 
to Fe(III)/Fe(II) chelate processes, which operate at ambient pH (7 I pH 
I 9)[25], the dissociation of H2S at acidic condition is negligible[72]. 
Therefore, a larger absorber for H2S removal is likely to be necessary. In 
addition, in the absence of an organic or inorganic ligand, oxidation of 
the Fe(I1) to Fe(II1) proceeds too slowly for a commercial process and 
therefore regeneration needs to be catalysed. Bacteria Thiobacillus ,fer- 
rosiduns, immobilized on acid resistant materials (for instance glass 
wool) is used[73]. In these processes, bacteria may accelerate reaction 
(29) by a factor of 2 x lo5 depending on temperature and pH values[69, 
74,751. 

(29) 
Incteria 4 Fe2+ + 0 2  + 4 H+ - 4 Fe3+ + 2 HzO 

Despite the absence of costly organic or inorganic ligands, IRC-BCR 
processes show rather high operation costs relative to conventional 
Fe(III)/Fe(II) chelate processes[46]. However, Rehmat and 
Yoshizawa[69] questioned that the chemical costs of Fe(JII)/Fe(II) 
chelate processes were underestimated. It is obvious that development 
activities are still ongoing. 

Another LRSR application of bacteria in combination with the 
Fe(III)/Fe(II) redox couple involved aqueous solution of Fe(III)/Fe(II) 
chelates (proprietary LO-CAT liquid and Fe(III)/Fe(II) EDTA, 7 I pH I 
8.5, 303 5 T I 318, C,, ~ 0 . 0 2  M)[76, 771 The rate of the regeneration 
reaction (29) can be substantially enhanced (50-150%) by certain Thio- 
bacilliis,ferrooxidans cultures, whereas ligand degradation is claimed to 
be reduced. It was explained that ligand degradation results from 
strongly oxidizing intermediates, and certain enzymes produced by aer- 
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obic bacteria such as catalase and superoxide dismutase neutralize these 
intermediates resulting in reduced ligand degradation[78, 791. So far, 
the microbial/Fe(III)/Fe(II) chelate application has been tested by labo- 
ratory experiments only. 

3.4 PURE BIOLOGICAL TREATMENT PROCESSES 

Buisman first disclosed a method for removing H2S or SO2from gas or 
waste streams using microorganisms(THI0PAQ process)[80]. Gaseous 
streams are treated in a caustic scrubber (8 2 pH 5 9 ) .  The sulfur rich 
solution is then treated by microorganisms. If sulfur is present as SO2, 
anaerobic treatment by consuming an electron donor such as H, or CO 
or ethanol yields HzS, H2S formation maybe represented by the simpli- 
tied reactions: 

(30) 

(31) 

an. bact HS03- + 3 CO .___) HS- + 3CO2 

an. bact HS03-  + 3 H2 - HS- + 3 H 2 0  

an.bact HS03- + CzHsOH 2HS- + 3 H 2 0  + 2 CO2 (32) 
Prefered bacteria for this anaerobic process include the genera DesuI- 

,fovibr-io, Desulforomaculunr. Desulfontotras, Desrtlfobulbus, Desulfo- 
bacter, Desulforoccus, Desirlfonrenra. Desulfo Sarcina, 
Desulfobacter-iirm and Desulforonias[80]. The sulfide solution is subse- 
quently treated in an aerobic reactor (33). Suitable bacteria for this aero- 
bic reaction include the genera Thiobacillus thioparirs[80, 8 1, 821, 
Thiobacillirs corrcretivorus[83, 84, 851, Thiobacillus ferroo~vidutis[86, 
871, Chronratiunr vinosrmr[88, 891, H~~honricr-obi~~nr[90], Xan- 
thonronus[9 I ]  and heterotrophic bacterium[92]. Undesired by-products 
appear to be overoxidized sulfur compounds such as sulfate[93]. 

aero.bact. 2HS- + 0 2  - 2s + 2 OH- (33) 
Pilot plant studies, initiated in 1993, show good technological pros- 

pectsL941. However an independent economic evaluation mentions high 
circulation rates and a high blown down ratio as specific drawbacks[95]. 

Successful H2S removal with microorganisms was also reported by 
Gadre and Subiette[96,97], both dealing with bench scale studies. How- 
ever, in these two cases, sulfate is the main product, not the elemental 
sulfur. 
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3.5 HYDROGEN RECOVERY, ALTERNATIVE LRSR PROCESSES 

Another attractive idea is the recovery of both sulfur and hydrogen in 
the same process. Given the low standard enthalpy of formation as com- 
pared to water and methane, H2S seems a good potential source for 
hydrogen[98]. The recovery of Hz from H2S according to reaction (34) 
has received attention since the 1930's[l, 99, 1001. However, this reac- 
tion is not practical under purely thermal conditions because it is ther- 
modynamically unfavourable (e.g. at 298 K, AHo= 20 kJmol-', 
AS = -43 JK-'mol-')[ 1081, though the reaction has been accomplished 
thermally at high temperatures ( 1000°C) and by various photo-, plasma- 
and electrochemical decomposition met hods[ 10 I ] -[ 1071. 

H ~ S F H ~  + S (34) 

The processes involving liquid redox cycles seem to have good pros- 
pects. These processes are known as IKC Hybrid process and HySulf 
LRSR process. 

0 OH 

t-butylanthraquinone ( 'BAQ ) t-buty lanthrone quinone 

NaO, 03Na $JJR \ 

0 

2,7-sodium anthraquinonedisulfonate t-butylanthrahydroquinone (HiBAQ) 

SCHEME 13 Catalysts used in the HySulf process 

The IKC Hybrid process is based on the Fe(III)/Fe(II) couple, very 
similar to the above IRC-BCR process. The regeneration step takes 
place in an electrochemical cell, so the redox cycle may be represented 
as follows[ 1081. 
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f 2 ~ ~ 3 +  + H~ anode/cathode 2Fe2+ + 2 H+ (35) 
Because of the undesired by product of sulfuric acid and the high cost 

of electrical energy, as compared to thermal energy, the IKC Hybrid 
process will not be competitive with hydrogen production by, for 
instance, methane steam reforming. Therefore, the IKC Hybrid process 
should be considered as a sulfur recovery process, rather than an alter- 
native method for H2 production. Given the absence of organic ligands, 
the process may be an interesting alternative for Fe(III)/F-e(1l) chelate 
processes, particularly if the produced H2 can be used for chemical pur- 
poses[98]. The Hysulf process uses an organic redox couple. The origi- 
nal process consisted of absorption of H2S into a polar organic solvent, 
for instance NMP, then complexation to the solvent and subsequent 
reaction with t-butylanthraquinone (tBAQ, see Scheme 13) to give sul- 
fur, NMP and H,BAQ. In a second reactor, H2BAQ is dehydrogenated 
over a catalyst to yield H2 and t-BAQ[ 110. 11 I ,  1121. 

T=%O K 
H 2 S + N h l P  r H2S-NRIP 

T=330 K H2S-NhIP + t-B.AQ S + NRIP+H.LBAQ (37) 

t H2 + t-BAQ cat .480<Ti590 K 
HzBAQ 

In practice, reaction (38) produced undesired side product of t-butyl 
anthrone. Another drawback of the original process appeared to be the 
use of hazardous amide solvents[ 1131. 

As an alternative, aqueous solutions of quinonel 2,7-sodium 
anthraquinone disulfonate together with a hydrogen sulfide complexing 
agent such as t-butylamine, a mixture of solvents, for instance, NMP 
with water as an additive (1-1.5 mole H,O per anthraquinone) is 
employed. This modification is claimed to yield better sulfur recovery 
as well as complete selectivity to anthraquinone[ 1141. 

Other involving sulfur abstraction and generation of H,, catalytic con- 
versions of H2S to Hz, using some reaction of H,S with solutions of 
transition metal complexes such as Pd-, Ru- and Pt-phosphine com- 
plexes[ 1151-[ 1221, carbonyl complexes of metallocenes of Ti and 
Zr( 123 1, W-phosphine complexes[ 1241, and homo- and heterobimetal- 
lic complexes of Ir, Rh, and Re containing p-dpm(dpm=Ph2PCH2PPh2) 
ligands[ 125]-[ 1271 are well studied. However, these researches have 
been limited to the bench only. 
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4 CONCLUSIONS 

During the last century, there have been large numbers of publications 
and patents involving processes for sulfur recovery from H2S. Among 
them, the Gimmarco-Vetrocoke process using the As(V)/As(III) redox 
couple was quickly found to be unsuitable for the commercial market 
because of the environmental problem. The Stretford process employing 
the vanadium V(V)/V(IV) redox couple, which have dominated the 
1980’s and 19905, are now being replaced by Fe(III)/Fe(II) chelate sys- 
tems, particularly the Fe(III)/Fe(II) NTA processes. However, even the 
prevailing Fe(III)/Fe(II) NTA processes are not perfect. Degradation of 
the organic ligands resulting in high chemical costs is the most serious 
deficiency in these processes. Other problems with Fe(III)/Fe(II) chelate 
processes include uncontrolled sulfur crystallization which lead to 
foaming and plugging as well as relatively poor sulfur quality. These 
problems call for research, aiming at reduced ligand degradation. There- 
fore, the use of non-degrading ligand or regeneration facilitated by 
microorganisms, either with or without organic ligands has appeared, 
and the latter has been applied on a pilot scale. Other processes, includ- 
ing the biological treatment without an auxiliary redox couple and the 
combined sulfurhydrogen recovery, are now being studied. 
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