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Abstract

Catalytic oxidation of H2S to sulphur with air has been widely used for the

removal of H2S from gas streams. The aqueous Fe(III)/Fe(II)-nitrilotriacetic acid

(NTA) system appears to be a currently prevailing commercial process. The limited

lifetime of NTA is the most serious deficiency of this process. This project aims to

improve the Fe(III)/Fe(II)-NTA system by selecting new ligands, new scavenger of

free hydroxyl radical and alternative transition metals. Novel non-aqueous

Fe(III)/Fe(II) systems have also been investigated for the sulphur recovery process.

Sixty-seven ligands with a variety of groups have been screened.

[(Phosphonomethyl)imino]diacetic acid (NTAP) is found to be comparable with

NTA on catalytic activity concerning the conversion of hydrogen sulphide to

sulphur, half-life of ligand, consumption of ligand per kg of sulphur and so on; A

series of inorganic and organic compounds have been tested as scavengers of

hydroxyl radical. Two compounds are found to be more effective than Na2S2C>3 and

are very promising as alternatives of Na2S2C>3 for the current Fe-NTA system.

Attempts to replace Fe3+/Fe2+ with Cu2+/Cu+ or Co3+/Co2+ for NTA and NTAP are

not successful. Mn3+ and Ru3+ complexes ofNTA and NTAP show low selectivity to

sulphur and could not replace the Fe3+/Fe2+ redox couple. A series of Fe(III) salts and

organic solvents have been screened to develop effective non-aqueous catalyst

systems. A novel non-aqueous system containing only Fe salt and organic solvent is

found to be highly efficient. The catalytic mechanisms and the influence of different

iron salts on catalytic activity are also discussed.

Abstract
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Chapter 1

Introduction

Hydrogen sulphide (H2S) and other sulphur-containing volatile compounds

such as methanethiol, dimethyl sulphide, and dimethyl disulphide are highly

malodorous compounds and sources of pollution of air streams. They are found to be

liberated in the production of natural gas and from combustible gases from coal, such

as in coking operations, as well as being waste by-products in a number of chemical

processes. These sulphur-containing compounds are also present in geothermal

steam used in power generation plants and in natural gas itself. The removal of these

sulphur-containing compounds from sour natural gas, bio-gas and other gaseous

streams is necessary for health and safety reasons, and to prevent corrosion to

equipment during their transmission and distribution.

The methods of gas desulphurization may be classified according to: (i) the

degree of sulphur oxidation in the compounds produced, and (ii) the state of
1 9

concentration which reactions take place. ' Depending on demand, desulphurization

processes are carried out in order to obtain such commercial products as sulphur,

sulphuric acid, ammonium sulphate, copper sulphate or other sulphur compounds. In

view of the concentration state the desulphurization methods can be divided into dry,

semi-dry and wet methods.

"Dry" gas purification consists of adding a dry adsorbing agent while the

adsorbent used does not change its concentration state. The processes of "semi-dry"

purification depend on the adsorbent, which is added in the form of a solution or

liquid. The chemical reaction takes place in the liquid phase while the temperature is

2
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selected in such way that the adsorbent consumed can be removed in its solid state

from the flowing tail gases. In the "wet" processes the reagent is added in the form of

a liquid in which the impurities react with the solution. This results in wastes that are

subjected to further treatment.

Each of these methods has its advantages and disadvantages. Current

methods tend to depend on the demands of the degree of the purification of tail gases

and the practical state of the waste such as the scale of waste gases and their

concentration of the sulphur-containing components. Preference is given to methods

whose final products are pure sulphur.

The gases subjected to desulphurization processes may be divided, according

to their composition and suitability, into two basic groups: (i) Gases containing as

their basic components hydrocarbons and other non-hydrocarbon combustible

compounds, e.g. coke-oven gas, synthesis gas etc.; (ii) Tail gases, post-processed

gases containing hydrogen sulphide, sulphur dioxide, mercaptans, carbon disulphide

and other sulphur compounds diluted with nitrogen and carbon dioxide.

The methods for removing sulphur compounds from these basic groups of

gases are completely different. When the first group of gases is desulphurized, it is

necessary to use methods that do not disturb their basic gaseous components. These

should be sensitive, selective methods that will make it possible to obtain a product

completely freed of sulphur compounds. The second group of gases are

technological wastes which should be subjected to treatment in such a way as to

obtain commercial product or an inactive one that does not pollute the environment.

The problem of desulphurization is of prime importance not only an account of the

Chapter 1: Introduction
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protection of the environment but also in respect of the rational recovery of sulphur

as a raw material for industrial use.

In this chapter, we will only review the evolution of the methods of

purification of gases containing hydrogen sulphide.

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 containing substantial amounts of

C02, may then be treated in a second process step for conversion to elemental

sulphur through partial oxidation of the H2S stream by air in a thermal stage with one

•3

or more catalyst beds at high temperature. This dry 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 sulphur selective conversion.4"9 Other

developments such as the use of internally cooled and isothermal catalytic reactors

may contribute to increasing sulphur yields.10'11 However, the stability of the

industrially used catalyst remains poor, hence its selectivity to sulphur is still lower
19

than expected. In addition, separation of H2S in an alkanolamine system and

subsequent gas phase sulphur recovery often appears to be difficult to control,13 and
■3

these processes require big investments and ground space.

Considering the disadvantages of the dry oxidation process, more efficient

liquid redox sulphur recovery (LRSR) techniques ("wet" processes) 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.

Chapter 1: Introduction
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1.1 Early liquid redox sulphur recovery (LRSR) processes

Kohl and Riesenfeld reported the first LRSR application which was based on

the ammonium sulphide / ammonium sulphate couple1 . This process involved a

number of ammonium polythionates. Feld15 and Overdieck16 described the details of

the chemistry and the polythionate processes. However, as a result of the large

number of side-reactions and undesired by-products, this concept never became a

well established commercial application.

Another early LRSR example involved iron oxide particles suspended in

alkaline Na2C03 solution, and is represented by the simplified set of reactions (1.1 -

1.7).

H2S + H20 ^ H30+ + HS" (1.1)

Fe203 + 3HS" ► Fe2S3 + 30H" (1.2)

2Fe(OH)3 + 3H2S ► Fe2S3 + 6H20 (1.3)

2Fe(OH)3 + 3H2S »- 2FeS + S + 6H20 (1.4)

2Fe2S3 + 302 »► 2Fe203 + 6S (1.5)

4FeS + 6H20 + 302 ► 4Fe(OH)3 + 6S (1.6)

2Fe2S3 + 6H20 + 302 4Fe(OH)3 + 6S (1.7)

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

introduced. These process reactions were similar to reaction 1.1 - 1.7. Fe203 and

Fe(OH)3 suspensions were applied in a few commercial processes, the most

prominent being the American Ferrox process, the German Gluud process and the

— 5
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British Manchester process. However, these processes appeared to be hampered by a

number of side reactions in which the undesired sulphur compounds such as

thiosulphate and sulphate are yielded.17

Fe(III)/Fe(II) redox couple technology further evolved through a

hexacyanoferrate based system which is known as the Staatsmijnen-Otto process,

and was described by Pieters and Van Krevelen.18 The Staatsmijnen-Otto process

appeared to be problematic because of the use of the toxic solution containing

Fe(CN)6n~ (n = 3 or 4) and ammonia, and the large number of side reactions.

The application of stable, 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.19 However, it was soon discovered, due to severe losses of organic

ligand, that this early application of iron chelates in gas purification failed to be

economical. It was not until the 1970's that catalyst loss was sufficiently controlled,

and iron chelates were re-introduced as LRSR couples, that is contemporary iron

chelate processes, which will be discussed in more detail in Section 1.2.

Another redox couple used in LRSR applications is the As(V)/As(III) couple,

As0337As043~ in the Giammarco-Vetrocoke process.20'21 This process was said to be

more efficient than the above processes. However because of the high toxicity of the

As(V)/As(III) couples, this process gradually lost its significance during the 1950's.

The process is represented by the simplified set of reactions (1.8 - 1.11):

Chapter 1: Introduction
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As033 + 3H2S ► AsS33" + 3H20 (1.8)

AsS33" + 3As043" ► 3As03S3" + As033" (1.9)

As033" + 1/202 As043" (1.10)

3As03S3" 3As033" + 3S (1.11)

The first well established LRSR application developed during the 1950's, the

Stretford process, employed the vanadium V(V)/V(IV)-redox couple.2 ' 3 There have

been several patents involving modifications of these processes ever since.24 The

chemistry is represented by the simplified set of reactions:

4V03~ + 8HS" + 2C032" V4092" + 2HC03" + 8S + 3H20 (1.12)

V4092"+ 2HC03"+ 3ADA or 3NQS + 3H20

4V03" + 3H2ADA or 3H2NQS + 2C032" (1.13)

2H2ADA or 2H2NQS + 02 2ADA or 2NQS + 2H?0 (1.14)

The anthraquinone disulphonic acid (ADA) or naphthoquinone sulfonate

(NQS) (see Scheme 1.1) 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).25 The Stretford process and the modified process have

dominated the LRSR market during the 1980's and 1990's. There are several

hundred Stretford process plants in operation in the late 1980's throughout the

Chapter 1: Introduction
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world.24 However, in these processes, several problems tend to increase the operating

expenses, for example the degradation of catalysts, the undesired conversion of the

absorbed hydrogen sulphide or the product sulphur to water-soluble sulphur-

containing salts including sulphates, thiosulfates and polythionates, and increasingly

strict environmental regulations to vanadium. Therefore, the Stretford process

appeared to have lost its prominent position when the Fe(III)/Fe(II) redox couple

LRSR process was introduced during 1980's and 1990's and is no longer chosen for

new plants. However a large number of Stretford process plants remain in operation.

H03S O

Anthraquinone-2,6-disulfonic acid
(ADA)

Scheme 1.1 Catalysts used in the Stretford process

1.2 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(III)/Fe(II) redox couple are under development or

in research, some are now commercial available.

HO3S O

Anthraquinone-2-sulfonic acid
(NQS)
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1.2.1 Aqueous Fe(III)/Fe(II) redox couples

As mentioned above, aqueous chelated iron processes began in the early

1960's,26 but because of the severe losses of ligand, no successful industrial

operation emerged until small capacity systems were commissioned in the 1970's,

and around 1980 the first large plants with sulphur productions up to 1.5 x 104

kg/day became operational.27'28 More recently, several aqueous and homogeneous

chelated iron catalyst systems have been developed. The main chelate ligands are

amino and polyaminopolyacetic acids, including nitrilotriacetic acid (NTA), ethylene

dinitrilotetraacetic acid (EDTA) and A-(2-hydroxyethyl)ethylenediamine-A(ACAr-

triacetic acid (HEDTA) (See Scheme 1.2).29"33

COOH
HOOC /—COOH ^ /~~~~COOH

N N-
\ HOOC—/ y

HOOC HOOC

Nitrilotriacetic acid (NTA) Ethylenedinitrilotetraacetic acid (EDTA)

e
COOH

/^CH2OH
N / N

HOOC^^

HOOC

A-(2-Hydroxyethyl)ethylenediamine - N,N',N"- triacetic acid (HEDT

Scheme 1.2 Ligands used in the Fe(III)/Fe(II) redox couple systems
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Considering the ligand stability, the Fe(III)/Fe(II)-NTA systems are most

widely commercially employed. The chemistry of this process is represented in

Scheme 1.3. This system is further improved by addition of hexitol, sorbitol or

mannitol [enantiomeric forms of [CFkOF^CHOKfriCFbOFI] which deprotonate at

high pH values and in the presence of Fe(III) form a very stable complex thereby

preventing precipitation of Fe as Fe(OH)3]29t'34
'jc -3*7

Chelated iron process plant configurations are somewhat varied, " but all

incorporate the basic unit operations of H2S absorption, Fe(II)L oxidation and

sulphur removal.

In operation, the H2S containing gas stream is contacted with an aqueous,

mildly alkaline (pH 7-9) solution of Fe(III)L ([Fe] = 0.005 to 0.5 M) in the absorber

vessel where the following reactions take place:

H2S (g) + H20 , - H2S (aq) (1.15)

H2S (aq) ^ - HS" + H+ (1.16)

2Fe3+L + HS "+ OH" »- 2 Fe2+L + H20 + S (1.17)

Absorbers are usually custom designed in order to accommodate the large

range of sour gas stream compositions ([H2S] = 50 ppm to 100 %), pressures

3 1
(atmospheric to over 7 MPa) and flow rates (up to 65 m s" ). 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

sulphur is continuously removed by alternative methods including sedimentation,

38filtration or melting under pressure.

— - — 11
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The Fe(II)L formed in the absorber is oxidized by air in an oxidizing vessel

or zone where the reactions are:

02 (g) + H20 (1) 02 (aq) (1.18)

4 Fe2+L + 02 (aq) + 2H20 4Fe3+L + 40H" (1.19)

Thus, the overall reaction is:

2H2S + 02 * 2H20 + 2S (1.20)

Now there are several successful iron chelates based processes known,3'39 the

most prominent being the LO-CAT/LO-CAT(II) process (US Filter) and the

SulFerox process (Shell Oil Company, Dow Chemical Company).

The LO-CAT process has been available since 1980. The majority of plants

operate under mildly alkaline conditions (7 < pH < 9),27 and iron concentrations are

in the order of 0.02 M, temperatures may be within the range 278 < T < 348 K,

usually T = 310 K. In 1991 a second generation process, LO-CAT II was introduced

which is more cost efficient.41'42 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.

The SulFerox process was established in 1987, and up to 1995 approximately

40 plants were licensed.44 The process is very similar to the LO-CAT/LO-CAT II

process apart from high iron concentrations (0.1 < Cpc ^ 2.0 M). 31>35-37,4i,42,45 js

claimed that a high CFe reduces liquid circulation costs.
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The Fe(III)/Fe(II)-NTA process has been applied in sweetening natural gas,

direct oil refinery operations, enhanced oil recovery, marine vessel loading,

underground oil shale retorting, landfill gas treating, waste water treating, plant

odour control, bio-gas treating, geothermal electric power generation, coke oven gas

treating, beverage quality carbon dioxide production and a large variety of chemical

manufacturing operations like production of titanium dioxide.46'47

Despite the wide-spread application of these processes, the systems suffer

from oxidation of the chelating ligand and eventual catalyst loss. The degradation of

ligand may originate from the oxidation process of ferrous complex, which involves

some strongly oxidising intermediates whose exact nature is still a subject of

controversy.4 '47 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 (1.21 to 1.25) 48-52

2FeNTA~ + 02 + 2H20 2Fe NTA + H202 + 20H " (1.21)

FeNTA" + H202 ^ FeNTA + OH" + OH" (1.22)

R'RVHCHzCOO " + OH " ► R'RVHCHjCOO " + OH" (1.23)

R1R2N+HCH2COO' R'RVHCH COO" + H+ (1.24)

R1R2N+HCH"COO + H20 + FeNTA

R^VHCHOH COO" + FeNTA" + H+ (1.25)

R1 = R2 = CHzCOO ', NTA; R1 = CH2COO , R2 = H, IDA; R1 = R2 = H,GLY
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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 degradation of these ligands can be shown by

the following Scheme 1.4 - 1.6.17'53 54

The fact that EDTA and HEDTA degrade faster than NTA makes NTA the

preferable ligand.53'54 However, the specific information is for the most part

proprietary. Little information is available on actual loss of activity.

As a remedy for catalyst loss resulting from ligand degradation, some ligand-
"IS

stabilizing agents which are considered as "radical scavengers", such as t-butanol,

iV,iV-hydroxylamine, thiourea, thiosemicarbazide,32 thioglycolic acid, 3,3-

thiodipropionic acid,55 sodium thiocyanate, dithionite56 and anionic polymer

JAYFLOC 803,57 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 O2

are simultaneously present.29f

2HS + 202 S2032" + H20 (1.26)
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,COOH

HOOC^/
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EDTA
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/^COOH

Oxidation products of EDTA

HOOC /—COOH
\—N
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HOOC
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.COOH

HN.

HOOC
ED3A
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/ COOH
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HOOC

HGLY
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Scheme 1.4 Proposed degradation scheme for HEDTA
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S-EDDA

H2NCH2COOH
GLY

Scheme 1.5 Proposed degradation scheme for EDTA
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HOOC ,—COOH /—COOH
\—N >- HN

HOOC^ HOOC
NTA IDA

v v

HOOCCOOH H2NCH2COOH
OXA

v CLY

\ /
C°2 NH4

Scheme 1.6 Proposed degradation scheme for NTA

The possibility that thiosulfate ions can be regenerated in the process after
CO

reacting to scavenge hydroxyl radicals has been suggested and is supported by

earlier work involving pulsed radiolysis of aqueous thiosulfate.5

S2032" + OH * ►S203-"+OH" (1.27)

2S203' ► S^062" (1.28)

S203" + Fe(II)NTA" S2032" + Fe(III)NTA (1.29)

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
9 9

these additive agents is their consumption in the process, S2O3 * is oxidized to SO4 "

and S4O6 ", resulting in inert salt accumulation which hampers the sulphur separation

as well as the gas-liquid mass transfer.27
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4S2032" + 02 + H20 »- 2S4062" +40H" (1.30)

2S2032" + 02 + 2H20 4S042" + 4H+ (1.31)

Due to the above reasons, further research aiming at improvement of ligands

continues. An alternative ligand studied in some detail by Sawyer 60 and Chen et al54

is 2,6-pyridinedicarboxylic acid (DIPIC, See Scheme 1.7). It was reported that no

degradation was observed during a 100 hour test, but the stability of the Fe(III)-

DIPIC is not high enough to prevent precipitation of Fe(OH)3 at the required basic

condition, even at high ligand to iron molar ratios.
61-63

HOOC' 'N' XXXDH

2,6-Pyridinedicarboxylic acid
(DIPIC)

HOOC N

OH

2-Carboxy-8-hydroxyquinoline
(CHQ) '

hooch2c n ch2cooh

2,6-Pyridinediacetic acid
(DIPIA)

H203P^ N' ~po3h2

HOOC' 'N'

2,6-Pyridinediphosphonic acid
(2,6-PDPA)

"P03H2

Pyridine-2-phosphonic-6-carboxylic acid
(2PP6C)

Scheme 1.7 Some alternative ligands in aqeuous Fe(III)/Fe(II) system
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A closely related ligand, 2,6-pyridinediacetic acid (DIPIA) was also

introduced,61 but this ligand showed rapid degradation .

Using molecular mechanics, Hancock et al 61'64 selected 2-carboxy-8-

hydroxyquinoline (CHQ) without methylene groups (-ch2) as an alternative ligand.

It was found that even in the presence of thiosulfate as stabilising agent, CHQ

degraded more rapidly than NTA. No details on the use of CHQ or related ligands

are available as yet.

n-C4H9Li + HPO(OEt)2 LiPO(OEt)2 + n-C4H10

N' "COOH

N' "COOEt
Y
och3

LiPO(OEt)2

VS +

CH3COOH, H2O2

(ch3)2so4

HC1, H20

N' "COOH
Y
O"

EtOH
HC1

N COOEt
Y
O"

(EtO)2OP N COOEt

och3

H203P N "COOH

Scheme 1.8 Synthesis of 2PP6C
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Other interesting candidate ligands which were selected from molecular

mechanics considerations are pyridine-2-phosphonic-6-carboxylic acid (2PP6C) and

2,6-pyridinediphosphonic acid (2,6-PDPA),61' 64-66 which are closely related to

fO

DIPIC, ligands degradation were also reported to certain extent. 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 further information has been given. In fact, the synthesis cost of these ligands

could be the major limiting factor for industrial development. The synthesis of some

ligands involves the use of very toxic starting materials. Scheme 1.8 and 1.9 show

the syntheses of the phosphonate ligand 2PP6C and 2,6-PDPA.

N
Y
O"

(CH3)2SQ4 LiPO(OEt)2

N CH3SO4-
OCH3

/

(EtO)2OP N CH3SO4-
OCH3

LiPO(OEt)2

I
(EtO)2OP^^N ^^PO(EtO)2

(CH3)2S04

HC1, H20

(EtO)2OP N'

CH3COOH
H202

(EtO)2OP' N
Y
O

h2o3p^ n po3h2

Scheme 1.9 Synthesis of 2,6-PDPA
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1.2.2 Non-aqueous LRSR processes

67Peter 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, Ferm et al 68 and Eng et al69 have reported in detail the application

of non-aqueous liquid phase iron chelates in LRSR process, which employed P-

diketonates such as acetylacetone, benzoylacetone, l,l,l-trifluoro-2,4-pentaneadione

and l-phenyl-4,4,4-trifluoro-l,3-butanedione(see Scheme 8) chelating iron in

solvents or solvent mixtures including 1,4-dioxane, dimethyl sulfoxide, N-

formylmorpholine, morpholine and 7V-methylpyrrolidone (NMP), ethanol and

mixtures of the above.

<r/CH2^r/R2 R^/CH^ /R2 /R2if if = ft I — r V0 ° °^h/0

R1 = R2 = H, acetylacetone (acac)
1 9

R = Ph, R = H, benzoylacetone
R1 = CF3, R2= CH3, l,l,l-trifluoro-2,4-pentanedione
R1 = Ph, R2 = CF3, l-phenyl-4,4,4-trifluoro-l,3-butanedione

Scheme 1.10 Tautomerization of a-diketones

These ligands, existing in two tautomeric forms (Scheme 1.10), give

sufficiently stable Fe(III)/Fe(II) complexes in the prefered solvent NMP from their

keto-enol form (Scheme 1.11).68
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ch3 ch3

k -CH

—Fe—

=. / \ ■X x
ch3 ^chx xch3

Scheme 1.11 Structure of tris-(acetylacetonato)iron(III)

pi p2 i OH 2+
/^ TTA• R\ I R^cr —HU »

n A" S C110 0 o-'

R\ on H2CX .R
c , H20 + H0"
II + I >- CH3COCH3 + CH3 COO" + HO*
O O- 333

Scheme 1.12 Proposed degradation scheme for acac

Eng et al investigated the degradation of the Fe(lII)/Fe(II)-acetylacetonate

(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.70 It was found that

the rapid degradation of acac produces acetate and acetone in the re-oxidation of the

Fe(II) complex to the Fe(III) complex, and a mechanism for the degradation of acac-

was proposed which involves attack of the ligand by a hydroxyl radical (Scheme 1.

12).
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Advantages of the non-aqueous LRSR process include enhanced sulphur

quality, reduced sulphur 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(II) chelate LRSR

process appears to be a promising application, the process has not matured beyond

laboratory scale and many of the above claims can't be verified yet.

1.2.3 The Fe(III)/Fe(II) redox couple in combination with biochemical

catalyst regeneration LRSR processes — IRC - BCR processes

In contrast to the Fe(III)/Fe(II) chelate processes discussed above, no organic

ligands or inorganic ligand is used in these processes. To prevent precipitation of

Fe(OH)3 and FeS, the operating pFI should be 1.5 < pH < 2.7. Similar to reaction

(1.17), H2S is oxidized to elemental sulphur by Fe3+.

H2S + 2Fe3+ ► S + 2Fe2+ + 2H + (1.32)

However, the rate of reaction (1.32) at the relative operational pH values
tq -71 Tl

appears to be lower than that for reaction (1.17). ' " Also in contrast to

Fe(III)/Fe(II) chelate processes, which operate at ambient pH (7 < pH < 9) 11, the

dissociation of H2S at acidic condition is negligible.73 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(II) to Fe(III) proceeds too slowly for a

23
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commercial process and therefore regeneration needs to be catalysed. Bacteria

Thiobacillus ferroxidans, immobilized on acid resistant materials (for instance glass

wool) is used.74 In these processes, bacteria may accelerate reaction (1.33) by a

factor of 2 x 10 depending on temperature and pH values. ' '

4 Fe2+ + 02 + 4H+ bacteng 4Fe3+ + 2 H20 (1.33)

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.48 However, Rehmat and Yoshizawa71 questioned that the chemical

costs of Fe(III)/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 < pH < 8.5, 303 < T < 318, CFe ~ 0.02 M ).

77 78' The rate of the regeneration reaction (1.33) can be substantially enhanced (50-

150 %) by certain Thiobacillus ferrooxidans cultures, whereas ligand degradation is

reduced down to undetectable limits. It was explained that ligand degradation results

from strongly oxidizing intermediates, and certain enzymes produced by aerobic

bacteria such as catalase and superoxide dismutase neutralize these intermediates

resulting in reduced ligand degradation.7 ' 0 So far, the microbial/Fe(III)/Fe(II)

chelate application has been tested by laboratory experiments only.
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1.2.4 Pure biological treatment processes

Buisman first disclosed a method for removing H2S or SO2 from gas or waste

streams using microorganisms (THIOPAQ process).81 Gaseous streams are treated in

a caustic scrubber (8 < pH < 9 ). The sulphur rich solution is then treated by

microorganisms. If sulphur is present as SO2, anaerobic treatment by consuming an

electron donor such as H2 or CO or ethanol yields H2S, H2S formation maybe

represented by the simplified reactions:

HSO3" + 3 CO an'baC> HS" + 3C02 (1-34)

HSO3' + 3 H2 HS- + 3 h2O (1.35)

HSO3" + C2H5OH an"baCt> 2HS' + 3 H20 + 2 C02 (1.36)

Prefered bacteria for this anaerobic process include the genera Desulfovibrio,

Desulfotomaculum, Desulfomonas, Desulfobulbus, Desulfobacter, Desulfococcus,

Desulfomema, Desulfo Sarcina, Desulfobacterium and Desulforomas The sulphide

solution is subsequently treated in an aerobic reactor (1. 37). Suitable bacteria for

rm 81 83this aerobic reaction include the genera Thiobacillus thioparus, ' Thiobacillus

concretivorus,84-86 Thiobacillus ferrooxidans,87,88 Chromatium vinosum,89'90

Hyphomicrobium,91 Xanthomonus92 and heterotrophic bacterium.93 Undesired by¬

products appear to be overoxidized sulphur compounds such as sulfate.94

aero.bact.
2HS + 02 2S + 20H" (1.37)
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Pilot plant studies, initiated in 1993, show good technological prospects.95

However, an independent economic evaluation mentions high circulation rates and a

high blown down ratio as specific drawbacks.96

Successful H2S removal with microorganisms was also reported by Gadre

97 98and Sublette, ' both dealing with bench scale studies. However, in these two cases,

sulphate is the main product, not the elemental sulphur.

1.2.5 Metal-plithalocyanine methods of removing hydrogen sulphide

Metal-phthalocyanines were another type of catalysts used for removal /

oxidation of hydrogen sulphide from gas streams.99"109 Iron phthalocyanine, 110,111

cobalt phthalocyanine 112-114 and copper phthalocyanine 115 as well as

alkalphthalocyanine 116 has been studied for this purpose. However, the main

eventual product of H2S is S2O3 " or SO42", not sulphur.117 The minor product,

sulphur, due to the contamination of phthalocyanine complexes, the powerful dyes,

is often green and very difficult to purify to yellow sulphur.

1.2.6 Hydrogen recovery, alternative LRSR processes

Another attractive idea is the recovery of both sulphur and hydrogen in the

same process. Given the low standard enthalpy of formation as compared to water

118and methane, H2S seems a good potential source for hydrogen. The recovery of H2

from H2S according to reaction (1.38) has received attention since the 193O's.3,119,120

However, this reaction is not practical under purely thermal conditions because it is

thermodynamically unfavourable (e.g. at 298 K, AH0 = 20 KJ mol"1, AS = -43 JK"

'mol"1), though the reaction has been accomplished thermally at high temperatures
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(1000°C) and by various photo-, plasma- and electrochemical decomposition

methods.121"127

H2S >■ H2 + S (1. 38)

The processes involving liquid redox cycles seem to have good prospects.

These processes are known as IKC Hybrid and HySulf LRSR processes.

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.128

anode/cathode
2 Fe + 2 H+ 2Fe + H2 (1-39)

Because of the undesired by-product of sulphuric 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 stream reforming.

Therefore, the IKC Hybrid process should be considered as a sulphur recovery

process, rather than an alternative method for H2 production. Given the absence of

organic ligands, the process may be an interesting alternative for Fe(III)/Fe(II)

chelate processes, particularly if the produced H2 can be used for chemical

118
purposes.

The Hysulf process uses an organic redox couple. The original process

consisted of absorption of H2S into a polar organic solvent, for instance NMP,129 then

complexation to the solvent and subsequent reaction with t-butylanthraquinone (t-
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BAQ, see Scheme 1.13) to give sulphur, NMP and h2baq. In a second reactor,

H2BAQ is dehydrogenated over a catalyst to yield H2 and t-BAQ.130-132

H2S + NMP
t=330k

Shk. h2s-nmp (1.40)

H2S-NMP + t-BAQ
T=330 K

S + NMP + H2BAQ (1.41)

h2baq
cat. 480^T<590 K

H2 + t-BAQ (1.42)

In practice, reaction (1.42) produced undesired side product of t-butyl

anthrone. Another drawback of the original process appeared to be the use of

hazardous amide solvents.133

As an alternative, aqueous solutions of quinone / 2,7-sodium anthraquinone

disulfonate together with a hydrogen sulphide complexing agent such as t-

butylamine, a mixture of solvents, for instance, NMP with water as an additive (1-1.5

mole H20 per anthraquinone) is employed. This modification is claimed to yield

better sulphur recovery as well as complete selectivity to anthraquinone.134

Other similar methods include using binuclear Pd-[bis(diphenylphosphino)

methane] complexes or other transition metal-phosphine complexes for the

conversion of H2S to a source of H2 and elemental sulphur.135-147 However, these

researches have been limited to the bench only.
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t-Butylanthraquinone (lBAQ)

t-Butylanthrahydroquinone (F^BAQ)

NaS03

OH

OH

t-Butylanthrone

O O

Quinone

S03Na

2,7-Sodium anthraquinonedisulfonate

Scheme 1.13 Catalysts used in the HySulf process

1.3 Conclusions

During the last century, there have been large numbers of publications and

patents involving processes for sulphur 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 1990's, is now being replaced by Fe(III)/Fe(II)
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chelate systems, 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

sulphur crystallization which lead to foaming and plugging as well as a poor sulphur

quality. These problems call for research, aiming at reduced ligand degradation.

Therefore, 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, including the biological treatment

without an auxiliary redox couple, metal-phthalocyanine methods and the combined

sulphur / hydrogen recovery, are now being studied.

This project aims to improve the Fe(III)/Fe(II)-NTA system by selecting new

ligands, new scavenger of free hydroxyl radical and alternative transition metals. A

novel non-aqueous Fe(III)/Fe(II) redox couple has also been investigated for the

sulphur recovery process.
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Chapter 2

Novel Aqueous Iron Chelating Agents as Catalysts for the

Oxidation of Hydrogen Sulphide to Sulphur by Air

2.1 Introduction

As mentioned in Chapter 1, chelated-iron liquid redox processes are

increasingly employed in a variety of industries to cocurrently absorb and to oxidise

the hydrogen sulphide component of gas streams to elemental sulphur. In most cases

the catalysts used commercially are Fe(III)/Fe(II) chelates and the chelating agent an

aminopolycarboxylic acid such as NTA (nitrilotriacetic acid), EDTA

(ethylenediaminetetraacetic acid) or HEDTA (W-hydroxyethylethylcnediamine-A, N',

A'-triacetic acid). In particular, the Fe(III)/Fe(II)-NTA system, which degrades more

29f
slowly than the other two ligands (EDTA and HEDTA) do in the process, has

been widely applied. Nevertheless, the significant operating costs that are incurred in

the process due to the oxidation and eventual loss of NTA has been the most serious

deficiency, which obstructs the use of this system in large installation for the

removal of hydrogen sulphide by catalytic oxidation. Although the rate of

degradation can be slowed considerably by addition of Na2S2C>3, which is known as

an quite effective scavenger for the hydroxyl radical, in fact, the problem involving

the decomposition of NTA in-process is not resolved satisfactorily yet. The problem

calls for research of novel or more robust ligands in place of NTA.

In this chapter, according to the general chemical criteria below for the

selection of ideal ligand, we screened sixty-seven compounds which can be roughly
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divided into ten types of ligands with a variety of functional groups. The solubilities

and stabilities of Fe(III) complexes of the corresponding ligand in aqueous solution

have been tested first. The catalytic activities of the Fe(III) complexes of the

potential ligands were then tested preliminarily by a simple method using air to

oxidise NaSH to sulphur. Further testing of the potential candidate was carried out in

a 1-liter glass reactor provided by US Filter for the oxidation of hydrogen sulphide to

sulphur by air. The testing results of the potential candidates were compared with

that of the known Fe-NTA system with respect to efficiency and practicality under

the same conditions. Several ligands and Fe(III) complexes have been characterised.

The analytical methods involving the degradation of the promising ligands and

confirmation of the side-products have been also established. In addition, the

mechanism of the oxidative degradation of [(phosphonomethyl)imino]diacetic acid

(NTAP) is proposed. The cyclic voltammograms of the Fe(III) complexes of several

promising ligands are also discussed.

2.2 Criteria for the selection of ideal ligands

An ideal ligand, which is used in aqueous iron complex catalysed hydrogen

sulphide oxidation processes, must meet the chemical criteria below 35 and it is

necessary to possess low toxicity, present no environmental limitations, and be

available in commercial quantities at moderate cost.

i) As gas to liquid mass transfer of H2S is much more efficient on aqueous

systems at high pH value, the Fe(III)/Fe(II) complexes must possess

sufficiently high thermodynamic stability to avoid precipitation of Fe(OFl)2

and Fe(OH)3 at pH up to 9 or more.
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ii) The stability of the Fe(II) complex must be great enough to prevent

precipitation of FeS under the required mildly alkaline conditions.

iii) The difference in stability of the Fe(III) and Fe(II) complexes must be low

enough to allow reduction of the Fe(III) complex by H2S to the Fe(II)

complex. If the Fe(III) complex is too stable, the complex will remain in the

Fe(III) state and no oxidation of FFS will occur.

iv) The stability of the Fe(III) complex must be greater than that of the Fe(II)

complex for the oxidation of the Fe(II) complex by dissolved O2 to be a

highly favoured reaction. Ligands that stabilise Fe(II) over Fe(III) are not

useful in the process.
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2.3 The ligands that have been selected or prepared

2.3.1 Ligands with one sulphur donor

[NH4][SCN]
1

h3c V % SNa

Ammonium thiocyanate 4-Methylbenzenethiol, sodium salt

OCH2SNa

Benzyhnercaptan, sodium salt

2.3.2 Dithiocarbamates and related ligands

NC-C—SNa
II

NC-C—SNa

4

H-C—SNa
II

H-C—SNa

5
Diisodium dimercaptomaleonitrile Disodium ethylene-1,2-dithiol

0=C— SNa
I

0=c—SNa

6

Disodium dithiooxalate

.Ns ^SNa

"N

7

A,Na

Quinoxaline-2,3-dithiol, sodium salt

~S^ COOH

8

Thiobenzoylsulfanylacetic acid

S S
II II

h2n—c—nhhn—c—nh2

Hydrazine-A,N-dicarbothioic
acid diamide

34
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h3ch2c s
N—C—SNa

H3CH2C/
10

(CH3)2HC CH(CH3)2
P—NH—P

(CH3)2HC xS CH(CH3)2
11

Sodium diethyldithiocarbamate Diisopropyl- thiophosphinyl-amido
- diisopropyl-thiophosphinone

2.3.3 Ligands with only oxygen donor groups

,OH OH

2-Hydroxy-5-nitrobenzoic acid 5-Hydroxysalicylic acid

OH
OH

HOOC ^ COOH

14

4-Hydroxyisophthalic acid 3,4,5-Trihydroxybenzoic acid

HOOC COOH

COOH H03S

OH

COOH

16 17

1,2,4-Benzenetricarboxylic acid 5-SuIfosalicylic acid
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2.3.4 Schiffbase ligands

'COONa

18

Sodium salicylate

HON^JST "N = CH

"OH HO'

19

N, A^-2,6-PyridinebLs(salicylideneimine)

N^V

'OH

20

2 - PyridinesaHcyMeneimine

~NH2

OH

21

2-Amino-6-pyridinesalicylideneimine

OH

HC=N -N = CH

-N

// %
)

N
II
CH

OH

OH 23

2-Pyridine- 2'-carboxybenzylideneimine Tris- (2- salicylidenaimo- ethyl)- amine
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24

Tris[A^-(2-pyridylmethyl)-2-irninoethyl]arnine

2.3.5 Heterocyclic donor atom ligands

'S^ -CH2COOH

COOH
25 26

2-Thiopheneacetie acid Thiophene-3-carboxylic acid

^ -COOH
27

Thiopliene-2 -carboxyic acid

"COOH

28

"N OH

S03Na
29

2-Picolinic acid Sodium 2-hydroxyquinoline-8-sulfonate
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HOOC \§/ COOH

n-n

H2N^\g/^NH2
30 31

2,5-Thiophenedicarboxylic acid [13,4]-Thiadiazole-2,5-diarnine

OH

n'

H2N N NH2
32

2,6-Diamino-3 H-pyrimidin-4-one

O

hn y \

J J)=(UnH NH
33

Uric acid

nh

:0

HOOC COOH

w
N NH

Y
c2h5
34

2-Ethyl-1 H-imidazole-
4,5-dicarboxylic acid

HOOC N COOH

35

Pyridine-2,6-dicarboxylic acid

so3h

OH

OH

n

h3c^ n sh

36 37
8-Hydroxyquinoline-5-sulfonic acid 4-Hydroxy-2-mercapto-6-methylpyrimidine

38
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o

t

H3C" "N "COOH
38

5-Methyl-4-oxy-pyrazine-2-carboxylic acid

2.3.6 Ligands with one or two sulphonic acid groups

OH OH SH SH

HO3S-CH-CH-SO3H H2C— CHCH2SO3H
39 40

1,2-Didroxy-ethane-1,2-disulfonic acid 2,3-Dimercapto-1 -propane-sulfonic acid

2.3.7 Ligands containing oxygen and sulphur atoms

NaSCH2COONa HSCH2CH2COOH
41 42

Disodium mercaptoacetate 3-Mercaptopropionic acid

SH SH

HOOCHC—CHCOOH HOCH2CH2—S—CH2CH2OH

43 44
Meso-2,3-dimercaptosuccinic acid 2,2'-Thiodiethanol

O
II

hooch2c—s—ch2cooh hooch2c—s—ch2cooh
o

46

2,2'-Thiodiacetic acid Sulfonyl-bis-acetic acid

45 46

39
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2.3.8 Analogues ofNTA or EDTA

HOH2C—^ CH2OHN—/
N COOH /
L <

COOH COONa
OH

47 48

(2-Hydroxy-phenylimino)-di-acetic acid N, A'-Di-(hydroxyethyl)glycine, sodium salt

HOOC—^ CH2OHN—/
<

COOH

49

[carboxymethyl-(2-hydroxy-ethyl)-amino]-acetic acid

HOH2C—v CH2OH
N—/ K03Sx/ N-S03K

CH2OH k°3S
50 51

Triethanolamine Potassium nitrilosulphonate

Na03S—\ S03Na H03S—v S03H
N—' N —/

< <
S03Na COOH

52 53

Tris-sulphomethyl-amine, sodium salt N,N- Bis- sulfomethyl-glycine

40
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Na03S—^ CH2OHN—/
<
ch2oh
54

Sodium[bis(2-hydroxyethyl)amine]rnethanesulfonate

ho3s- COOH HOOC- COO"

N-

<
COOH

55

Sulfomethyliminodiacetic acid

<
COOH

56
Tri-carboxymethylsulfonium-betaine

HOH2C—^ CH2OHN—/
<

po3h2
57

Bis- (hydroxy-ethyl)phosphono -methylamine

HOH2C—^ PO3H2N—/
<

po3h2
58

{[2-Hydroxyethyl)irnino]bis(methylene)} bisphosphonic acid
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H2O3P—\ PO3H2N—/
<

p03h2
59

Nrtrflo-trimethylenephosphonic acid (NT3AP)

h203p—^
n-ch3

<
p03h2

60

[(Methylphosphonomethylamino)methyI]phosphonic acid (MeNTA2P)

h2o3p—^ po3h2N—/
<
cooh

61

(Bis-phosphonomethylamino)acetic acid (NTA2P)

h203p—\ coohN—/
<
cooh

62

[(Phosphonomethyl)imino]diacetic acid (NTAP)

42

Chapter 2 : Novel Aqueous Iron Chelating Agents as Catalystsfor the Oxidation ofHydrogen
Sulphide to Sulphur by Air



h2O3P^ H2O3P
^ )
n^/^N

PO3H2 ^PO3H2
63

Ethylenediaminetelrarriethylenephosphonic acid (EDTA4P)

PO3H2

N-

H2O3P- ■N

PO3H2A V

<
N-

PO3H2

N-

H2O3P-
64

PO3H2

{[2- {Bis- [2-(bis-phosphonomethyl- amino)- ethyl]-amino}
-ethyI)-phosphonomethyl-amino]-methyl}-phosphonicacid

(NTA6P)

2.3.9 Carboxamide nitrogen ligands

O
N

O

NH

\J
N N N)\=/

65
N, A-Bis-(2-and 3-pyridine-2,6-pyridine dicarboxamide
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66

N, N'-Bis-[2-(2-pyridyl)methyl]pyridine-2,6-dicarboxamide

2.3.10 Ligand with aminephosphinate

COOH COOH

^ J
J 1 I

HOOC °H COOH
67

Bis{[bis(carboxymethyl)amino]methyl}phosphinate (BBCAMP)
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Results and Discussion

2.4 Testing ofthe solubility and stability ofFe(III) complexes of ligands

As an essential requirement for the aqueous alkaline Fe(III)/Fe(II)

coordination processes, the complexes should dissolve in basic solution (pH 8.5 -

9.0) to form very stable solutions. Therefore the solubility and stability of Fe(III)

complexes of ligands were first tested.

2.4.1 Fe(III) complexes of ligands containing one sulphur donor

Fe(III) complexes of ligand 1 (ligand to iron molar ratio 3 : 1 and 6:1) only

dissolved in acidic solution. When the solution was adjusted to pH > 7, a brown solid

precipitated out immediately.

Fe(III) complexes of ligands 2 and 3 (ligand to iron molar ratio 3 : 1 and 6 :

1) are insoluble in either acidic solution or basic solution.

2.4.2 Fe(III) complexes ofdithiocarbamates and related ligands

There are a number of negatively charged ligands capable of coordinating via

two sulphur atoms to a metal ion to form four, five or six-membered metal-

complexes reported.148"152 Ligands 4-11 are the typical representatives of this type

of compounds. Their Fe(III) complexes are extensively studied largely because of

their interesting magnetic properties.153"155

Fe(III) complexes of ligand 4 (ligand to iron molar ratio 2 : 1 and 3:1) are

able to form brown solutions under the required basic condition (pH = 8.5 - 9.0).

Flowever, precipitates were found after storage at room temperature for one week.

Sorbitol used as stabiliser did not improve the results. The cyano-group may have
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limited the stabilities of Fe(III) complexes of ligand 4 in water, unfortunately, an

attempt to convert the cyano group into carboxyl groups was unsuccessful.

Mixtures of Fe(III) and ligands 5 - 7 in 2 : 1 or 3 : 1 molar ratio only

dissolved in an acidic medium to give slightly yellow solutions. As the pH was

adjusted to the required basic condition (pH = 8.5 - 9.0), brown precipitates came out

immediately.

The structure of ligand 8 is interesting. It contains two sulphur atoms and one

carboxyl group, which tend to coordinate to transition metal ion to form stable

complexes. However, Fe(III) complexes of ligand 8 (ligand to iron molar ratio 2 : 1

and 3:1) only dissolved in acidic medium, suspensions were obtained under basic

condition (pH < 12). Surprisingly, when the pH values were adjusted to higher (pH >

12), the suspension disappeared completely to form clear brown solutions. No

precipitates were found when the solutions were re-adjusted to pH 8.5 - 9.0.

However, brown solids were found to precipitate out from the solutions after storage

at room temperature for one week. Addition of sorbitol did not improve the results.

Fe(III) complexes of ligands 9-10 (ligand to iron molar ratio 2 : 1 and 3:1)

did not dissolve when pH <13. However, in stronger basic medium (pH > 13), the

complexes gave stable and clear solutions. The solutions were still stable when re¬

adjusted to pH 8.5 - 9.0 and stored safely at room temperature.

Ligand 11 is known as a typical inorganic analogue of P-diketones.156 Its

Fe(III) complexes (ligand to iron molar ratio 2 : 1 and 3:1) did not dissolve in acidic

medium. However, the complexes formed rather stable solutions in highly basic

condition. Re-adjustment of the pH to 8.5 - 9.0 did not lead to any precipitation.
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2.4.3 Fe(III) complexes of ligands with only oxygen-donor groups

Ligands containing oxygen donor atoms like the carboxylate group and the

phenolate group are of interest for coordination chemistry in aqueous systems.157

Ligands with several negatively charged oxygen donor groups, such as catecholates

and phenolates, are also known to be a preferred ligands for Fe(III) in biological

systems. 158161 Fe(III) complexes of this type of ligands 12-18 (ligand to iron molar

ratio 2 : 1 and 3:1) were found to form stable deep brown solutions in the required

basic medium.

2.4.4 Fe(III)complexes ofScliiffBase ligands

Condensation reactions of carbonyl compounds and primary amines have

provided one of the most important and widely studied classes of chelating ligands —

- Schiff base ligands. Gerlock has reported the preparation and isolation of the

monomelic and dimeric of Fe(salen)n.162'163

Fe(III) complexes of ligands 19-24 (ligand to iron molar ratio 1 : 1, 2 : 1 and

3:1) were prepared. Flowever, the complexes were absolutely insoluble in water.

This precludes the possibility of the application of Schiff bases to aqueous

desulphurization processes.

2.4.5 Fe(III) complexes ofheterocyclic donor atom ligands

Ligands 25 - 28 look like good chelating agents. However, their Fe(III)

complexes (ligand to iron molar ratio 2 : 1 and 3:1) only dissolved in highly acidic

condition to form stable solutions. There were extensive precipitates when the pHs of

the mixture solutions were raised to 4.0.
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Ligand 29 was obtained from the hydrolysis of 2-htdroxyquinoline-8-

sulphonyl chloride. Its Fe(III) complexes (ligand to iron molar ratio 2 : 1 and 3:1)

only dissolved in highly acidic solution (pH less than 3).

Ligand 30 is closely similar in structure to that of 2,6-dicarboxylpyridine. Its

Fe(III) complexes (ligand to iron molar ratio 2 : 1 and 3:1) dissolved in basic

condition. The higher the pH, the better the solubility. Their strong basic solutions

(pH up to 14) were stored for one month without any precipitation.

Ligand 31 containing four nitrogen atoms and one mercapto group seems to

be a good chelating agent. Actually, its Fe(III) complex (ligand to iron molar ratio 2 :

1 or 3 : 1) dissolved in strong acidic solution (pH less than 4.0). A yellow suspension

appeared when the pH of the mixture was adjusted to 12. However, further increase

of the pH value led to the re-dissolving of the suspensions once the pH was over 12.

The solutions could be safely readjusted to pH 8.5 - 9.0 and stored for a long time.

Ligand 32 and Fe(III) (ligand to iron molar ratio 2 : 1 and 3:1) gave

complexes which were soluble in pH >13 solution. The solutions could be safely re¬

adjusted to pH 8.5 - 9.0 without precipitation.

Fe(III) complexes of ligands 33 - 38 (ligand to iron molar ratio 2 : 1 and 3 :

1) only dissolved in acidic medium (pH less than 5.0).

2.4.6 Fe(III) complexes of ligands with one or two sulphonic acids groups

Fe(III) complexes of ligand 39 (ligand to iron molar ratio 1 : 1 and 2:1) were

stable in strong basic medium (pH > 13). The solutions could be re-adjusted to pH

8.5 - 9.0 without precipitation.
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Fe(II) complex of ligand 40 has been used as an absorbent to absorb NO

efficiently in aqueous solution to form a very stable iron nitrosyl complex. 164-166

This prompted us to try the Fe(III)/Fe(II) complexes as catalysts for the oxidation of

H2S to sulphur by air. Fe(III) complex of this ligand (ligand to iron molar ratio 1 : 1

and 2:1) dissolved perfectly in water in a wide range of pH value (pH 1-14) to give

a stable black solutions.

2.4.7 Fe(III) complexes ofcontaining oxygen and sulphur atoms

Both 41 and 42 are bidentate ligands. Mixture of Fe(III) and ligands 41 or 42

(ligand to iron molar ratio 2 : 1 and 3:1) formed stable solutions in the required

basic medium.

Ligand 43, which contains two SH groups and two COOH groups, is a

powerful chelating agent for transition metals. Its Fe(III) complexes (ligand to iron

molar ratio 1 : 1 and 2:1) were highly soluble in a wide range of pFl (1-14) to give

stable deep dark solutions.

Compounds 44 and 45 are tridentate chelating agents. Fe(III) complexes of

ligands 44 or 45 (ligand to iron molar ratio 2 : 1 and 3:1) were soluble in pH >13

solution. And it was safe to adjust the pH to 8.5 - 9.0 without any precipitation.

Ligand 46 was made from the oxidation of thiodiacetic acid. Fe(III)

complexes of ligand 46 (ligand to iron molar ratio 2 : 1 and 3:1) dissolved in highly

basic condition to form stable black solution. The mixture could be re-adjusted to pH

8.5 - 9.0 and stored for several months without precipitation.
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2.4.8 Fe(III) complexes ofanalogues ofNTA or EDTA

Fe(III) complexes of ligands 47 - 50 (ligand to iron molar ratio 1 : 1 and 2 :

1) dissolved in the required pH 8.5 - 9.0 aqueous medium to give very stable red

solutions.

Both ligands 51 and 52 contain three sulphonyl groups. Although the

mixtures of Fe(III) and ligands 51 or 52 (ligand to iron molar ratio 1 : 1 and 2 : 1) did

not dissolved in acidic medium, they dissolved in the required pFl 8.5-9.0 aqueous

medium to afford stable red solutions and are worthwhile for further testing.

Fe(III) complexes of ligands 53 - 55 (ligand to iron molar ratio 1 : 1 and 2 :

1) exhibited different solubilities at different pH value. They formed deep red

solutions at pH < 8, brown suspensions in the range of pH 8.0 - 11.0, and dissolved

again at high pH (> 11.0). Readjustment of the highly basic solution to pH 8.5 - 9.0

gave the stable solution.

Fe(III) complexes of ligand 56 (ligand to iron molar ratio 2 : 1 and 3:1)

dissolved at high pFI value solutions. No precipitates were found when re-adjusted to

pH 8.5 - 9.0.

Compounds 57 - 64 are the phosphonate ligands. Aminoalkylphosphonic

acids are broadly defined as amino acid analogues in which the carboxylic function

is replaced by one or poly-phosphonic functions or related function.

Aminopolyphosphonic acids and their derivatives have also received considerable

attention because of their interesting biological activity.167"169 Metal

aminophosphonate (aminopolyphosphonate) chemistry is attracting increasing

interest because the variety of properties that can be introduced via the phoshonate
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ligands. A number of studies have been reported on the complex formation of such

A-bonded mixed acetic-methyl-phosphonic acids with the alkaline-earth metal ions

2 j 2+ 2+ 2~F 21such as Mg , Ca , Sr or Ba and the divalent transition metal ions such as Mn ,

Fe2+, Co2+, Ni2+, Cu2+, Zn2+, or Cd2+.170"184

Although metal complexes of aminophosphonic acids have been studied

fairly extensively in solution,185"191 Fe(III) complexes of this type of ligands have not

been investigated as catalysts yet. In addition, the number of negative charge of these

ligands is higher than that of the corresponding aminopolycarboxylates such as NTA

or EDTA. Therefore, it would be interesting to try these Fe(III) / Fe(II) complexes as

catalysts for the oxidation of hydrogen sulphide to sulphur by air.

All the Fe(III) complexes of ligands 57 - 62 (ligand to iron molar ratio 1 : 1

and 2 : 1), 63 and 64 (ligand to iron molar ratio 1:1) dissolved in the required pH

8.5 - 9.0 medium to give stable solutions.

2.4.9 Fe(III) complexes ofcarboxamido nitrogens ligands

Investigation of the coordination chemistry of Fe(III) with nonmacrocyclic

chelating ligands containing pyridine amide functionality have received much

attention in recent years.192"195 For a long time, such coordination had been assumed

to be improbable since Fe(III) precipitates out at pH values which are much lower

than that required for the formation of the deprotonated carboxamido donor center.196

However, during last decades, the stable Fe(III) complexes with coordinated
1 Q7 907

carboxamido nitrogens have been characterized structurally. " It now appears that

anionic carboxamido nitrogen donors are good donors for Fe(III) 203 and Fe(III)
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192
complexes with even four such nitrogen donors can be synthesized quite readily.

202

Therefore, Fe(III) complexes of ligands 65 and 66 were synthesized by

following the published procedure.193 A solution of 36 mmol of ligand (11.46 g for

ligand 65 and 13.05 g for ligand 66) and 1.73 g (72 mmol) ofNaH in 25 cm3 of DMF

was slowly added to a solution of 14.28 g (18 mmol) of [Fe(DMF)6](C104)3 in 25

cm of DMF. The resultant orange red solution was stirred for 3 hours, and then the

solvent was removed under vacuum. The red solid, which was obtained without

further washing, was dissolved in the strongly acidic medium to form a very stable

deep red solution. However, a brown solid immediately precipitated out when the

solution were adjusted to pH > 6.0.

2.4.10 Fe(III) complexes of ligand with aminephosphinate

As part of a series of amine phosphinate compounds, ligand 67,

bis{[bis(carboxymethyl)amino]methyl}phosphinate (BBCAMP), was first

synthesized by Maier.204 Amine phosphinates are generally thought to be less

coordinating at neutral pH than amine carboxylates or amine phosphonates because
Of)f\

of the low basicity of the phosphinates. ' However, BBCAMP does not form

stable metal complexes in aqueous solution.207 In a continuing quest for new

chelating ligands, we rediscovered this old ligand whose close resemblance to EDTA

demands attention. Interestingly, Fe(III) complex of ligand 67 (ligand to iron molar

ratio 1 : 1) formed very stable and red solution in the required pH 8.5 - 9.0 medium.
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2.5 Preliminary test of the catalytic activity

Based on the above observation of solubility and stability, the Fe(III)

complexes of ligands 10 - 18, 30 - 32, 39 - 64 and 67, which are stable in the

required basic solution (pH 8.5 - 9.0), were tested by a simple method for the

catalytic oxidation of sodium hydrogen sulphide to sulphur by air. The results are

listed in Table 2.1.

As shown in Table 2.1, Fe(III) complexes of ligands 11, 41 and 42 have no

catalytic activities at all for the oxidation of sodium hydrogen sulphide to sulphur by

air. For ligands 41 and 42, the black suspensions of FeS, which were formed by

addition of sodium hydrogen sulphide, did not disappear and no sulphur was found

when air was bubbled into the mixture solution. Ligand 11 is a very tricky one. To a

solution of Fe(III) complex of ligand 11 (pH = 8.5) was added NaSH to form a black

suspension. When air was bubbled in, the dark suspension immediately disappeared

and white solid precipitated out quickly, the solution became clear again. The white

solid was initially presumed to be sulphur. However, analysis of the white solid by
Til

HPLC displayed no sulphur peak, and " P-{ H} NMR spectrum confirmed that it is

the starting ligand 11 (5p 69 ppm). This means that its complex decomposed rapidly

in this process and has no catalytic ability at all for the oxidation of HS" to sulphur.
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation of NaSH to S

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observation and Comments

10 2 : 1 or 3 : 1 0.30a Yes

Grey sulphur formed and blue

suspension became clear

11 2 : 1 or 3 : 1 0.30a No

White ligand precipitated out,

solution became very clear

12 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, the
mixture became opaque, some dark
solid precipitated together with

sulphur, complex decomposed

obviously

13 2 : 1 or 3 : 1 0.30a Yes

Black suspensions solution

disappeared, the mixture became

opaque, some dark solid

precipitated together with sulphur,

complex decomposed visually

14 2 : 1 or 3 : 1 0.30a Yes

Deep dark suspension disappeared,
the mixture became opaque, a lot of
brown solid precipitated together
with sulphur

15 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, the
mixture became opaque, a lot of
dark solid precipitated together with

sulphur

16 2 : 1 or 3 : 1 0.30" Yes

Dark suspension disappeared, the
mixture became opaque, black solid

precipitated together with sulphur
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation of NaSH to S

(continued)

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observations and Comments

17 2 : 1 or 3 : 1 0.30a Yes

Deep green suspension disappeared,
the mixture became opaque, some

black solid precipitated together
with sulphur, complex decomposed

obviously

18 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, the
mixture became opaque, some dark
solid precipitated together with

sulphur, complex decomposed

obviously

30 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, the mixture
solution became clear

31 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, the reactant

solution became clear

32 2 . 1 or 3 : 1 0.3'/a Yes

Disappearance of black suspension
too slow, and sulphur formation too

few, the resultant solution became

opaque

39 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared,
solution became opaque, some

black solid precipitated together
with sulphur, complex obviously

decomposed
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation of NaSH to S

(continued)

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observations and Comments

40 1 : 1 or 2 : 1 0.50b Yes

Black suspension disappeared, grey

sulphur came out, and the reactant

solution became clear

41 2 : 1 or 3 : 1 0.30a No Black suspension remained

42 2 : 1 or 3 : 1 0.30a No Black suspension remained

43 1 : 1 or 2 : 1 0.57b Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

44 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

45 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

46 2 : 1 or 3 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

47 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared very

slowly. Some darkly stick solid
came out together with grey

sulphur. That means that complex

decomposed
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation of NaSH to S

(continued)

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observations and Comments

48 1 : 1 or 2 : 1 0.51b Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

49 1 : 1 or 2 : 1 0.50b Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

50 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared very

slowly. Sulphur came out very

slowly, too

51 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

52 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

53 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

54 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

55 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation ofNaSH to S

(continued)

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observations and Comments

56 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

57 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

58 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

59 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

60 1 : 1 or 2 : 1 0.30a Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

61 1 : 1 or 2 : 1 1.20d Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

62 1 : 1 or 2 : 1 3.00e Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

63 1 : 1 0.90c Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear
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Table 2.1 Catalytic activities of Fe(III) complexes for oxidation ofNaSH to S

(continued)

Ligand L : Fe (molar

ratio)

Added

NaSH (g)

Sulphur
Formation

Observations and Comments

64 1 : 1 1.20d Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

67 1 ; 1 0.60b Yes

Black suspension disappeared, grey

sulphur came out, and solution
became clear

a Added in one portion; Added in two portions;c Added in three portions; Added in four portions;e
Added in ten portions.

In the cases of Fe(III) complexes of ligands 12-18 and 39 there was sulphur

found to some extent which were confirmed by HPLC, but meanwhile, the reactant

solution became rather opaque, sometimes dark or brown solid other than sulphur

precipitated out. This suggested that the complexes of Fe(III) are unsuitable for the

catalytic oxidation of HS" to sulphur by air.

For ligands 32, 47 and 50, however, there were little sulphur found in the

processes, the dark suspension disappeared rather slowly. It took a long time to

recover its initial colour of the starting solution. This implies that Fe(III) complexes

of these ligands do not show enough catalytic activities for the oxidation of HS" to

sulphur.

Fe(III) complexes of ligands 10, 30, 31, 40, 43 - 46, 48, 49, 51 - 64 and 67

look encouraging, further testing on these ligands was proceeded for the oxidation of

H2S to sulphur by air in 1-liter reactor continuously.
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2.6 Further testing of the catalytic activity for the oxidation ofH2S to sulphur

by air

Further testings of catalytic activities of Fe(III) complexes of ligands 10, 30,

31, 40, 43 - 46, 48, 49, 51 - 64 and 67 have been carried out in a 1-liter reactor

continuously. The results are listed in Table 2.2.

Although Fe(III) complexes of ligands 10, 30, 31, 40, 43 - 46, 48, 49, 51 - 58

and 63 exhibit catalytic activities to different extents, the rapid degradation of the

ligands and the poor stabilities of the Fe(III) complexes in the processes are found to

be the common setbacks. It is apparent that the Fe(III) complexes of these ligands are

not suitable as catalysts for the oxidation of hydrogen sulphide to sulphur by air.

On the other hand, ligands 59, 60 - 62, 64 and 67 seem quite promising, all

were consequently further investigated and compared with NTA.
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Table 2.2 Air oxidation of H2S to sulphur catalysed by Fe(III) complexes

([Fe] = 18 mmol)

Ligand

L:Fe

(molar

ratio)

H2S Flow

Rate

(cm3min~1)

Air Flow

Rate

(cm3min"')
PH

Test

Time

(h)

Results and Comments

10 2 : 1 2.00 700 8.5 5

Black suspension

remained, little sulphur
and severe tail gas

30 2 : 1 2.00 700 8.5 15.5

Yellow suspension,
severe tail gas and little

sulphur

31 2 : 1 2.00 700 8.5 5

Black suspension

remained, severe tail gas

and very little sulphur

40 2 : 1 2.00 700 8.5 15

Black suspension

remained, severe tail gas

and little sulphur
43 3 : 1 2.00 700 8.5 20 Milk suspension, severe

tail gas and little sulphur

44 2 : 1 2.00 700 8.5 8

Reactant solution

became suspension and
the system lost activity

45 2 : 1 2.00 700 8.5 7

Reactant solution

became suspension,

complex decomposed

quickly
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Table 2.2 Air oxidation of H2S to sulphur catalysed by Fe(III) complexes

([Fe] = 18 mmol) (continued)

Ligand

L:Fe

(molar

ratio)

H2S Flow

Rate

(cm3min"1)

Air Flow

Rate

(cm3min"')
pH

Test

Time

(h)

Results and Comments

46 2 : 1 2 : 1 700 8.5 8

The solution became

opaque, the complex

decomposed quickly

48 2 : 1 2.00 700 8.5 60

The system only worked
for 60 hours. The

reactant solution became

deep dark and FeS was

formed gradually

49 2 : 1 2.00 700 8.5 51.3

The complex was

deactivated in 50 hours.

The reactant solution

became opaque and dark

precipitate FeS was

found. The complex

degraded gradually

51 2 : 1 2.00 700 8.5 10.5

Brown suspension,
severe tail gas and little

sulphur

52 2 : 1 2.00 700 8.5 7

Brown suspension,
severe tail gas and little

sulphur

53 2 : 1 2.00 700 8.5 21.5

Deep brown solution, no

sulphur. Severe tail gas

was found in 21 hours
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Table 2.2 Air oxidation of H2S to sulphur catalysed by Fe(III) complexes

([Fe] = 18 mmol) (continued)

Ligand

L:Fe

(molar

ratio)

H2S Flow

Rate

(cm3min_1)

Air Flow

Rate

(cm3min1)
PH

Test

Time

(h)

Results and Comments

54 2 : 1 2.00 700 8.5 13

Deep brown became

opaque, severe tail gas

was found in 11 hours

55 2 : 1 2.00 700 8.5 22.5

Severe tail gas and black
solution were found

after 15 hour in the

process. The complex

decomposed very

rapidly

56 2 : 1 2.00 700 8.5 20

Brown suspension,
severe tail gas and little

sulphur were found

57 2 : 1 2.00 700 8.5 20

Dark green solution,
severe tail gas was

found in 9 hours and the

reactant solution became

suspension

58 2 : 1 2.00 700 8.5 25.5

Very severe tail gas in
25 hour. The colour of

the reactant solution

became deep dark from
brown

59 2 : 1 2.00 700 8.5 100 A lot of sulphur, trace

tail gas

63

Chapter 2 : Novel Aqueous Iron Chelating Agents as Catalystsfor the Oxidation ofHydrogen
Sulphide to Sulphur by Air



Table 2.2 Air oxidation of H2S to sulphur catalysed by Fe(III) complexes

([Fe] =18 mmol) (continued)

Ligand

L:Fe

(molar

ratio)

H2S Flow

Rate

(cm3min~')

Air Flow

Rate

(cm3min_1)
PH

Test

Time

(h)

Results and

Comments

60 2 : 1 2.00 700 8.5 100 A lot of sulphur,
trace tail gas

61 2 : 1 2.00 700 8.5 100 A lot of sulphur,
trace tail gas

62 2 : 1 2.00 700 8.5 200 A lot of sulphur, no

tail gas

63 1 : 1 2.00 700 8.5 4.5

Very severe tail gas

and opaque black

suspension
64 1 : 1 2.00 700 8.5 70 A lot of sulphur,

trace tail gas

67 1 : 1 2.00 700 8.5 105 A lot of sulphur, no

tail gas

2.7 Comparison investigation ofthe catalytic activities of iron complexes of

ligands of59 - 62, 64 and 67 against NTA

Since ligands 59 - 62, 64 and 67 show good results in the continuous test in

1-litre reactor, their Fe(III) complexes were further investigated in details concerning

the conversion of hydrogen sulphide to sulphur, tail gas, the conversion of H2S to

S2O32" and SO42" and the half life and degradation of ligands. The results were

compared with that ofNTA.
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Direct analyses of ligands 59 - 62, 64 and 67 with the absorbed solutions by

31P-{1H} NMR were unsuccessful due to the paramagnetic properties of their Fe(III)

complexes. Indirect analyses of ligands 59 - 62, 64 and 67 by 31P-{'H} NMR by

addition of excess boric acid and NaOH to the absorbed solutions to precipitate iron

ions and to release the ligands and their related components of degradation has been

developed successfully. The analyses of NTA and its corresponding degradation

components were carried out directly according to the previous reported HPLC

method.208 The conversions of H2S to S, H2S to CuS, S2032" and SO42", and the loss

rate of iron ion are defined as follows:

[H2S] s
Conversion ofH2S to S =

[H2S] S + [H2S] S203+ [H2S] SQ4 +[H2S] CuS

X 100%

Conversion ofH2S to S2O32
[H2S] S203

X 100%
[H2S] s + [H2S] S203 + [H2S] S04 + [H2S] CuS

Conversion ofH2S to SO42
[H2S]S04

X 100%
[H2S] S > [H2S] S2Q3 + [H2S] s04+[H2S] CuS

[H2S] CuS
Conversion ofH2S to CuS x 100%

[H2S] s + [H2S] S203 + [H2S] S04 +[H2S] CuS

[^e] starting solution " [Fe] resulting solution
Loss rate of iron = (mg / L / h)

[Fe] starting solution
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Where [H2S]s + [t^SfcuS + [H2S]s203 + [H2S]so4 represents the total amounts of the

2 2
consumption of H2S which is converted into S, CuS, S2O3 " and SOT". [Fe]

represents the total concentration of Fe3+ ion and Fe2+ ion in the absorbed solution.

The 5p of ligands 59 - 62, 64 and 67 and their corresponding phosphorus-

containing decomposition components are listed in Table 2.3. Since the Sp of the

ligands depends on the basicity of the aqueous solution, all the spectra were recorded

at pH 13.

Signals were assigned to the proposed phosphorus-containing degradation

compounds by comparing with known compounds. The quantitative calculations of

the ligands and its corresponding phosphorus-containing degradation components

were carried out by addition of an internal standard HOOCCH2PO3H2 to the sample

solution before the removals of Fe(III) and Fe(II) ions. Peak area ratios of each

ligand and its corresponding phosphorus-containing degradation components relative

to the internal standard HOOCCH2PO3H2 were obtained as the values for

quantitative calculation for each special sample which was taken from the absorbed

solution with regular intervals of reaction time. The final calculations of the percent

of the ligand and its phosphorus-containing degradation components for the same

Fe(III) complex, which has been tested for hours, are based on the peak area ratio of

the ligand of the starting solution relative to the internal standard HOOCCH2PO3H2,

which is assigned arbitrarily to be 100 %. The peak area ratio and the percent of the

ligand and its phosphorus-containing degradation components are defined as follows:
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Ht Cs
Peak area ratio (R) = x

Hs Ct
O

Percent ofcomponent (%) = x 100
Ro

Where R represents the peak area ratios of the ligands and their corresponding

phosphorus-containing degradation components in the sample taken from the

absorbed solution relative to the internal standard HOOCCH2PO3H2. Ht and Hs are

the practical peak area (mm2) of the 31P-{'H} NMR of the sample and the standard

internal compound, respectively. Cs and Ct stand for the concentrations (mM) of the

standard internal compound and the sample, respectively. Rq is the peak area ratio of

the ligand of the starting solution relative to the internal standard HOOCCH2PO3H2.
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Table 2.3 31P-{'H} NMR of ligands 59 - 62, 64 and 67 as well as the decomposed

compounds [a. in strong basic solution (pH = 13); b. the quantitative calculation

peak; c. internal standard]

Compounds Formula Abbreviation 31P-{'H} NMR

(Sp, ppm)

59 N(CH2P03H2)3 NTA3P 17.8a'b

60 MeN(CH2P03H2)2 MeNTA2P 14. la'b

61 N(CH2P03H2)2CH2COOH NTA2P 17.5a'b

62 n(ch2cooh)2 ch2po3h2 NTAP 17.0a'b

64 N[(CH2CH2N

(ch2po3h2)2]3

NTA6P 18.1 a'b

67 (H203PCH2)2NCH2P(0)(0

H)CH2N(CH2P03H2)2

BBCAMP 18.8a'b

Decomposed

component

hoocch2nch2po3h2 17.6a

Decomposed

component

h2nch2po3h2 20.2a

Decomposed

component

hoocpo3h2 1.0a

Decomposed

component

h3po4 5.4a

Decomposed

component

h3po3 3.3a

Internal standard hoocch2po3h2 c 15.6a
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Table 2.4 Catalytic activities of Fe(III) complexes of ligands 59 - 62, 64 and 67 on

the conversion of H2S to S and by products, compared with NTA

Ligand NTA 59 NTA3P 60 MeNTA2P 61 NTA2P

Test time (h) 100 50 100 100.5

L : Fe (molar

ratio)

2 : 1 2 : 1 3 : 1 2 : 1

Conversion of

H2S to S

(%)

92.8 67.4 71.3 76.6

Conversion of

H2S to CuS

(%)

0 0.1 1.2 13.6

Conversion of

H2S to S2032"
(%)

1.8 17.9 5.4 4.1

Conversion of

H2S to SO42

(%)

5.4 14.6 22.0 5.7

Loss rate of

iron (mg/L/h)

0.75 22.59 2.64 1.47

Half life of

ligand (h)

39.8 27.8 49.4 57.1
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Table 2.4 Catalytic activities of Fe(III) complexes of ligands 59 - 62, 64 and 67 on

the conversion of H2S to S and by products, compared with NTA (continued)

Ligand NTA 62 NTAP 64 NTA6P 67

BBCAMP

Test time (h) 100 100 50 105

L : Fe (molar

ratio)

2 : 1 2 : 1 1.1 : 1 1.1 : 1

Conversion of

H2S to S

(%)

92.8 93.4 79.8 80.9

Conversion of

H2S to CuS

(%)

0 0 0.1 0

Conversion of

H2S to S2032"
(%)

1.8 3.4 15.5 16.1

Conversion of

H2S to S042"
(%)

5.4 3.2 4.6 3.0

Loss rate of

iron (mg/L/h)

0.75 0.90 0.44 0.33

Half life of

ligand (h)

39.8 50.5 160.8 53.5
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The comparative results on the catalytic activities of Fe(III) complexes of

ligands 59 - 62, 64 and 67 against NTA are listed in Table 2.4. Poor conversion rate

of H2S to S and the extensive formation of by products are found for the Fe(III)

complexes of all the potential ligands apart from ligand 62. The severe iron ion loss

and trace tail gas for the systems involving ligands 59 - 61 proved that the catalytic

activities and the stabilities of the Fe(III) complexes of ligands 59, 60 and 61 are

worse than NTA. Even more loss of iron was found when ligand 59 was used.

Although less loss of iron in the cases of ligands 64 and 67 than NTA is found, the

catalytic activities proved to be poor. Surprisingly, ligand 62 shows highly efficient

conversion of hydrogen sulphide to sulphur while rather low conversion of H2S to

S2O32" and SO42". It also displays longer lifetime than NTA. All these factors make

ligand 62 a potential alternative of NTA for the oxidation of hydrogen sulphide to

sulphur by air.

2.8 Studies ofdegradation of the ligands

The degradation rate and half-life of ligands 59 - 62, 64, 67 and NTA (only

used as comparison) with different ligand to iron molar ratio are illustrated in Table

2.5. Monitoring by 3IP-{1H} NMR revealed the continuous decrease of the ligand

and progressive formation of degradation products during the process. For Fe(III)

complexes of ligand 59 with ligand to iron molar ratio of 1 : 1 and 2:1, the half life

of ligand is only 13.7 hours and 27.8 hours respectively, both shorter than the

corresponding values ofNTA (18.7 hours and 36.3 hours) under the same conditions.

This means that ligand 59 decomposed more rapidly than NTA. The half-life of

ligands 60 - 62, 64 and 67 are longer than that of NTA under the same conditions.
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In fact, the half-life of a ligand also depends upon ligand to iron molar ratio.

Higher ligand to iron molar ratio shows longer half-life of a ligand. In addition, there

is another interesting phenomenon worth mentioning, that is, the longer the testing

runs, the longer the half life of the ligand is. This can be explained since longer
'y

running of the experiment testing produced more S2O3 " which is known to be an

effective scavenger of hydroxyl radical or other free radicals in the process.

CH2P03
"OOCH2C-N-H

\ 2ch2po32

CH2POi
ooch2c—n-h2

"OOC—COO" H3N—CH2COO" H3N—CH2po3
2-

t

HCOO" NH, "OOCPO
2-

co.

Scheme 2.1 Proposed degradation scheme for ligand 62 NTAP
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Table 2.5 Relative degradation rates and half life of ligands

Ligand Ligand to

Iron Molar

Ratio

Iron

(mM)

Test

Duration

(h)

1st Order Rate

Constant of Ligand

Degradation (IT1)

Half Life

of Ligand

(h)

NTA 1.1 : 1 18 50 0.0371 18.7

NTA 2.0 : 1 18 50 0.0191 36.3

NTA 2.0 : 1 18 100 0.0174 39.8

59 NTA3P 2.0 : 1 18 50 0.0249 27.8

59 NTA3P 1.1 : 1 18 50 0.0506 13.7

60 MeNTA2P 2.0 : 1 18 50 0.0181 38.3

60 MeNTA2P 3.0: 1 18 50 0.0140 49.4

60 MeNTA2P 3.0 : 1 18 100 0.0147 47.2

61 NTA2P 1.1 : 1 18 50 0.0159 31.5

61 NTA2P 2.0 : 1 18 100 0.0121 57.1

62 NTAP 1.1 : 1 18 50 0.0182 38.0

62 NTAP 2.0 : 1 18 100 0.0137 50.5

64 NTA6P 1.1 : 1 18 50 0.0043 160.8

67 BBCAMP 1.1 : 1 18 105 0.0130 53.5
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Similar to the degradation of NTA, a mechanism of degradation of ligand 62

is proposed as in Scheme 2.1. The oxidation and cleavage of the acetate and the

methylene phosphonate groups lead to the formation of a series of lower molecular

weight compounds. However, only phosphorus-containing intermediates can be
"j 1 1

measured by P-{ H} NMR. The non-phosphorus-containing intermediates were not

determined. The degradation products have also been reported as oxidation products

when compound 62 was oxidised by molecular oxygen in the presence of manganese

209 and as biodegradation products when compound 62 was decomposed by micro-

210
organisms from industrial activated sludge.

Fig. 2.1 and Table 2.6 show the relationship between the concentration of

NTAP and its major degradation products versus time in the absorption process. In

the early stage of the testing, H00CCH2N(H)CH2P03H2, the main degradation

product, increased rapidly while NTAP decreased sharply. In about 70 hours, the

increase of HOOCCH2N(H)CH2P03H2 and the decrease of NTAP became steady.

However, in the whole process the eventual degradation product, H3PO4 increased

progressively with the increase of the reaction time. The HOOCCH2N(H)CH2P03H2

obviously decomposed further into smaller molecules until eventually to H3PO4,

CO32" and NH4+.

----- 74

Chapter 2 : Novel Aqueous Iron Chelating Agents as Catalysts for the Oxidation ofHydrogen
Sulphide to Sulphur by Air



c/>

0 50 100 150

Test time (h)

Fig. 2.1 Curves ofthe degradation ofNTAP and the formation of its major

degraded components in the Fe(III)-NTAP

Table 2.6 Concentration of ligand 62 NTAP and its major decomposition products
versus time

Time (h) 62 NTAP (mM) HOOCCH2NHCH2PO3H2

(mM)

H3PO4 (mM)

0 36.00 0 0

20 29.70 4.34 3.01

41 23.32 6.50 6.21

62.5 19.28 7.47 10.51

80 16.40 8.05 10.80

100 14.72 8.71 11.20
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Table 2.7 shows the detailed comparison of ligand 60 - 62 against NTA in

terms of commercial practicality. Low consumption of ligand per kg sulphur

recovery was found in the case of ligand 62 (394.3 g of NTAP / per kg of sulphur).

This number was even lower than that of NTA (528.0 g of NTA per kg of sulphur).

In addition, the conversion of H2S to sulphur for ligand 62 (93.3 %) is also

comparable with NTA (92.9 %). If the commercial price of NTAP were close to that

of NTA, NTAP would be a good alternative to NTA. However, NTAP is more

expensive than NTA according to Aldrich (2002-2003) catalogue.

Table 2.7 Comparison of ligands 60 - 62 against NTA without the scavenger

Na2S2C>3

Ligand 60 MeNTA2P 61 NTA2P 62 NTAP NTA

Ligand : Fe (molar

ratio)

3 : 1 2 : 1 2 : 1 2 : 1

Test time (h) 100 100.5 100 100

Conversion of H2S

to S (%)

71.34 76.60 93.34 92.85

Conversion of H2S

to CuS (%)

1.24 13.61 0 0

Conversion of H2S

to S2O32" (%)

5.35 4.12 3.38 1.77

Half life (h) 47.2 57.1 50.5 39.9

Loss rate of Fe

(mg/L/h)

2.64 1.47 0.90 0.75

Loss of ligand per

kg of S (g)

781.51 614.18 394.25 528.01
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2.9 Studies of iron chelate stabilisation

The degradation of a ligand is a complex process. Knowledge of the

mechanism of NTA decomposition has enabled the inventors of the Fe-NTA system

to control the degradation, which has become a key to using it in practice. Because

NTA is usually very stable, and the degradation occurs during the re-oxidation of the

ferrous-ligand system with air (molecular oxygen), it has been suggested that only

free radicals have enough energy to decompose these chelating ligands. The reviews

by Walling 211 and Wieckowska 1 indicate that the hydroxyl radical may be formed

under the reaction conditions that prevail, leading to the decomposition of ligand.

2Fe(II)L + 02 + 2H + *-2Fe(III)L + H202 (2.1)

Fe(II)L + H202 *-Fe(III)L + -OH + OH" (2.2)

Fe(II)L + H202 ^Fe(III)L + OH" (2-3)

L + *OH *- degradation products (2-4)

L stands lor ligand

The stabilizing effect of thiosulphate for Fe(III)-NTA system, reported

29f • • 56 212
previously by McManus , as well as other stabilizers described by Diaz ' and

Bedell213 could be understood since they have one property in common. They are all

free radical scavengers, and reducing the degradation of ligands by decreasing the

concentration of free radical on the reaction mixture. Thiosulphate has been

17
demonstrated to remarkably increase the stability of NTA in the process.

Thiosulphate was selected as the agent of choice based on its low cost, chemical
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compatibility, low toxicity, good performance and the fact that it can be generated

in-situ from H2S. Naturally, we also applied thiosulphate to our experiments as a

scavenger of hydroxyl radical in order to reduce the degradation of ligand in the

process.

0 50 100

Time (h)

150

Fig. 2.2 Degradation ofFe(III)-NTA at pH 8.5 (a, only NTA; b, NTA with 7 %

Na2S203)
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Time (h)

Fig. 23 Degradation ofFe(III)-MeNTA2P at pH 8.5 (c, only MeNTA2P; d,
MeNTA2P with 7 % Na2S203)

Time (h)

Fig. 2.4 Degradation ofFe(III)-NTA2P at pH 8.5 (e, only NTA2P; f, NTA2P with 7
% Na2S203)
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Time (h)

Fig. 2.5 Degradation of Fe(III)-NTAP at pH 8.5 (g, only NTAP; h, NTAP with 7 %

Na2S203)

Fig. 2.2 - 2.5 and Table 2.8 show that thiosulphate has slowed down the

degradation of ligands 60 - 62 and NTA to a different extent. The presence of

thiosulphate apparently enhances the selectivity of sulphur formation for all the

cases. The application of thiosulphate as scavenger seems more suitable for NTA

than for ligands 60 - 62. Concerning the series of ligands 60 - 62, thiosulphate is

more effective for ligand 61 on the stabilisation of ligand or anti-oxidation of ligand

in the process.
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Table 2.8 Comparison of ligands 60 - 62 against NTA in the presence of sodium

thiosulphate (7 %)

Ligand 60 MeNTA2P 61 NTA2P 62 NTAP NTA

Ligand : Fe (molar

ratio)

3 : 1 2 : 1 2 : 1 2 : 1

Test Time (h) 100 109 213 213

Conversion of HFS

to S (%)

93.77 84.29 97.26 97.16

Conversion of H2S

to CuS (%)

0 8.56 0 0

Conversion of H2S

to S2O32" (%)

0.64 2.58 1.67 -1.54

Half Life (h) 127.3 473.5 170.5 246.6

Loss Rate of Fe

(mg/L/h)

2.35 0.97 0.54 0.68

Loss of Ligand per

kgofS (g)

291.00 149.30 155.83 135.38

2.10 Cyclic voltammogram studies

It is known that the oxidation state +2 and +3 dominate in iron solution

chemistry. The standard reduction potential Ef) of ferric to ferrous ion under standard

conditions is + 0.770 V.214 Actually, the redox potential of Fe(III)/Fe(II) is largely

dependent upon its coordination state and the medium in which it is measured.215'216

The cyclic voltammetries of Fe(III)-NTA complexes at different conditions including
"717 7 1 Q

solvent, pH value, molar ratio and so on have been previously studied. " The

characteristic of the monomer-dimer equilibrium in the Fe(III)-NTA system at pH =

6.0 has been also established.220 In order to explore the relationship between the
— 81
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catalytic activities of the Fe(III) complexes of ligands 59 - 62 and their redox

potential, their cyclic voltammograms have been acquired and compared with that of

Fe(III)-NTA. All cyclic voltammograms were recorded in aqueous solutions at the

same conditions: pH = 8.5, [Fe(III)] = 20.0 x 10"3 mol dm"3, [ligand] = 40.0 x 10"3

mol dm"3. The results are listed in Fig. 2.6 - 2.10.

Table 2.9 Half-wave potentials of Fe(III)-complexes of ligands 59 - 62 and
NTA (V vs. saturated calomel electrode, SCE)

Ligand 59 NTA3P 60 MeNTA2P 61 NTA2P 62 NTAP NTA

Em

(V vs. SCE)

- 0.664 - 0.679 - 0.674 -0.638 - 0.603

Fig. 2.6 Cyclic voltammogram of Fe(III)-NTA in H2O (scan rate 50 mV s"1) at pH

8.5, [Fe(III)] = 20.0 x 10"3 mol dm"3, [NTA] = 40.0 x 10"3 mol dm"3
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Fig. 2.7 Cycylic voltammogram of Fe(III)-NTA3P in H2O (scan rate 50 mV s"1) at

pH 8.5, [Fe(III)] = 20.0 x 10"3 mol dm"3, [NTA3P] = 40.0 x 10"3 mol dm"3

Fig. 2.8 Cyclic voltammogram of Fe(III)-MeNT2P in H2O (scan rate 50 mV s"1) at

pH 8.5, [Fe(III) = 20.0 x 10"3 mol dm"3, [MeNTA2P] = 40.0 x 10"3 mol dm"3
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Fig. 2.9 Cyclic voltammogram of Fe(III)-NTA2P in H2O (scan rate 50 mV s"1) at

pH 8.5, [Fe(III)] = 20.0 x 10"3 mol dm"3, [NTA2P] = 40.0 x 10"3 mol dm"3

3 -
- 0.440 V

/-x 2

/ n

)

' ' / y" ' vJ

1 -1.5 -1 /-0.5 -11
/ ~2

L / "3 ~
4 -

-0.836 V
-5 -

E/Vv.sS.C.E

Fig. 2.10 Cyclic voltammogram of Fe(III)-NTAP in H2O (scan rate 50 mV s"1) at

pH 8.5, [Fe(III)] = 20.0 x 10"3 mol dm"3, [NTAP] = 40.0 x 10"3 mol dm"3
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The sensitivity of the Fe(III)/Fe(II) redox potential is neatly reflected in the

electrochemical behaviour of these complexes when examined by cyclic

voltammetry. The cathodic wave can be assigned to the reduction process, and

anodic wave is due to complementary oxidation reaction. One-electron redox process

in all cases can be expressed as the following equation (2.5).

[Fe111!^]9"'7"'5"'3" + e" , [Fe"^] ">-• S-. 6-. 4-

L stands for NTA, NTAP, NTA2P, NTA3P and MeNTA2P, respectively

The half-wave potentials E\a for the above redox couples are calculated as

the average of the cathodic potential (Ape) and anodic potential (£pa) and are

collected in Table 2.9.

£1/2 = 1/2 (Apc + Apa)

The half-wave potentials (£1/2) are influenced mainly by the ligand electronic

properties arising from the donor atom types. The aminomethylphosphonate group

tends to provide an extra stability to +3 oxidation-state of iron relative to the

aminomethylcarboxylate group. It is readily noted that the highly negative reduction

potentials (- 0.63 — 0.70 V vs. SCE) for Fe(III) complexes of MeNTA2P, NTA3P,

NTA2P and NTAP were obtained. These Fe(III) complexes comprise at least one

methylphosphonate group around Fe(III) centre. The redox potentials of Fe(III)

complexes tends to shift toward more negative values when the number of negatively

charged methylphosphonic group of ligand is increased. It has been reported that

methylphosphonate group stabilises the Fe(III) centre to a great extent than the
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991 999

carboxylates and phenolates. ' That the Fe(III) complexes of the

methylphosphonate-containing ligands are more stable than Fe(III)-NTA could be

accounted for from that the stability of Fe(III) centre arises from electrostatic effects

of the negatively-charged donors.

The order of the half-wave potential of the Fe(III) shifting to more negative

value compared to the standard redox potential is Fe(III)-MeNTA2P 60 > Fe(III)-

NTA2P 61 > Fe(III)-NTA3P 59 > Fe(III)-NTAP 62 > Fe(III)-NTA, suggesting these

Fe(III) complexes following the same order of stabilities. However, for a Fe(III)

complex which is used as a catalyst for the catalytic oxidation of H2S to sulphur,

high stability does not always mean high catalytic activity. Too high stability makes

it difficult for H2S to reduce Fe(III) complex to Fe(II) complex. It seems that Fe(III)-

NTA, Fe(II)-NTA, which show similar half-wave potential and stability to each

other, are appropriate for the reduction with H2S. Fe(III)-NTAP proves slightly better

than Fe(III)-NTA as catalyst for the oxidation of hydrogen sulphide to sulphur by air.

2.11 Conclusions

Sixty-seven compounds, up to ten types, have been screened in order to find

an alternative ligand to NTA for the catalytic oxidation of hydrogen sulphide to

sulphur by air. Among them, forty-three ligands have been prepared and some have

been characterised.

Fe(III) complexes of most of the compounds screened show poor solubility or

stability in the required basic solution and low catalytic activity when applied as

catalysts for removal of hydrogen sulphide. The analogues ofNTA or EDTA looked

promising on solubility or stability and catalytic activity of Fe(III) complexes.

— - - - 86

Chapter 2 : Novel Aqueous Iron Chelating Agents as Catalysts for the Oxidation ofHydrogen
Sulphide to Sulphur by Air



Ligand 62, NTAP, however, is comparable with NTA on the efficiency of

catalytic activity such as the conversion of hydrogen sulphide to sulphur, half-life of

the ligand, consumption of ligand per kg of ligand etc. NTAP was also subjected to

the attack by free hydroxyl radical and degraded during the process. The addition of

NaS203 to the corresponding Fe(III) complex system could reduce the degradation of

ligand to some different extent. The fact that ligand 62 is more expensive than NTA

limits its commercial application in place ofNTA.

Cyclic voltammograms of Fe(III) complexes of NTAP, NTA2P, NTA3P and

MeNTA2P have been measured and compared with Fe(III)-NTA under the same

conditions.

Experimental

Materials and reagents

The following materials were ordered from Aldrich or Lancaster and were

used without further purification: nitrilotriacetic acid trisodium sait (Na3NTA, 99.0

%); sorbitol (98.0 %); iron foil (99.99 %); iminodiacetic acid, disodium salt hydrate

(Na2lDA, 98.0 %); sodium oxalate (99.3 %); glacial acetic acid (99.99 %); methyl

alcohol (HPLC grade); 1,10-phenanthroline (99.0 %); hydrogen sulphide (99.5 %);

boric acid (99.5 %); Sulphur (99.99 %); Na2S203 5H20 (98.0 %); Fe2(S04)3 5H20

(97.0 %); Fe(N03)3 9H20 (98.0 %); FeCl3 6H20 (98.0 %); FeCl3 (99.0 %); FeCl2

(99.0 %); (NH4)2Fe(S04)2 6H20 (99.9 %); CuS04 5H20 (98.0 %); Cu(N03)2 5/2H20

(98.0 %); NaSH xHzO (99.0 %); CS2 (99.9 %). Ligands 1 - 3, 8, 12 - 18, 25 - 28, 30,

32 - 37, 39 - 45, 48 - 50, 59 and 62 were obtained from Aldrich or Lancaster in the

highest purity available and were applied without further purification.
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Ligands 4, 5, 7, 9 - 11, 29, 31 and 38 were prepared previously by our group.

Ligands 6,223 1 4,224 24,225' 226 46, 227 47, 228 53, 229 54, 229 55, 230 56,231 57,232

58,232 63,233'234 64,232,235 and 66,193 were synthesised exactly according to previously

described procedures.

The following Ligands have been prepared or synthesised by modified

procedures of references.

N, 7V-2,6-pyridinebis(salicylideneimine) 19.236 To a solution of 2,6-

diaminopyridine (2.22 g, 20 mmol) in methanol (40 cm3) was added a solution of

salicylaldehyde (5.08 g, 40 mmol) in methanol (10 cm ). Stirring and refluxing were

continued for three hours. The reaction mixture was stood at room temperature

overnight. The crude product was collected by suction filtration. Recrystallization

from n-butanol gave brown crystals in a yield of 5.87 g (92.4 %). Microanalysis:

Found: C, 71.02 %; H, 5.31 %; N, 13.38 %. Ci9Hi5N302 requires: C, 71.91 %; H,

4.76 %; N, 13.33 %. M.P. 220°C (dec.). IR (KBr disc., cm"1): 3464m, 3387m,

3052w, 2947w, 1614s, 1557m, 1481w, 1455vs, 1278m, 1230m, 1151m, 1118w,

754s. EIMS (m/z): 317 [M]+.

03'7

2-pyridinesalicylideneimine 20. To a solution of salicyaldehyde (6.2 g, 50 mmol)

in methanol (60 cm3) was added dropwise a solution of 2-aminopyridine (4.8 g, 50

3 3
cm') in methanol (20 cm ). The reaction mixture was refluxed for one hour,

concentrated to ca. 20 cm3 and then stored at 0°C for 48 hours to give golden

crystals, yield 8.3 g (83.7 %). M.P., 66 °C. Microanalysis: Found: C, 72.86 %; H,

4.87 %; N, 14.12 %. Ci2H10N2O requires: C, 72.71 %; H, 5.08 %; N, 14.13 %. !H
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NMR (§ppm, CD2C12): 14.41 (s, 1H, OH), 9.45 (s, 1H, CH=N), 8.68-6.92 (m, 8H,

ArH). IR (KBr disc., cm"1): 3427w, 1610vs, 1589vs, 1555vs, 1498m, 1467s, 1430s,

1346w, 1278m, 1186s, 1146m, 994m, 915m, 790m, 757s. EIMS (m/z): 198 [M]+,

181 [M-OH]+; CIMS (m/z): 199 [M+H]+.

2-amino-6-pyridinesalicylideneimine 21.238 To a solution of 2, 6-diamonopyridine

(5.6 g, 50 mmol) in methanol (80 cm3) was added salicylaldehyde (6.2 g, 50 mmol).

The reaction mixture was refluxed for one hour and then was allowed to cooled at

room temperature overnight. The brownish yellow product was obtained by suction

filtration, washed with diethyl ether in a yield of 7.6 g (71.6 %). M.P., 204°C (dec.).

Microanalysis: Found: C, 67.50 %; H, 5.35 %; N, 20.01 %. Ci2HnN30 requires: C,

67.59 %; H, 5.20 %; N, 19.71 %. IR (KBr disc., cm"1): 3417vs, 1617vs, 1481m,

1456s, 1386w, 1271w, 1243w, 755s. EIMS (m/z): 213 [M]+; CIMS (m/z): 214

[M+H]+.

2-pyridine-2'-carboxybenzylideneimine 22. To a solution of 2-

carboxybenzaldehyde (4.5 g, 20 mmol) in methanol (30 cm3) was added dropwise 2-
• • 3

aminopyridine (3.1 g, 20 mmol) in methanol (10 cm ). The reaction mixture was

stirred at room temperature for one hour. A white solid deposited, which was

presumed to be the salt of 2-carboxybenzaldehyde and 2-aminopyridine. The

reaction mixture was refluxed until the solid disappeared (after ca. 5 hours) and then

stored at room temperature for overnight. There are two kinds of precipitates

separated mechanically or manually, one is colourless needle crystals, the expected
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product, yield: 4.2 g (87.0 %). Microanalysis; Found: C, 69.05 %; H, 4.37 %; N,

12.46 %. Ci3H10N2O2 requires: C, 69.05 %; H, 4.46 %; N, 12.39 %. IR (KBr disc.,

cm"1): 3412w, 3223w, 3014w, 1766vs, 1612s, 1531m, 1481vs, 1423m, 1283m,

1146w,1069s, 889s, 786m, 688w. EIMS (m/z): 227 [M+H]+; CIMS (m/z): 453

[2M+H]+. The other (white solid) may be the salt.

Tris-(2-salicylidenaimo-ethyl)-amine 23.239'240 To a solution of tri(2-

aminoethyl)amine (3.1 g, 20 mmol) in ethanol (100 cm ) was added dropwise a

solution of salicylaldehyde (7.4 g, 60 mmol) in ethanol (50 cm ). The reaction

mixture was stirred at room temperature for seven hours and then stood overnight.

The orange crystal was obtained by suction filtration, washed three times with ether.

Yield: 7.6 g (84 %). M. P: 90°C. Microanalysis: Found: C, 70.48 %; H, 6.68 %; N,

12.02 %. C27H30N3O3 requires: C, 70.75 %; H, 6.60 %; N, 12.02 %. IR (KBr disc.,

cm"1): 3456w, 2937w, 2884w, 2817m, 1633vs, 1611m, 1582m, 1459m, 1449m,

1430m, 1336m, 1279s, 774s, 764m, 756s. *HNMR (CDC13, ppm): 13.75 (s, 3H, OH),

7.83 (s, 3H, N=CH), 7.26-6.13 (m, 12H, ArH), 3.53 (t, 6H, CH2CH2), 2.84 (t, 6H,

CH2CH2). FABMS (m/z): 459 [M+H]+.

Potassium nitrilosulphonate 51. 241 A solution of potassium hydroxide (60.0 g, 1.05

mmol) in 100 cm of water was saturated with S02 which was produced by sodium

bisulfite (105.0 g, 0.525 molar) reacting with 98 % sulphuric acid (30 cm3, 0.525
• 3

molar ) in 60 cm of water. A solution of potassium nitrite (22.5 g, 0.25 molar) in 60

cm of water was added to the above hot solution with vigorous stirring. The liquid
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soon became cloudy because of precipitation of fine needle crystals. The suspension

was allowed to stand for one hour and the separated precipitate was re-dissolved by

addition of 1000 cm3 of hot KOH solution and heating. The solution had to be

alkaline all the time. Then, the solution was allowed to cool to room temperature.

The product is suction filtered, washed thoroughly with ice water, methanol and

ether, and finally dried in vacuum. Yield of white solid N(SOaK)3 7H2O, 74.5 g

(73.3 %) Microanalysis: Found: H, 3.15 %; N, 2.74 %. H14K3NO16S3 requires: H,

3.46 %; N, 2.81 %. FABMS (m/z): 498 [M + 7 H20]+ and 426 [M + 2H20]+.

Tris-sulphomethylamine, sodium salt 52.225 To a solution of

aminomethylenesulphonic acid (5.7 g, 50 mmol) in 40 cm3 of water was added

sodium hydroxide (6.0 g, 150 mmol). The mixture was stirred and then allowed to

cool to room temperature. To this mixture was added a solution of 40 %

formaldehyde (7.5 g, 100 mmol). The reactant solution was then bubbled in sulphur

dioxide (6.4 g, 100 mmol) which was produced by reaction of sodium bisulfite (9.5
"5

g, 50 mmol) with 98 % sulphuric acid (5.0 g, 50 mmol) in 10 cm of water at room

temperature over a period of 3 hours. The reaction mixture was heated to 70°C for

another three hours under nitrogen. The product was precipitated out by addition of a

little amount of methanol. Recrystallization from a water-methanol solution gave the

product as colourless crystals N^CFFSChNa^FFO, yield: 11.60 g (60.1 %).

Microanalysis: Found: C, 9.23 %; H, 2.00 %; N, 3.40 %. C3HgNNa3 O10S3 requires:

C, 9.35 %; H, 2.09 %; N, 3.80 %.

Chapter 2 : Novel Aqueous Iron Chelating Agents as Catalystsfor the Oxidation ofHydrogen
Sulphide to Sulphur by Air

91



TIT

[(Methylphosphonomethylamino)methyI]phosphonic acid (MPMP) 60. To a

solution of 33 % methylamine in ethanol (9.4 g, 0.1 molar) and phosphorous acid

(16.4 g, 0.2 molar) in water (20 cm3) was added dropwise a solution of 40 %

formaldehyde (30 cm , 0.4 molar) in concentrated hydrochloric acid (20 cm3). The

reaction mixture was then heated to reflux for two hours. The reactant mixture was

concentrated to ca. 25 cm3 and subsequently added dropwise to hot ethanol. Upon

cooling to room temperature, the crystallised white solid was collected by filtration.

Yield: 20.8 g (95 %). Microanalysis: found: C, 16.50 %; H, 6.09 %; N, 6.41 %.

C3HiiN06P2 requires: C, 16.45 %; H, 5.06 %; N, 6.39 %. 31P-{!H} NMR (D20,

ppm): 5P 8.86 (s). FABMS (m/z): 220 [M + H]+.

947

(Bisphosphonomethylamino)acetic acid (BPMA) 61. To a solution of glycine

hydrochloride (27.8 g, 0.25 molar) and phosphorous acid (41.5 g, 0.5 molar) was

added dropwise with a syringe pump a solution of 40 % formaldehyde (75 cm , 1.0

molar) and 50 cm3 concentrated hydrochloric acid at reflux temperature for one hour.

The mixture was refluxed for another hour and allowed to cool at room temperature,

T

no crystal appeared. The solution was then concentrated to 100 cm , ethanol was

added to precipitate the white solid. Yield: 23.9 g (90 %). Microanalysis: found: C,

19.07 %; H, 2.62 %; N, 5.29 %. C4HiiN08P2 requires: C, 18.46 %; H, 4.21 %; N,

5.32 %. IR (KBr disc., cm1): 3012w, 2303m, 1730vs, 1413s, 1370m, 1342m,

1306m, 737w, 826m, 771m, 723m, 664s, 605s, 453s, 398m. 31P-{1H} NMR (D20,

ppm): 8P 8.79 (s). FABMS (m/z): 264 [M + H]+.
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N,N'-bis(2- and 3-pyridinyl)-2,6-pyridine dicarboxamide 65.243 2,6-

pyridinedicarboxylic acid (15.0 g, 0.09 mol) was suspended in pyridine (50 cm3), 2-

aminopyridine (18.0 g, 0.19 mol) was added to the mixture, and the mixture was

stirred for 30 min at 40°C. Initially a white precipitate formed, which finally formed

an emulsion. To this was added triphenyl phosphite (50 cm3) in dropwise, the

temperature of the reaction mixture was increased to 95°C, and the mixture was

stirred for five hours. Stirring was continued at room temperature for overnight.

After that, it was washed with water and an oil mud was obtained. Addition of

methanol led to precipitation of white needles. This product was filtered off, washed

with methanol, and dried in vacuum to give a yield of 93 % (12.5 g). 'H NMR

(CDC13), 5 ppm: 8.48 (t, 1H), 8.52 (d, 2H), 7.12 (m, 2H), CIMS (m/z): 319 [M+H]+.

Bis{[bis(carboxymethyl)amino]methyl}phosphinate 67. 204>244'245 Iminodiacetic

acid (6.7 g, 50 mmol) and a 50 % solution of H3PO2 (3.3 g, 25 mmol) were

combined in 6 M HC1 (10.0 cm3) and heated to reflux. An aqueous solution (40 %)

of formaldehyde (8.0 g, 100 cm3) was added dropwise to the mixture and the reflux

continued for five hours. A white precipitate formed during the process. The reaction

mixture was cooled to room temperature and the precipitate was collected by

filtration, washed with methanol, and dried under vacuum. The filtrate was

concentrated, and a second crop of precipitate was harvested by filtration. The

combined crude product was subsequently re-dissolved in a minimum amount of 6

M HC1, and the product was precipitated with methanol and similarly collected.

Microanalysis, found: C, 29.91 %; H, 4.96 %; N, 6.73 %. C10H19CIN2O10.5P requires:
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C, 29.90 %; H, 4.77 %; N, 6.97 %. 31P-{1H} NMR (D20, ppm): 6P 17.1. !H NMR

(D20, ppm): 6 4.2 (8H, s, NCH2COO), 3.6 (4H, d, NCH2P). Yield: 95.1 %.

Testing ofSolubility and Stability ofFe(III)/Fe(II) Complexes

A 100 cm3 sample of iron complexes was prepared by dissolving 0.9 mmol

Fe2(S04)3' 5H20 or 0.9 mmol FeS04 7H20 and corresponding amount of ligand in

distilled water. The pH of the mixture was adjusted to the required range by addition

of 2 M NaOH or 2 M HC1 solution. The solution was then stored at room

temperature for visual observation of solubility and stability.

Simple testing of the catalytic activity of Fe(III) complexes with sodium

hydrogen sulphide

To the stable basic solution (100 cm3) containing 1.8 mmol Fe(III) complex

at pH 8.50 was added 0.3-3.0 g of sodium hydrogen sulphide (NaSH) (in one portion

or in multiple portions). The pFl of the mixture usually increased to some extent with

such an addition and the solution became black suspension. The suspension was

stirred and pH was re-adjusted to the required value by the addition of 2 M of NaOH

or 2 M of HC1, air was then bubbled in at a rate of 20 cm3min"1. If the Fe(III)

complex is catalytic active, the dark suspension would gradually disappear, and grey

sulphur (due to contamination with FeS) would come out, the solution became clear

again. If not, the dark suspension would remain. Another case was that the colour of

the black suspension gradually became lighter but no sulphur precipitated out, and

the solution still remained opaque. This means that the ligand decomposed and the

complex showed negative activity.
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Expanding testing of catalytic activity of Fe(III) complex in a 1-litre

reactor with hydrogen sulphide

General procedure

One litre of the Fe(III) complex solution was loaded in the oxidizer

compartment. The liquid pump was then started and part of the solution was pumped

into the absorber compartment with a flow rate of 100 cm3min" . The pH and redox

probes were then turned on. At this stage the air was bubbled into the oxidizer and

the air flow was adjusted to the required value. The valve of the H2S cylinder was

• 1 3 1switched on and the H2S flow rate was adjusted to 2.00 cm min" by a H2S flow rate

controller. The time of the start of the reaction was recorded, and the pH and redox

probe readings were recorded from time to time. The pH was continuously controlled

to 8.5 by the automatic addition of 2 M NaOH solution with a syringe pump. The

sulphur was filtered at a 20 hours interval and 5 cm of sample was taken from the

running system in at a regular time interval in order to monitor the degradation of

ligand and the loss of Fe.
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Apparatus

Scheme 2.2 1 Liter glass reactor

HPLC analysis and operating conditions

The analyses of NTA, IDA, oxalate and related ligands were measured by

following the method of McManus.208

Equipment

A Milton Roy pump No.043 024 equiped with a chromatography accessory,

UV-visible spectromonitor 3000 (LDC analytical), and a chart recorder (Waters 746

Data Module) were used.
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Operating conditions

Analytical column: phenomenex IB-SIL 5 jam C8, reverse phase, 4.6 x 250

mm; column temperature: ambient; flow rate: 2.0 cm3min"1; detector: UV absorption

at 290 nm; sample: 10 pL; mobile phase: 0.001 M Copper nitrate, 40 % methyl

alcohol, pH = 4.2; recorder: 10 mV full scale; chart speed: 0.5 cmmin"1.

Preparation ofmobile phase

3 • 340 cm of 0.05 M copper nitrate solution and 40 cm of glacial acetic acid

•i*3 3
were mixed in 800 cm of deionised water in 2000 cm beaker. The pH value of the

solution was adjusted to 4.2 with 4 M NaOH. The solution was transferred to 2000

3 3
cm volumetric flask. 800 cm of HPLC grade methyl alcohol was added and the

solution was diluted to volume with deionised water. At this stage, 4.0 g of

cetyltrimethylammonium bromide was added and the solution was filtered through a

0.45 mm micron filter to give the mobile phase.

Preparation ofsample

A 4.0 g of specimen was taken from the continuous reactor and placed in a

100-mL volumetric flask. To this was added 10 cm 0.05 M copper nitrate solution

and the mixture were diluted to 100 cm3 with water. The mixture was stored at room

temperature for at least 15 min before analysis.

Calibration ofHPLC analysis

The quantitative calibrations for the HPLC analyses of all ligands and

intermediates were carried out by varying amounts of known samples of these

compounds. The peak areas at the indicated amplification settings were plotted vs.

concentration of the species. The linear nature of these plots indicated accurate
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HPLC determinations of these molecular species over a considerable range of

concentration.

Analyses ofIR, MS and microanalysis

Infrared spectra were recorded (KBr discs) on a Perkin-Elmer system 2000

spectrometer. Microanalysis was performed by the University Service within this

Department and bombardment mass spectra (FABMS), electron ionisation mass

spectra (EIMS) and chemical ionisation mass spectra (CIMS) by the EPSRC Mass

Spectrometer Service (Swansea, UK).

Cyclic voltammogram analysis

Method and procedure

Cyclic voltammograms were recorded using an EG and G PARC 273 A

potentiostat / galvanostat controlled by version 4.11 of the electrochemistry research

s oftware running on a PC. All the experiments were carried out in degassed solution

containing iron complexes (2 x 10" M) and tetrabutylaminonium

hexafluorophosphate (0.50 g for organic solvent) or lithium chloride (0.50 g for

aqueous solution) as a supporting electrolyte. The measurement was carried out

using a saturated calomel electrode (SCE) as the reference with a luggin capillary

and a Pt wire as the counter electrode. The reference electrode, separated from the

voltammetric cell by a salt bridge, was Ag / AgNC>3 (0.01 M in CH3CN). The

electronic spectrum was recorded on Perkin-Elmer spectrometer by Lambda research

software.
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Preparation ofsample

The investigated mixtures were prepared by mixing defined volumes of

solutions containing Cpe3+ = 0.02 M, Cijgand = 0.04 M. These solutions were all

adjusted to the desired pH 8.50 by addition of NH4OH (2 M) solution. The samples

were deoxygenated for at least 10 min with N2. The experiments were performed at

room temperature.

Analysis ofNMR

'id NMR spectra (300 MHz) were recorded on a Varian Gemini 2000

spectrometer and on a JEOL GSX 270 spectrometer, and chemical shifts are reported

in ppm relative to TMS. 31P-{'ll} NMR spectra at 121.4 MHz with 8 referenced to

external 85 % H3PO4.

Quantitative analysis of3IP-{'H} NMR

The quantitative determinations of the containing phosphorus ligands and the

related compounds were based on addition of phosphonoacetic acid

(H2O3PCH2COOH) as standard material. The quantitative calibrations for the 3IP-

{'H} NMR analysis of all ligands and the related compounds were carried out

varying amounts of known samples of these compounds. The peak areas at the

indicated amplification settings were plotted vs. concentration of the species. The

linear nature of these plots indicated accurate 31P-{1H} NMR determinations of these

molecular species over a considerable range of concentration.

Preparation of iron-free samples for nP-{1H} NMR analysis

To a 2.000 g of solution taken from the continuous reactor or the starting

solution, 0.500 g of 0.144 M of phosphonoacetic acid (standard material) and 0.40 g
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of NaOH and 0.15 g of boric acid (destabilisation) were added with stirring. The

stirring was continuing for 15 min and the reaction mixture was allowed to stand at

room temperature for 30 min. The Fe(OH)3 that precipitated was filtered off with

0.45 mm micron filter. The solution was subjected to 31P-{'H} NMR spectra. The

resonance peaks were assigned by comparing with corresponding commercial

standard materials in the same condition.

Determination of iron by UV-vis spectrophotometer

UV-vis analysis of iron was performed on a PYE Unicam Pu 4025 UV

detector. The concentration of iron was measured according to the following method.

To a 100 pL of solution taken from the continuous reactor or the starting solution

was added 1 cm3 of 10% hydroxylamine, 10 cm3 of 1.2 M sodium acetate and 10 cm3

of 1.0 g/L orthophenanthroline. The mixture was diluted with deionised water to 100

cm3 and allowed to stand for 15 min. The solution was ready for UV-vis

spectrophotometric analysis. The calibration of the UV-vis analysis of iron by this

method results in Beer's Law behaviour up to 2 x 10"4 M.

• 2Determination ofS?Oi' by redox titrations

To a solution of 20 cm3 of sample and 100 cm3 of water, to which was pre-

bubbled air for 3 hours to oxidise all Fe(II) to Fe(III), was added 10 cm of 1 % of

starch solution (as indicator) and an excess of 0.1 N of B standard solution. The

mixture became very dark. To this solution 0.0993 N of Na2S2C>3 standard solution

was added dropwise until the colour of the solution recovered to initial colour of the

solution. The percentage of S2O3 " in the sample was calculated based on the total

consumption of H2S.
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2
Determination ofSO4 ' by gravimetry

"i

A 40 cm of the sample solution and a 200 cm of water were placed into 500
•5

cm beaker. The solution was then adjusted to pH < 1 with 2 N HC1 solution. The

solution was heated. To this hot solution, 20 cm of 5 % of barium chloride solution

(5 g BaCl2-2H20 in 100 cm3 of water — ca. 0.2 M) was added dropwise through a

pipette with stirring. The solution was kept hot but not boiling for 5-6 hours to

ensure precipitation of BaSC>4 was complete. Then the solution was cooled. The

white solid (BaS04) was filtered off through a 0.45 mm micron filter, washed three

times with cold water, dried at 140°C for overnight, cooled in a desiccator and

weighed to calculate the percentage of S042"in the sample.
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Chapter 3

Improvement of the Fe-NTA System by Changing

Scavenger of Hydroxyl Radical

3.1 Introduction

As mentioned in Chapter 1, the degradation of NTA is a major deficiency in

the Fe-NTA system for the oxidation of hydrogen sulphide to sulphur by air. NTA

decomposes rapidly in the process, resulting in significant operating costs due to

eventual loss of the chelating ligand, which then has to be continuously replenished.

The rate of degradation of NTA can be slowed considerably down by the addition of

Na2S203, which can also be generated in the process. It has been found that Na2S203

is beneficial at concentration up to 0.5 mole in protecting the Fe-NTA from

degradation by hydrogen radical attack. Higher concentration of thiosulphate

provides little further improvement. On the contrary, further oxidation of Na2S203 to

sulphate via tetrathiosulphate (see Scheme 3.1) 55 results in inert salt accumulation,

which eventually hampers the sulphur separation as well as the gas-liquid mass

transfer in the process.

2S2032" + l/202 + H20 ^S4062" + 20H"

S2032" + 202 + H20 > 2S042" + 2H"

Scheme 3.1 Oxidation ofthiosulfate by oxygen in the process

To circumvent the above problem, we have considered two approaches: (i) to

develop some alternative ligands which are more robust than NTA and would be
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resistant to hydroxyl radical attack; (ii) to find some more effective scavengers of the

hydroxyl radical than Na2S2C>3 to lengthen the lifetime ofNTA.

Our work in Chapter 2 has proved that it is very difficult, if not impossible,

to find a better and more practical ligand than NTA. What is more, as reported by

McManus and Martell in their research on the pyridine-type ligand such as pyridine-

2-phosphonic-6-carboxylic acid (2PP6C), 2,6-pyridine-diphosphonic acid (2,6-

PDPA), pyridine-2,6-dicarboxylic acid (DIPIC), and 2-carboxy-8-hydroxyquinoline

(CHOX), 61,65>66 the absence of a-methylene groups, which are known easily

subjected to the attack and oxidation of free hydroxyl radical, does not guarantee

against the oxidative degradation of the ligands. Therefore, finding more effective

scavengers of free hydroxyl radical substituting Na2S2C>3 appears to be a preferred

option for the currently commercial Fe-NTA system. Although there are numerous

radical scavengers or anti-oxidants that are related or applied to biological processes,

few can be used directly on pure chemical processes, even less suitable for the

aqueous Fe-NTA system. Traditional scavengers or inhibitors of free radical such as

dibutylmethyl phenol, A-acetylcysteine, diisopropylphenol, allopurinol, indole-3-

acetyl acid, butylalcohol, ascorbic acid and quinolinic acid et al,246"251 are either

insoluble in aqueous solution or too expensive to be used in the process for the

conversion of H2S to S. Ideally speaking, additives that not only remove the free

radical but also can be regenerated automatically in the system are the best of choice.

However this is not always available. Therefore, our screening was carried out with

various reagents which could be oxidised by free hydroxyl radical. As long as the

efficiency, cost and environmental factors are acceptable, it is worthwhile even if the
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additives were consumed sacrificially for NTA. With this in mind, we have tested the

following inorganic and organic compounds as scavengers or inhibitors of hydroxyl

radical for the Fe-NTA system. The results are compared with that of Na2S2C>3

concerning the half-life of NTA, the selectivity to sulphur, the loss of Fe ion and so

on. Unless otherwise, all experiments were performed at conditions of pH = 8.50,

3 3
H2S flow rate = 2.00 cm /min, air flow rate = 700 cm /min, circulation rate of

absorption solution = 100 cm3/min, [NTA] = 36 mM, [Fe(III)] = 18 mM and

[sorbitol] = 9 mM.

Inorganic salts screened:

1. Potassium iodide KI

2. Potassium bromide KBr

3. Potassium chloride KC1

4. Ammonium thiocyanate NH4SCN

5. Sodium nitrite NaN02

Organic compounds screened:

6. Dimthylsulfoxide DMSO

7. Sorbitol

8. N, A-dimethylacetamide DMAA

9. Hexamethylenetetraamine HMTA

10. Triethanolamine TEA

11. Ethanolamine EA

12. l,3,5-tri-(2-hydroxyethyl)hexahydro-[l,3,5]-triazine TEfHT

13. Ethylene glycol EG
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14. Polyethylene glycol PEG

15. Glyoxylic acid GA

16. Glycerol

17. Glyoxal

18. Acrylamide

19. Furan

20. TV-methylpyrrolidinone NMP

Results and Discussions

3.2 General screening ofscavengers

All the above compounds are found to be able to diminish radical-induced

oxidative degradation of NTA to some extent. Among them, potassium halides KC1,

KBr and KI are the simplest examples. The addition of KC1, KBr and KI to the Fe-

NTA system has producing four to nine fold increase in the half-life of NTA (Fig.

3.1 - 3.3 and Table 3.1) compared with the system without any additives (ca. 40

hours). The function of CP or Br" or I" as radical scavenger in the process could be

interpreted from the mechanism shown in Scheme 3.2: the X " anion reacted with the

OH radical to yield CI2", Br2_ and I2" radicals, the latter then are reduced by Fe(II)-

NTA to regenerate CP, Br", and I". 252 The halides, however, were not as good as

Na2S203 in both extending the half-life of NTA and yielding sulphur. When Na2S203

was used, there was 14 % of extra sulphur formed over the calculated yield due to

the decomposition of Na2S203.
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2X~ +-OH >■ X2."+ OH"

X2«" + Fe(II)NTA" »► 2X" + Fe(III)NTA

X = CI, Br and I

Scheme 3.2 Proposed mechanism ofX" as scavengrs ofhydroxyl radical

Testing time (h)

Fig. 3.1 Degradation ofNTA in Fe(III)-NTA system without any additive and with
0.45 M KC1. 0.45 M Na2S203 under comparable conditions
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Testing time (h)

Fig. 3.2 Degradation ofNTA in Fe(III)-NTA system without any additive and with
0.45 M KBr, 0.45 M Na2S2C>3 under comparable conditions
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NTA with 0.45 M Na2S203
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Testing time (h)
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Fig. 3.3 Degradation ofNTA in Fe(III)-NTA system without any additive and with
0.45 M KI, 0.45 M Na2S2C>3 under comparable conditions
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Table 3.1 Scavenging and catalytic activities of the Fe-NTA with various additives

Scavenger None cr Br" I" Na2S2C>3

Concentration (M) 0 0.45 0.45 0.45 0.45

Test time (h) 100 95 95 100 96

Ss (g) 11.75 11.58 11.83 12.75 13.72a

CuS (g) 0 0 0 0 0

S2032" (mM) 10.10 4.15 4.40 3.58 368.21

S042" (mM) 8.25 4.39 3.54 6.21 44.13

Consumed NaOH or

NH4OH (2 N) (cm3)
43 28 29 31 37

Conversion of H2S to

Sg (%)

92.80 96.61 96.77 95.75 114.23b

Conversion of H2S to

CuS (%)

0 0 0 0 0

Conversion of H2S to

S2O32- (%)

1.80 2.22 2.31 1.75 *

Conversion of H2S to

S042" (%)

5.40 1.18 0.92 1.51 *

Loss rate of Fe ion

(mg/L/h)

0.75 1.30 0.42 0.57 0.65

Half life ofNTA (h) 39.9 154.0 367.5 331.7 417.6

1st order rate constant

ofNTA degradation

(h"1) x 10"3
17.38 4.50 1.89 2.09 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate

108

Chapter 3: Improvement of the Fe-NTA System by Changing Scavenger ofHydroxyl Radical



As can be seen in Fig. 3.4 - 3.13, and Table 3.2 - 3.6, even more dramatically

different effects can be achieved with ammonium thiocyanate (NH4SCN), sodium

nitrite (NaNC^), dimethylsuloxide (DMSO), dimethylacetamide (DMAA),

hexamethylenetetraamine (HMTA), triethanolamine (TEA), ethanolamine (EA),

l,3,5-tri(2-hydroxyethyl)hexahydro-[l,3,5]-triazine (THHT), acrylamide and furan.

The effect of ammonium thiocyanate (NH4SCN) on enhancing the half

lifetime ofNTA is similar to that of Na2S2C>3. However, low yield of sulphur (86.07

%) and relatively high yield of side products (up to 14 %) were found in this system.

The decomposition ofNH4SCN was also obvious in the process.

Testing time (h)

Fig. 3.4 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 0.45 M NH4SCN, 0.45 M Na2S2C>3 under comparable conditions

NaN02 is not only a gentle reducing agent but also a gentle oxidising agent in

aqueous solution. Application of NaNC>2 to Fe-NTA system has increased the half-

life ofNTAto 617.2 hours, suggesting the reducing function works to react with free
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hydroxyl radical in the process as expected. However, the yield of sulphur (84.93 %)

was not satisfactory. The concentration of S042" (up to 12.85 % in the resulting

solution) was quite high, implying the action of the oxidative property ofNaN02. In

addition, severe loss of iron was also observed in this system.

With ideal conversion of H2S to sulphur (97.80 %), satisfactory half-life time

of NTA (560.7 hours) and low formation of side products, DMSO seems a better

scavenger of hydroxyl radical for the Fe-NTA system than Na2S203. However, the

high consumption of NaOH (2 N) (up to 58 cm' for 95 hours running) means that

DMSO was oxidised very rapidly by 02 or the hydroxyl radical in the process. In

addition, that a notorious smell during the process was released due to the formation

of methyl sulphone (the oxidised product of DMSO) thereby apparently limits its

application as a scavenger ofhydroxyl radical for the Fe-NTA system.

Testing time (h)

Fig. 3.5 Degradation ofNTA in the Fe(III)-NTA system without any

additive and with 0.45 M NaN02, 0.45 M Na2S203 under comparable conditions
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Testing time (h)

Fig. 3.6 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 0.45 M DMSO, 0.45 M Na2S2C>3 under comparable conditions

Testing time (h)

Fig. 3.7 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 0.45 M dimethylacetamide (DMAA), 0.45 M or 6.3 % Na2S2C>3 under

comparable conditions
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Dimethylacetamide (DMAA) is found to be somewhat more effective in

enhancing the half-life of NTA than Na2S203. The lower conversion of hydrogen

sulphide to sulphur (only 88.78 %), however, proves that it is not ideal scavenger for

the Fe-NTA system, either.

Triethanolamine (TEA) reacts with Fe(III) or Fe(II) ion to form stable iron

complexes which could prevent precipitation of iron hydroxide at up to pH 14.253

Introduction of TEA to the Fe-NTA system led to little loss of iron in the process.

However, only limited effect was found with TEA in extending the half-life ofNTA

(260 hours). The conversion of H2S to sulphur (91.34 %) is not marked. TEA

functions as a stabiliser for Fe(III) and Fe(II) ion better than a scavenger ofhydroxyl

radical for the Fe- NTA system.

Testing time (h)

Fig. 3.8 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 1 % and 2 % triethanolamine (TEA), 0.45 M or 6.3 % Na2S203 under

comparable conditions
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Fig. 3-9 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % ethanolamine (EA), 0.45 M or 6.3 % Na2S2C>3 under comparable

conditions

In the case of EA, the same selectivity to sulphur as and a shorter half-life of

NTA than that with TEA were observed. However, a marked consumption ofNaOH

(2 N) (58 cm3 for the 96 hours running) and the extensive black solid precipitated at

the outlet ofH2S in Fe-NTA-EA system suggests that EA is not as good as TEA.

l,3,5-Tri-(2-hydroxyethyI)hexahydro-[l,3,5]-triazine (THHT) can be

obtained by reacting ethanolamine (EA) with formaldehyde.254 THHT was

obviously unsuitable for improving the Fe-NTA system. Although the half-life of

NTA (119 hours) is increased somewhat, the conversion of H>S to sulphur (88.43 %)

was quite low due to the formation of further oxidised products. The loss of iron ion

(up to 1.77 mg / L / h) was also remarkable.

The addition of acrylamide extended the half-life of NTA to 306 hours. The

conversion of H2S to sulphur was not bad (93.66 %). However the accumulation of
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dark solid at the outlet ofH2S suggested that the Fe-NTA-acrylamide system was not

stable enough. Acrylamide seems to decompose easily in alkaline solution.
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Fig. 3.10 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % l,3,5-Tri-(2-hydroxyethyl)hexahydro-[l,3,5]-triazine (THHT), 0.45 M or

6.3 % Na2S2C>3 under comparable conditions

Testing time (h)

Fig. 3.11 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % acrylamide, 0.45 M or 6.3 % Na2S203 under comparable conditions
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Fig. 3.12 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % turan, 0.45 M or 6.3 % Na2S203 under comparable conditions
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Fig. 3.13 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 0.45 M FDVITA, 0.45 M Na2S2C>3 under comparable conditions
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The presence of furan in the Fe-NTA system did not improve the lifetime of

NTA apparently. The half-life of NTA is only 198.04 hours. The less impressive

conversion of H2S to sulphur (91.76 %) and the relatively high concentration of by¬

products means that furan is not suitable as a scavenger of hydroxyl radical for the

Fe-NTA system for the catalytic oxidation of F^S by air.

Hexamethylenetetraamine (HMTA) did not enhance the lifetime of NTA

(145.8 hours) much longer, either. The marked loss rate of Fe ion (up to 3.35 mg / L

/ h) and relatively low conversion of F^S to sulphur (90.67 %) also preclude the

possibility for HMTA to replace Na2S2C>3 as hydroxyl radical scavenger in the Fe-

NTA system.

So far, none of the above reagents are as effective as Na2S2C>3 in extending

the half-life of NTA and increasing the selectivity to sulphur. The thiosulphate anion

is unreplaceable in stabilising the NTA ligand in Fe-NTA system.

However, the overriding effect of Na2S203 was exceeded surprisingly by two

cheap and simple compounds, ethylene glycol (EG) and A-methylpyrrolidinone

(NMP). As shown in Fig. 3.14 - 3.15 and Table 3.7, the effect of EG and NMP on

extending the half-life of NTA was so profound that the half life of NTA has been

increased by at least an order of magnitude. Furthermore, the Fe-NTA systems with

EG or NMP show good to excellent selectivity to sulphur. EG afforded the most

remarkable results, with sulphur yield > 99 % and the longest half-life of NTA

(about 30 times as the original Fe-NTA system). No tail gas was evolved, only trace

amount of by-products and moderate loss of iron ion were observed in this system.

As will be described below, the optimum concentration (20 %) of EG in Fe-NTA
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system made the degradation of NTA negligible. EG proved to be the most powerful

hydroxyl radical scavenger for the Fe-NTA system for the conversion of H2S to

sulphur by air to date.

Table 3.2 Catalytic activities of the Fe-NTA with various scavengers

Scavenger NH4SCN NaN02 Na2S2C>3

Added amount 0.45 M 0.45 M 0.45 M

Test time (h) 95 95 96

S8 (g) 10.64 10.51 13.72a

CuS (g) 0 0 0

S2O32" (mM) 9.72 4.29 368.21

SO42" (mM) 3.43 49.6 44.13

Consumed NaOH or NH4OH

(2 N) (cm3)
64 38 37

Conversion of FES to Ss (%) 86.07 84.93 114.23b

Conversion of H2S to CuS

(%)

0 0 0

Conversion of H2S to S2O3 "

(%)

5.04 2.22 *

Conversion of H2S to SO42"
(%)

8.89 12.85 *

Loss rate of Fe ion (mg/L/h) 0.72 10.52 0.65

Half life ofNTA (h) 415.7 617.2 417.6

1st order rate constant of

NTA degradation (h"1) x 10"3 1.67 1.12 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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Table 3.3 Catalytic activities of the Fe-NTA with various scavengers

Scavenger DMSO HATH Na2S203

Added amount 0.45 M 0.45 M 0.45 M

Test time (h) 95 102 96

Ss (g) 11.15 11.72 13.723

CuS (g) 0 0 0

S2O32" (mM) 2.36 15.82 368.21

S042~(mM) 5.46 6.00 44.13

Consumed NaOH or

NH4OH (2 N) (cm3)
58 24 37

Conversion of FI2S to

Sg (%)

97.80 90.67 114.23b

Conversion of H2S to

CuS (%)

0 0 0

Conversion of H2S to

S2O32- (%)

0.67 7.85 *

Conversion of FI2S to

S042" (%)

1.53 1.49 *

Loss rate of Fe ion

(mg/L/h)

0.62 3.35 0.65

Half life ofNTA (h) 560.7 145.8 417.6

1st order rate constant

ofNTA degradation (h~

l) x 10"3

1.24 4.75 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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Table 3.4 Catalytic activities of the Fe-NTA with various scavengers

Scavenger TEA TEA EA Na2S2C>3

Added amount (w/v, %) 1 2 2 6.3

Test time (h) 96 96 96 96

Ss (g) 11.09 11.46 11.69 13.72a

CuS (mM) 0 0 0 0

S2032" (mM) 22.02 15.00 12.00 368.21

SO42" (mM) 2.46 3.86 3.86 44.13

Consumed NaOH or

NH4OH (2 N) (cm3)
48 44 58 37

Conversion of H2S to Sg

(%)

88.06 91.34 92.90 114.23b

Conversion of H2S to CuS

(%)

0 0 0 0

Conversion of H2S to S2032"

(%)

10.79 7.67 6.12 *

Conversion of H2S to S042"
(%)

0.60 0.99 0.98 *

Loss rate of Fe ion

(mg/L/h)

0.56 0.31 0.85 0.65

Half life ofNTA (h) 352.6 260.6 204.7 417.6

1st order rate constant of

NTA degradation (IT1) x

10"3

1.97 2.66 3.39 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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Table 3.5 Catalytic activities of the Fe-NTA with various scavengers

Scavenger DMAA THHT Na2S203

Added amount (w/v, %) 5 1 6.3

Test time (h) 96 98 96

Ss(g) 10.78 11.19 13.72a

CuS (mM) 0 0 0

S2032" (mM) 19.91 18.60 368.21

SO42" (mM) 3.00 8.46 44.13

Consumed NaOH or

NH4OH (2 N) (cm3)
38 44 37

Conversion of H2S to Ss

(%)

88.71 88.43 114.23b

Conversion of H2S to

CuS (%)

0 0 0

Conversion of H2S to

S2O32- (%)

10.51 9.43 *

Conversion of H2S to

S042" (%)

0.79 2.14 *

Loss rate of Fe ion

(mg/L/h)

0.28 1.77 0.65

Half life ofNTA (h) 647.8 119.0 417.6

1st order rate constant of

NTA degradation (If1) x

10"3

1.07 5.83 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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Table 3.6 Catalytic activities of the Fe-NTA with various scavengers

Scavenger Furan Acrylamide Na2S2C>3

Added amount (w/v, %) 2 2 6.3

Test time (h) 96 96 96

s8 (g) 11.43 11.56 13.72a

CuS (g) 0 0 0

S2032" (mM) 14.30 11.50 368.21

S042" (mM) 3.43 1.39 44.13

Consumed NaOH or

NH4OH (2 N) (cm3)
32 42 37

Conversion of H2S to Ss

(%)

91.76 93.66 114.23b

Conversion of H2S to

CuS (%)

0 0 0

Conversion of H2S to

S2O32- (%)

7.36 5.98 *

Conversion of H2S to

SO42" (%)

0.88 0.37 *

Loss rate of Fe ion

(mg/L/h)

0.51 0.46 0.65

Half life ofNTA (h) 198.0 306.0 417.6

1st order rate constant of

NTA degradation (h"1) x

1(T3

3.50 2.27 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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Testing time (h)

Fig. 3.14 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % ethylene glycol (EG), 0.45 M or 6.3 % Na2S2C>3 under comparable

conditions
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Fig. 3-15 Degradation ofNTA in the Fe(III)-NTA system without any additive and
with 2 % A -methylpyrrolidinone NMP, 0.45 M or 6.3 % Na2S203 under comparable

conditions
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Table 3.7 Catalytic activities of the Fe-NTA with 2 % EG and 2 % NMP

Scavenger EG NMP Na2S203

Added amount (w/v, %) 2 2 6.3

Test time (h) 96 96 96

Ss (g) 12.37 11.6243 13.72a

CuS (g) 0 0 0

S2032" (mM) 4.96 4.19 368.21

S042" (mM) 1.18 3.00 44.13

Consumed NaOH or

NH40H (2 N) (cm3)
44 36 37

Conversion of H2S to Ss

(%)

99.38 96.96 114.23b

Conversion of H2S to

CuS (%)

0 0 0

Conversion of H2S to

S2032" (%)

0.31 2.24 *

Conversion of H2S to

S042" (%)

0.31 0.80 *

Loss rate of Fe ion

(mg/L/h)

0.47 0.55 0.65

Half life ofNTA (h) 875.4 518.2 417.6

1st order rate constant of

NTA degradation (h"1) x

10"3

0.79 1.34 1.66

a Including that produced from Na2S203
b Calculation based on consumed H2S
* Difficulty to calculate
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3.3 Influence of concentration on the efficiency ofa scavenger

As described above, various additives show various effects in improving the

Fe-NTA system. Even for the same additive (for instance TEA), different activity

was observed at different concentration (Table 3.4). EG and NMP at the

concentration of 2 % shows much better effect than Na2S2C>3 (0.45 M or 6.3 %). Is it

possible to lengthen the half-life of NTA and improve the selectivity to sulphur

further by increasing the concentration of the additives? Experiments with NMP and

EG have proved that increasing the concentration of an additive within a certain

range does improve the performance of the Fe-NTA system, however, further

increasing of the concentration of EG and NTA is not really beneficial.

First, the maximum solubility of NMP in the aqueous Fe-NTA system was

measured. Massive brown solid immediately precipitated out when the concentration

of NMP was beyond 30 w/v. %. Brown precipitate was formed gradually with the

Fe-NTA solution consisting of 20 w/v. % - 30 w/v. % of NMP while stored at room

temperature for more than a month. Therefore, the addition of NMP to the Fe-NTA

system was limited below 20 w/v %. Table 3.8 and Fig. 3.16 and 3.17 displayed the

results with different concentration of NMP. The conversion of FES to sulphur and

the half-life of NTA are found to increase with increasing of NMP. The half-life

increases with increasing of concentration of NMP from 0 to 5 w/v %. However,

further increase of the concentration of NMP does not improve the half-life of NTA

any more (Fig. 3.17).
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Table 3.8 Catalytic activities of the Fe-NTA with various concentrations ofNMP
under same conditions

Added Concentration

(w/v, %)

1 2 5 20

Test time (h) 96 96 100 98

Ss (g) 11.60 11.62 11.34 11.82

CuS (g) 0 0 0 0

S2032" (mM) 4.53 4.19 1.22 1.17

S042" (mM) 3.43 3.00 2.40 0.09

Consumed NaOH (2 N)

(cm3)
36 36 39

Conversion of H2S to S

(%)

96.66 96.96 98.63 99.14

Conversion of FI2S to CuS

(%)

0 0 0 0

2.42 2.24 0.68 0.63

Conversion of H2S to

S042" (%)

0.92 0.80 0.69 0.23

Loss rate of iron ion

(mg/L/h)

0.86 0.55 0.11 0.25

Half life ofNTA (h) 387.5 518.2 852.6 823.6

1st order rate constant of

NTA degradation (h"1) x

1CT3

1.79 1.34 0.81 0.88
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Fig. 3.16 Degradation curves ofNTA in the Fe(III)-NTA system at pH 8.5 with 1

%, 2 %, 5 % and 20 % NMP under comparable conditions

Fig.3.17 Half-life time ofNTA in the Fe-NTA with various concentrations ofNMP
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Concentrations of NMP in the Fe-NTA system
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in the Fe-NTA (Test time: 96 hours)

126

Chapter 3: Improvement of the Fe-NTA System by Changing Scavenger ofHydroxy! Radical



EG is almost completely soluble (up to 95 %) in the aqueous Fe-NTA (pH

8.5 - 9.0) to give a stable homogeneous solution, with or without sorbitol. As can be

seen in Fig. 3.18 - 3.20, in the range of 1 % - 20 %, the increase of the concentration

of EG increasingly extends the half-life of NTA. At the optimum concentration (20

% of EG), the degradation ofNTA is negligible. However, if the concentration of EG

is beyond 20 %, the half-life of NTA is found to decrease with the increase of

concentration of EG. The use of highly concentrated EG-Fe-NTA (EG concentration

up to 95 %) was even less effective than 2 % of EG. Obviously, the massive amount

of EG can stabilise the iron under basic condition as effective as sorbitol. The

systems without sorbitol show similar Fe ion loss to that with sorbitol. However, the

addition of sorbitol is favourable for the selectivity to sulphur. With the same

addition of EG (5 %), the experiment with sorbitol gave 99.22 % yield of sulphur

and 1320 hours half-life of NTA, while that without sorbitol afforded 93.64 %

conversion of sulphur from H2S and 1289 hours of half-life ofNTA.
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Fig. 3.18 Degradation ofNTA in the Fe(III)-NTA system with 1 %, 2 %, 5 % and 10
%* EG under comparable conditions (without sorbitol)
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Fig. 3.19 Degradation ofNTA in the Fe(III)-NTA system with 5 %*, 20 %*, 50 %*
and 95 % EG under comparable conditions (* without sorbitol)
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Concentrations of EG in the Fe-NTA system (%)

Fig.3.20 Half-life time ofNTA in the Fe-NTA with various concentrations ofEG in
the Fe-NTA (Test time: 96 hours)
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Table 3.9 Catalytic activities of the Fe-NTA with various concentrations of EG

Added Concentration

(w/v, %)

1 2 5 5*

Test time (h) 96 96 98 96

Ss (g) 11.66 12.37 12.38 11.77

CuS (g) 0 0 0 0

S2032" (mM) 10.64 4.96 1.08 9.00

S042" (mM) 2.36 1.18 0.96 6.27

Consumed NaOH (2 N)

(cm3)
34 44 55 47

Conversion of H2S to S (%) 93.90 97.30 99.22 93.64

Conversion of H2S to CuS

(%)

0 0 0 0

Conversion of H2S to S203 "

(%)

5.49 2.40 0.55 4.61

2Conversion of H2S to SO4 "

(%)

0.61 0.30 0.23 1.60

Loss rate of iron ion

(mg/L/h)

0.86 0.47 0.58 0.44

Half life ofNTA (h) 424 875 1320 1289

1st order rate constant of

NTA degradation (h"1) x 10"3 1.63 0.79 0.52 0.54

* Without Sorbitol
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Table 3.10 Catalytic activities of the Fe-NTA with various concentrations of EG

Added concentration

(w/v, %)

10* 20* 50* 95

Test time (h) 96 96 166 208

Ss (g) 11.91 11.68 21.19 22.44

CuS (g) 0 0 0 0

S2032" (mM) 7.41 9.94 17.05 10.00

SO42" (mM) 3.53 5.03 4.71 7.49

Consumed NaOH (2 N)

(cm3)
50 21 143 72

Conversion of H2S to S (%) 95.30 93.58 94.47 96.53

Conversion of H2S to CuS

(%)

0 0 0 0

Conversion of H2S to S2O3 "

(%)

3.80 5.31 4.86 2.52

Conversion of FES to SO4 "

(%)

0.90 1.29 0.67 0.95

Loss rate of iron ion

(mg/L/h)

0.13 0.21 0.45 0.25

Half life ofNTA (h) 1459 26583 867 630

1st order rate constant of

NTA degradation (IT1) x 10"3 0.48 0.26 0.80 1.10

* Without sorbitol

3.4 Possible mechanisms ofNMP and EG in removing the hydroxyl

radical in Fe-NTA system

It has been shown that many additives, inorganic or organic, can decrease the

degradation ofNTA to some extent. This may result from the competitive reaction of

the free hydroxyl radical with the additive and with NTA or Fe-NTA. The additives
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can be either permanently decomposed/consumed/regenerated from the system, or

more commonly, partly consumed and partly regenerated. Scheme 3.3 and 3.4 show

the possible mechanism of NMP in removing the free hydroxyl radical and the

possible degradation products of NMP, respectively. While in Scheme 3.5 and 3.6,

the possible approach of the reaction of the free hydroxyl radical with EG and the

corresponding decomposed compounds were displayed. However, it is not easy to

find detailed evidence in such a complicated system, which consists of many

components including iron ions, sorbitol, NTA, and the scavenger itself as well as

the degradation products.

ch3 ch3

NMP

ch3

O"
+ -oh + oh

ch3
I
Nt

r
o-

+ Fe(ii)NTA" »- + Fe(III)NTA

Scheme 3.3 Suggested mechanism ofscavenging hydroxyl radical ofNMP
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Scheme 3.4 Proposed oxidation pathway ofNMP
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Scheme 3.5 Suggested mechanism of scavenging hydroxyl radicals of EG
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Scheme 3.6 Proposed oxidation pathway of EG

3.5 Function ofNMP in scavenging thefree hydroxyl radical

NMP has been used to replace more volatile and toxic organic solvents in

paint coating and cleaning applications. The NMP contaminated process water was

oxidized harshly with ozone and hydrogen peroxide in a semicontinous advanced

oxidation reactor to reduce the organic concentration.255 The oxidative by-products

of NMP were identified by GC/MS as methylsuccinimide, succinimide, 2-
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pyrrolidione, acetaldehyde, etc. (Scheme 3.4). The oxidation of H2S to S by air

catalyzed by Fe-NTA-NMP system, though far milder than the O3 / H2O2 process,

would also lead to the similar degradation of NMP as a consequence of free hydroxyl

radical attack. We have successfully monitored the concentration change of NMP in

the absorption-oxidation process when NMP was used as scavenger of Fe-NTA

system and detected the decomposed species TV-methylsuccinimide by HPLC (Table

3.11). However, other degradation components of NMP, if there were any as shown

in Scheme 3.4, were not found using this method.

As determined by HPLC (Table 3.11), NMP is consumed to some extent in

the process. The consumption of NMP is proportional to the starting concentration of

NMP in the starting solution, while the accumulation of A-methylsuccinimide

(NMS) is proportional to the consumption ofNMP. For all experiments with NMP as

additive to the Fe-NTA system, the presumed eventual oxidised product, CO3 ", has

not been found in the resulting solution by gravity method. This means that NMP

degrades rather slowly through NMS etc. during the process. It may also be possible

that TV-methyl-pyrroldinone (NMP) be regenerated in the process subsequent to

reacting with scavenge radicals (Scheme 3.4). The effective performance of NMP in

extending the half-life of NTA suggests that NMP maybe more vulnerable to the

attack of the free hydroxyl radical or other oxidant than NTA.
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Table 3.11 Concentration ofNMP and its oxidation components in the Fe-NTA-
NMP

Concentration ofNMP

(w/v, %)

1 2 5 20

Concentration ofNMP of

the starting solution (g / L)

10.105 20.252 49.619 196.451

Concentration of NMP of 9.640 19.092 45.382 167.200

the resulting solution (g / L)

The difference of the 0.462 1.160 4.237 29.251

concentration, AC (g / L)

The loss rate of NMP 0.48 1.21 4.32 30.47

(g / L / h) x 10"2

Concentration of NMS* of 0.283 0.763 3.902 5.752

the resulting solution (g / L)

NMS: N-methylsuccinimide

3.6 EG in scavengering the hydroxyI radical

We have attempted to propose the mechanism of EG in scavenging the free

hydroxyl radical (Scheme 3.5) and outlined the possible degradation products of EG

(Scheme 3.6) based on general organic chemistry. However, it proved to be very

difficult to measure the oxidative products of EG apart from oxalic acid by HPLC

and CO3 "by gravimetric method (Table 3.12). It should be pointed out that oxalate

and carbonate are also the degradation products of NTA.
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Table 3.12 Concentrations of oxalate in the resulting solution when various
concentrations of EG are used as scavengers of hydroxyl radicals in the Fe-NTA

system (Test time: 96 hours)
Concentration of

EG (w/v, %)

0 1 2 5 10 50

Concentration of

oxalate (g / L)

0.04 0.79 0.82 1.33 0.78 0.53

Concentration of

carbonate (g / L)

0 0 0 0 0 0

As shown in Table 3.12, no carbonate is found in the resulting solution. The

concentration of oxalate, the actually ultimate degradation product, in the resulting

solution (0.04-1.33 g / L) increases with the initial concentration of EG in the range

of 0-5 %. When the initial concentration of EG reaches up to 10 %, the total

degradation of EG proceeds less. The formation of the ultimate degradation product

oxalate tends to decrease.

The absence of the evidence of other intermediates does not affect our

understanding that most of the intermediates of EG degradation are still oxidizable

and can also function as hydroxyl radical scavenger, rendering EG extra efficacy in

removing or inhibiting the free hydroxyl radical in Fe-NTA system. To confirm our

assumption, comparative experiments were carried out with glyoxylic acid (GA) and

glyoxal (Table 3.13), the supposed degradation intermediates of EG in the Fe-NTA

system.

It turns out that both glyoxylic acid and glyoxal are effective in extending the

half-life of NTA. Glyoxylic acid not only gives comparable results with EG on the

half-life ofNTA and reasonable yield of sulphur but also leads to less loss of iron ion
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than EG. Even so, it is still not economical to use glyoxylic acid as additives

commercially, since glyoxylic acid is much more expensive than EG. However, the

results support our proposal: the overriding effect of EG in extending the half-life of

NTA not only arise from itself (Scheme 3.5), but also from its successive oxidation

derivatives (Scheme 3.6), which also show appreciable activity towards the free

hydroxyl radical.

Table 3.13 Catalytic activities of the possible degradation products of EG:

glyoxylic acid (GA), glyoxal and EG under the same conditions

Scavenger EG Glyoxal Glyoxylic acid
Added concentration (w/v, %) 2 2 2

Test time (h) 96 96 96

Sg (g) 12.37 10.91 11.66

CuS (g) 0 0 0

S2032" (mM) 4.06 23.00 12.25

SO42" (mM) 1.18 3.00 4.18

Consumed NaOH (2 N) (cm3) 44 211 51

Conversion of H2S to S (%) 97.30 87.41 92.69

Conversion of H2S to CuS (%) 0 0 0

Conversion of H2S to S2O3 "

(%)

2.40 11.83 6.25

^ A
Conversion of H2S to SO4 "

(%)

0.30 0.77 1.06

Loss rate of iron ion (mg/L/h) 0.47 0.52 0.21

Half life ofNTA (h) 875.4 273.9 739.0

1st order rate constant of NTA

degradation (h1) x 103

0.79 2.53 0.94

138

Chapter 3: Improvement ofthe Fe-NTA System by Changing Scavenger ofHydroxyl Radical



3.7 Comparative studies of the analogues ofEG

Sorbitol has been able to form a number of stable complexes with some

transition metal ions including Fe(III) and Fe(II) by displacement of protons from the

hydroxyl groups of the ligand.256"258 This coordination has been used successfully to

stabilise the Fe(III) and Fe(II) ion from the precipitation of Fe(OH)2 and Fe(OH)3 in

the basic solution (pFl 8.5-9.0) of the commercial Fe(III)/Fe(II)-NTA process for the

conversion of F^S to S and through all of our experiment. The excellent performance

of sorbitol in stabilising Fe(III)/Fe(II) ion in basic condition and its structural

similarity to EG (with multi-hydroxyl groups) prompts us to consider it as both a

iron stabliliser and a scavenger of the free hydroxyl radical at the same time in the

Fe-NTA system. Excessive addition 5 % of sorbitol (compared with 9 mmol for

normal stabilisation of Fe iron) did exert further effect in stabilising Fe(III)/Fe(II)

ion, leading to the least loss of iron among all the related experiments. The

selectivity to sulphur is good (94.9 %). The half-life of NTA (385.1 hours),

however, is slightly shorter than when Na2S2C>3 was employed. Obviously, sorbitol

behaves better as a Fe(III)/Fe(II) stabilizer than a scavenger of hydroxyl radical.

Polyethylene glycol (PEG) and glycerol, closer analogues of EG in structure

than sorbitol, have also been tested (Fig. 3.21 - 3.22 and Table 3.14). At the

concentration of 2 %, PEG and glycerol are found to be more effective than Na2S203

but less efficient than EG in extending the half-life ofNTA (539 hours and 630 hours

respectively), though increase of concentration of PEG to 5 % does not increase the

half-life ofNTA (316.5 hours) further.
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Testing time (h)

Fig. 3.21 Comparative degradation ofNTA in the Fe(III)-NTA system with 2 %
EG, 2 % PEG and 2 % Glycerol under the same conditions

Testing time (h)

Fig. 3.22 Comparative degradation ofNTA in the Fe(III)-NTA system with 5 % EG
and 5 % Sorbitol under the same conditions
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Table 3.14 Catalytic activities of Fe-NTA with the analogues of EG

Scavenger EG glycerol PEG EG Sorbitol

Added concentration

(w/v, %)

2 2 2 5 5

Test time (h) 96 96 96 98 96

Ss (g) 12.37 11.70 11.77 12.38 10.85

CuS (g) 0 0 0 0 0

S2032" (mM) 4.06 12.35 12.50 1.08 12.05

SO42" (mM) 1.18 1.18 1.93 0.96 2.03

Consumed NaOH (2

N) (cm3)
44 58 69 55 53

Conversion of H2S to

S (%)

97.30 93.38 93.10 99.22 92.82

Conversion of H2S to

CuS (%)

0 0 0 0 0

Conversion of H2S to

S2O32- (%)

2.40 6.32 6.40 0.55 6.61

Conversion of H2S to

S042" (%)

0.30 0.30 0.50 0.23 0.56

Loss rate of iron ion

(mg/L/h)

0.47 0.74 0.25 0.58 0.15

Half life time ofNTA

(h)

875 630 539 1320 380

1st order rate constant

ofNTA degradation

(h"1) x 10"3

0.79 1.10 1.28 0.52 1.82
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3.8 Conclusions

A series of inorganic and organic compounds have been tested as scavengers

or inhibitors of hydroxyl radical for the Fe-NTA system. Among them, N-

methylpyrrolidinone (NMP) and ethylene glycol (EG) were found to be more

effective than Na2S203. Ethylene glycol (EG) appears to be a promising alternative

ofNa2S2C>3 for the current Fe-NTA system. In the ideal instance of Fe-NTA with 20

% of EG, the degradation ofNTA is negligible. The mechanisms of EG and NMP in

scavengering free hydroxyl radical and their possible degradation approaches have

been proposed.

The analogues of ethylene glycol (EG) including glycerol, polyethylene

glycol (PEG) and sorbitol have also been tested as free hydroxyl radical for Fe-NTA

system. These additives, generally speaking, are better than Na2S203 but less

effective than EG in improving the Fe-NTA system.

Experimental

Materials and reagents

The following materials and solvents were ordered from Aldrich or Lancaster

and were used directly without further purification: nitrilotriacetic acid trisodium salt

Na3NTA (99.0 %); sorbitol (98.0 %); Fe2(S04)3-5H20 (97.0 %); FeCl3-6H20 (98.0

%); sodium oxalate (99.5 %); glacial acetic acid (99.99 %); methyl alcohol (HPLC

grade); 1, 10-phenanthroline (99.0 %); hydrogen sulphide (99.5 %); CuSC>4-5H20;

acetonitrile (HPLC grade); potassium iodide KI (99.0 %); potassium bromide KBr

(99.9 %); potassium chloride KC1 (99.0 %); ammonium thiocyanate NH4SCN (98.0

%); sodium nitrite NaN02 (97.0 %); sodium tetraborate NaBF4 (99.0 %); sodium
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thiosulphate Na2S203 (99.0 %); methylsulfoxide DMSO (99.9 %); sorbitol (99.0 %);

N, A-dimethylacetamide DMAA (99.5 %); hexamethylenetetraamine HMTA (99.0

%); triethanolamine TEA (99.0 %); ethanolamine EA (99.0 %); ethylene glycol EG

(99.0 %); polyethylene glycol PEG (99.0 %); glyoxylic acid GA (99.0 %); glycerol

(99.0 %); glyoxal (99.0 %); acyamide (98.5 %); furan (99.5 %); N-

methylpyrrolidinone NMP (99.0 %).

l,3,5-tri(2-hydroxyethyl)hexahydro-[l,3,5]-triazine THHT (99.0 %) was

provided by US Filter and used directly.

Testing ofscavenging activity ofFe-NTA with various scavengers

General procedure

To the oxidizer compartment of 1-litre reactor (Scheme 2.2) was added the

aqueous Fe(III)-NTA solution with 9 mM of sorbitol and appropriate amount of

scavenger of hydroxyl radicals at pEl 8.50. The liquid pump was then started and

some of the solution was pumped into the absorber compartment with a flow rate of

100 cm3 min"1. The pEl and redox probes were then turned on. At this stage the air

was bubbled into the oxdizer and the air flow rate was adjusted to the required value.

The valve of the EES cylinder was switched on and the PES flow rate was adjusted to

2.00 cm3 min"1. The start time of the reaction was recorded, and the pH and redox

probe readings were recorded from time to time. The pH was continuously controlled

to 8.50 by the addition of 2 M of NaOH solution with a syringe pump. The sulphur

was filtered off with every ca. 50 hours interval and 5 cm3 of sample was taken from

the running system every 24 hours in order to monitor the degradation of NTA and

the loss of iron.
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HPLC analysis and operating conditions

Analyses ofNMP and its related composition species

A Milton Roy Pump No. 043 024 equipped with a chromatography accessory,

UV-visible spectromonitor 3000 (LDC analytical) and a chart recorder (Waters 746

Dato Module) were used.

Analytical column: Spherisorb ODS II 5 pm 4.6 mm x 250 mm; column
•j i

mobile phase; acetonitrile : water = 5 : 95; flow rate: 1.0 cm min" ; temperature:

ambient; detector: UV absorption at 220 nm; injection sample: 10 pL; recorder: 10

mV full scale; chart speed: 0.5 cm min"1.

Preparation ofsample

0.04 g of the reaction mixture was taken from the oxidizer compartment of

the 1-liter continuous reactor and placed in a 100-cm3 volumetric flask. This sample

was diluted to 100 cm3 with water and then filtered through a 0.45 pm micron filter

before analysis.

Calibration ofHPLC analysis

Quantitative analyses of NMP and its degradation intermediates were based

on the calibration curve established by varying the concentration of the

corresponding known samples. Peak heights at the indicated amplification settings

were plotted vs. concentration of the species. The linear nature of these plots

indicated precise HPLC determinations of these molecular species over a

considerable range of concentration.

2 2
Analyses of NTA and its related degradation products, iron ion, S2O3 and SO4 '

are the same as that in Chapter 2.
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Chapter 4

Novel Non-Aqueous Fe(III)/Fe(II) Redox

Couple Sulphur Recovery Process

4.1 Introduction

Iron complex catalytic solutions for removing hydrogen sulphide contained in

a wide range of industrial gas streams have been used for over a century and a half as

redox catalysts. Current systems using aqueous aminopolycarboxylate chelate iron
96

redox catalyst solution was introduced around 1962. Since then, numerous

improvements in both process equipment, plant configuration and process chemistry

have been made. As described in Chapter 3, we have successfully improved the Fe-

NTA process by increasing the half-life time of NTA three fold relative to the

current commercial Fe-NTA-Na2S203 system.

Actually, the gas streams containing hydrogen sulphide are usually also

contaminated with carbon dioxide (CO2) or other contaminating gases which need to

be cleaned out from gas streams. Consequently gas streams are generally first

contacted with an alkanolamine to remove H2S & CO2 then dehydrated with glycol.

The alkanolamine is thermally regenerated liberating the H2S & CO2. This secondary

acid gas stream is desulfurized by Fe-NTA redox system and the CO2 is directly
9 SO

released to atmosphere.

Considering the economical and practicable reasons, it is necessary to

develop a more efficient process that can remove not only sulphur contaminants, but
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also carbon dioxide and water in a single process while producing or recovering a

high quality of solid elemental sulphur. The non-aqueous catalyst system could be a

unique possibility to sort out the above problems in a single process because a

specific organic solvent employed, for example NMP, is able to absorb all the

contaminants gas including water.

However, most of the conventional aqueous catalysts such as the Fe(II) and

Fe(III) complexes of EDTA, HEDTA, NTA are inadequately soluble in the organic

solvents, as are the phosphorus analogues NTAP, NTA2P, MeNTA2P and NTA3P

employed in Chapter 2. Up to now, only the P-diketone [R]C(0)CH2C(0)R.2]

chelate complexes are feasible as catalysts in non-aqueous process for the removal of

hydrogen sulphide from natural gas streams. The metals patented as P-diketone

chelates for this purpose include polyvalent iron, copper, cobalt, vanadium, nickel

and manganese, 260'261 as well as scandium, yttrium or the elements in lanthanide and

actinium groups. 7 Among them the Fe(III) chelate of acetylacetone (2, 4-

pentanedione) in NMP, water free or with a water content of less than or equal to 5

w/v %, was the most successful catalyst system. The substantially non-aqueous

process was claimed to desulphurise, decarbonate (i.e. remove or absorb carbon

dioxide) and dehydrate a gas stream simultaneously. However, a key deficiency in

this system is found to be substantial loss of ligand, P-diketone that eventually led to

deactivation of the catalyst system in the process.68

Accordingly, attempts to further improve current non-aqueous catalyst

system by selecting more robust ligands in place of easily degraded P-diketone and

to seek suitable organic solvents are our initial object. However, it is rather difficult
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to find a suitable iron complex which is both highly soluble in organic solvent and

comparable to the iron complex of p-diketone in price and practicality under the

required conditions (pH = 8.50). Is it possible to oxidise H2S to S directly with plain

iron(III) salts in organic solvent?

The simplest idea provides us surprising and fantastic results. The

preliminary experiment with FeCfi-NMP catalyst system without any ligand did

work unexpectedly well for the conversion of hydrogen sulphide to sulphur. This

triggered our following investigation for different iron salts in various organic

solvents.

Results and Discussion

4.2 Selection oforganic solvents

About twenty common organic solvents were screened based upon the

solubility and stability of FeCb in the solvent (either water-free or with 5 w/v % of

water) without pH control. If FeCl3 dissolves well in a solvent to give a stable

homogeneous solution (water-free or with 5 w/v. % of water), the solution is then

loaded in the 1-litre reactor for preliminarily test on catalytic activity toward the

oxidation of H2S to sulphur by air. The catalytic experiments were performed at

conditions of H2S = 2.0 cm / min, air = 700 cm / min, circulation rate of absorption

solution =100 cm3 / min, initial pH value and room temperature. Table 4.1 lists the

qualitatively testing results of different FeCh / organic solvent systems based on

visual observations.
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Furan, sulfolane, trichloroethylene (TCE), morpholine (MP) and N-

fonnylmorpholine (NFMP) (water-free or with 5 w/v % of water) could not dissolve

FeCU properly. Therefore these solvents were not further tested.

FeCb is soluble in a variety of other organic solvents, either water-free or

with 5 w/v % of water, to give corresponding stable homogeneous solution. The

solvents include formamide (FA), /V-methylpyrrolidinone (NMP), N, N-

dimethylethanolamine (DMEA), dimethyl sulfoxide (DMSO), dimethyl formamide

(DMFA), propylene carbonate (PC), 1,4-dioxane (DO),

diethylglycolmonomethylether (DEGME), di-(ethylglycol)-diethylether (DEGDE),

triethylphosphate (TEPP), methyl-acetoacetate (MAA), triethanolamine (TEA),

acrylic acid and ethanol. However, as displayed in Table 4.1, only the FeC^ / NMP

system, our initial discovery, was found to have catalytic activity towards the

oxidation of hydrogen sulphide to sulphur by air. FeCb in other organic solvents

showed little catalytic activity. Therefore, NMP becomes our solvent of choice for

further studies.
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Table 4.1 Screening of organic solvents for FeCl3 catalytic
conversion of H2S to S by air

Solvent Catalyst

Composition

Stability Test

Time (h)

Results &

Comments

Propylene
carbonate (PC)

FeCl3 ([Fe] = 90

mM) / 95 % PC
/ 5 % water

Stable 5

~ Severe tail gas

~ Poor catalytic

activity

Methyl-acetoacetate

(MAA)

FeCl3 ([Fe] = 90

mM) / 95 %
MAA/5 %

water

Stable 3

~ Bad smell

~ Severe tail gas

~ Poor catalytic

activity

Diethylglycolmono

methylether

(DEGME)

FeCl3 ([Fe] = 90

mM) / 95 %
DEGME /5 %

water

Very
stable

19.5

~ Colour of the

reaction solution

deepened
~ Severe tail gas

~ Poor catalytic

activity

Diethylglycoldiethy
lether (DEGDE)

FeCl3 ([Fe] = 90

mM) / 95 %

DEGDE/5 %

water

Stable 1.3

~ A lot of tail gas

~ Very poor

catalytic activity

Triethylphosphate

(TEPP)

FeCl3 ([Fe] = 36

mM) / 95 %
TEPP/5 %

water

Stable 7

~ A lot of tail gas

~ Very poor

catalytic activity

Formamide (FA) FeCl3 ([Fe] = 90

mM) / 95 % FA
/ 5 % water

Stable 5

~ Grey solid

precipitated out
~ Severe tail gas

~ Very poor

catalytic activity
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Table 4.1 Screening of organic solvents for FeCl3 catalytic
conversion of H2S to S by air (continued)

Solvent Catalyst

Composition

Stability Test

Time (h)

Results &

Comments

N,N-

Dimethylethanolam
ine (DMEA)

FeCl3 ([Fe] = 36

mM) / 95 %
DMEA / 5 %

water

Stable 5

~ Severe tail gas

~ Very poor

catalytic activity

Acrylic acid

FeCl3 ([Fe] = 36

mM) / 95 %

Acrylic acid / 5%
water

Stable 15

~ A lot of tail gas

~ Very poor

catalytic activity

Furan

FeCl3 ([Fe] = 36

mM) / 95 %
Furan / 5 % water

Unstable

Sulfolane

FeCl3 ([Fe] = 36

mM) / 95 %
Sulfolane/ 5 %

water

Unstable

Ethanol

FeCl3 ([Fe] = 36

mM) / 95 %

Ethanol / 5 %

water

Stable 0.5

~ A lot of tail gas

~ Very poor

catalytic activity

2-butoxyethanol

(BE)

FeCl3 ([Fe] = 36

mM) / 95 % BE /
5 % water

Stable 17

~ Severe tail gas

~ Poor catalytic

activity

Trichloroethylene

(TCE)

FeCl3 ([Fe] = 36

mM) / 95 % TCE
/ 5 % water

Unstable
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Table 4.1 Screening of organic solvents for FeCl3 catalytic
conversion of H2S to S by air (continued)

Solvent Catalyst

Composition

Stability Test

Time (h)

Results &

Comments

Triethanolamine

(TEA)

FeCl3 ([Fe] = 36

mM) / 95 %

TEA / 5 %

water

Stable 3

~ A lot of tail gas

~ Very poor

catalytic activity

1.4- dioxane (DO)

FeCl3 ([Fe] = 36

mM) / 95 % DO

/ 5 % water

Stable 10

~ A lot of tail gas

~ Very poor

catalytic activity

Dimethyl
formamide

(DMFA)

FeCl3 ([Fe] = 36

mM) / 95 %
DMFA / 5 %

water

Stable 15

~ Grey suspension
found

~ A lot of tail gas

~ Very poor

catalytic activity
~ Very poor

catalytic activity

Dimethyl sulfoxide

(DMSO)

FeCl3 ([Fe] = 36

mM) / 95 %
DMSO / 5 %

water

Stable 4

~ A lot of tail gas

~ Very poor

catalytic activity

Morpholine (MP)

FeCl3 ([Fe] = 36

mM) / 95 % MP

15% water

Unstable
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Table 4.1 Screening of organic solvents for FeCl3 catalytic
conversion of H2S to S by air (continued)

Solvent Catalyst

Composition

Stability Test

Time (h)

Results &

Comments

N-

formylmorpholine

(NFMP)

FeCl3 ([Fe] =

36 mM) / 95 %
NFMP / 5 %

water

Unstable

N-

methylpyrrolidinone

(NMP)

FeCl3 ([Fe] =

36 mM) / 95 %
NMP / 5 %

water

Stable 300

~ Trace of tail gas

~ Bright yellow

crystalline sulphur

Actually, A-methylpyrrolidinone (NMP) has been widely applied in industrial

scale gas purification,262"264 for example in the Purisol ® process for the physical

removal of H2S and CO2 from gas streams.265 In addition, it has also been widely

used to remove adhesives (especial cyanoacrylate-based) from plastic, glass, metal,

ceramic, stone and fiber surfaces and also from human skin and to clear surfaces of a

plastic, esp. poly(lauryl methacrylate) 266 and to dehydrate gas streams.267 As can be

seen from Table 4.2, the inexpensive and environmental acceptable NMP can be a

perfect organic media for the conversion of hydrogen sulphide to sulphur with its

ideal high boiling point, low freezing point, large change in sulphur solubility with

temperature, low toxicity, high H2S and CO2 solubility and completely miscibility

with water.
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Table 4.2. Property of A-pyrrolidinone (NMP) 68

Property

High boiling point 202°C

Low freezing point -24 °C, -12 °F

Low specific heat 0.4 cal / g. °C

Low toxicity LD50.7 g / kg rat

TSCA listed Yes

Biodegradable Yes

Low viscosity 1.65 cp at 25 °C

High flash point 95 °C, 204 °F

High auto ignition temperature 346 °C, 655 °F

Complete miscibility with water Yes

Inexpensive £0.94/ lb

Assured availability Yes, from 1,4-butanediol

In-process stability Early work is favourable

Dissolve sulphur Readily

Steep sulphur solubility gradient 0.4 % at 20 °C; 9 % at 130 °C

High H2S solubility 48 L / L NMP at 20 °C, 1 atm.

Good O2 solubility 55 cm3 / L NMP at 20 °C, 1 atm.

High H2S over CO2 selectivity Yes
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4.3 Selection offerric salts

Now that FeCl3 in NMP exhibited efficient catalytic activity toward the

oxidation of H2S to S, other iron salts may also have similar activity in the same

solvent for the same conversion. Therefore, a number of ferric salts were tried in

water-free NMP or 95 % of NMP / 5 % of water in the same procedure. The ferric

salts used in this study include ferric citrate, ferric oxalate Fe2(C2C>4)3, ferric

carbonate Fe2(CC>3)3, ferric acetylacetonate [CH3C(0)CH=C(0")CH3]3Fe, ferric

hydroxyl acetate Fe(0H)(CH3C02)2, ferric sulphate Fe2(S04)3- 5H20, ferric nitrate

Fe(NC>3)3- 9H2O and Fe(H2PC>2)3. The results are listed in Table 4.3 and compared

with that of FeC^.

Ferric citrate, ferric oxalate and ferric carbonate dissolved in neither pure

NMP nor 95 % of NMP / 5 % of H20 nor any other organic solvents mentioned in

Section 4.2.

Ferric acetylacetonate, Fe(H2P02)3 and ferric hydroxy acetate

Fe(0H)(CH3C02)2 are partly soluble in 95 % of NMP / 5 % of water to give slight

suspension. The suspensions showed low catalytic activities when employed as

catalysts for the oxidation of hydrogen sulphide to sulphur. The same unsatisfactory

results are obtained when other organic solvents were used to substitute for pure

NMP or 95 % of NMP / 5 % of H20.

Both ferric sulphate and ferric nitrate dissolved in pure NMP very slowly. In

95 % of NMP / 5 % of water, however, the two salts dissolved readily to give stable

solution with concentration up to 360 mmol / L. The pH value of the resulting

solution, lower than 1, was slightly different between two salts and various
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concentration. Catalytic experiments were performed with samples of 90 mmol of

Fe2(S04)3- 5H20 in 95 % of NMP / 5 % of water and 90 mmol of Fe(N03)3- 9H20

in 95 % of NMP / 5 % of water with both uncontrolled pH or controlled pH value

(to 1 by addition of 2 N NaOFl). Both salts displayed catalytic activities for the

catalytic oxidation of hydrogen sulphide to sulphur to some extent. However, their

catalytic activities were found to decrease gradually with the increase of the running

time. The catalysts were completely deactivated eventually. High proportion of

2+ 3+Fe /Fe (more than 90 %) was found in the resultant solution for both catalyst

systems. Obviously, the Fe2+ formed during the process is hard to re-oxidize to Fe3+.

In both instances, the tail gas became gradually severer with the running of

experiment. In one case of 90 mmol of Fe2(S04)3* 5H20 in 95 % of NMP / 5 % of

water whose pH value has been previously adjusted to the same as that of

corresponding FeCl3 solution with 2 N H2S04, an unknown water-soluble solid was

found to precipitate out which was shown not to be sulphur by HPLC analysis. The

concentration of iron ion reduced dramatically in the process.

In clear contrast, 90 mmol of ferric chloride in 95 % of NMP / 5 % of water

showed fantastic efficiency for the catalytic oxidation of H2S to sulphur by air. The

system works perfectly with high selectivity to sulphur 98.72 %, low conversion to

S2032", 0.02 % and S042", 0.09 %. No tail gas was observed in 300 hours running.

Chapter 4: Novel Non-Aqueous Fe(III)/Fe(II) Redox Couple Sulphur Recovery Process
155



Table 4.3 Screening of ferric salts in 95 % NMP / 5 % water for the

catalytic oxidation* of hydrogen sulphide by air

Concentration Test

Ferric Salt (mmol/L) of Time Results & Comments

Fe(III) (h)
~ Iron salt partly dissolved,

Iron(III) suspension

acetylacetonate 90 5 ~ Dark solid formed

~ Colour deepened
~ Trace of tail gas observed
~ Poor catalytic activity
~ Iron salt partly dissolved to give

suspension
~ No tail gas observed

Fe(OH)(OAc)2 36 78.5 ~ Grey Ss (3.727 g mixed with
unknown dark solid) and residual of

Sg 4.70 g in the filtration (analysis

by HPLC)
~ Severe loss of iron ion: Fe ion

concentration changed from 2084
to 944 mg / L
~ Not ideal catalytic system
~ Iron salt partly dissolved,

suspension

Fe(H2P02)3 90 3 ~ Dark solid formed

~ Colour deepened
~ Severe tail gas

~ Poor catalytic activity
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Table 4.3 Screening of ferric salts in 95 % NMP / 5 % water for the catalytic
oxidation* of hydrogen sulphide by air (continued)

Ferric

salt

Concentration of

Fe(III) (mmol/L)

Test

Time (h)

Results & Comments

Ferric

nitrate

Fe(N03)3

90

* (Initial pH value
without any control

pH in the process)

24

~ Low yield of Ss: 63.03 %
~ High conversion to S03 28.56
%

~ High conversion to S04 1.05
%

~ Severe tail gas in the process

~ Poor catalytic activity

Ferric

nitrate

Fe(N03)3

90

*(pH controlled to

1.00 by addition of 2
N ofNaOH in the

process)

10.5

~ Severe tail gas found in 9.5
hours

~ High ratio of Fe2+/Fe3+ : 94.42 %
~ Poor catalytic activity

Ferric

sulphate

Fe2(S04)3

90

* (Initial pH value
and does not control

pH in the process)

80.5

~ Moderate yield of Ss: 88.00 %
~ Severe tail gas: CuS 10.17 %
~ Low conversion to S03 1.42 %
~ Low conversion to S04 ": 0.41 %
~ High loss of iron: 34.21 mg/L/h
~ Poor catalytic activity

Ferric

sulphate

Fe2(S04)3

90

* (pH of the starting
solution was adjusted
to the same as that of

90 mmol FeCl3 / 95

% NMP / 5 % water.

No further control

during the process)

14

~ Severe tail gas in 10 hours.
~ Low yield of Ss: 48.49 %
~ Unknown water-soluble

precipitate
~ Severe loss of iron: 288 mg / L /
h

~ Poor catalytic activity
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Table 4.3 Screening of ferric salts in Fe(III) salt / 95 % NMP / 5 % water for the

catalytic oxidation* of hydrogen sulphide by air (continued)
Ferric Salt Concentration of

Fe(III) (mmol/L)

Test

Time (h)

Results & Comments

Ferric

sulphate

Fe2(S04)3

90

* (pH controlled to

1.00 by addition of 2
N of NaOH in the

process)

9.5

~ Severe tail gas in 9 hours
~ High ratio of Fe2+/Fe3+:

92.33 %

~ Poor catalytic activity

Ferric

chloride

FeCl3

90

* (Initial pH value
without any control

pH in the process)

300

~ High quality of S8: yellow

crystalline

-High yield ofS8: 98.72 %
- Low yield of S032": 0.19 %
- Low yield of S042": 0.09 %
- No iron loss

- No tail gas

- Perfect catalytic system

4.4 Influence ofconcentration ofFeClj on catalytic activity

While other organic solvents and iron salts show negative or poor results for

the catalytic oxidation of H2S to S by air, the combination of FeC^ with NMP

provides a perfect catalyst for this conversion. Table 4.4 has shown the influence of

FeCfi concentration on the catalytic activity in pure NMP and 95 % ofNMP / 5 % of

water.

As usual, the maximum solubility of FeCfi in pure NMP or 95 % of NMP / 5

% FI2O was firstly determined. Also tested was FeCb* 6H2O. Both anhydrous FeCl3

and FeCfi* 6H2O mixed with pure NMP or 95 % of NMP / 5 % of water to give
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stable solution, though the latter dissolved in pure NMP rather slowly. The

maximum concentration of FeC^ anhydrous is 270 mmol / L in pure NMP and 180

mmol / L in 95 % of NMP / 5 % of water. While that of FeCh* 6F120 in 95 % of

NMP / 5 % of water is 180 mmol / L. Experiments were carried out with

concentration of FeCU varying in the range of 18 to 90 mmol.

When 18 mmol of FeC^ in pure NMP was tested for the conversion of H2S to

sulphur by air, no tail gas was observed within the first 17 hours. Longer running of

the experiment led to the disclosure of trace tail gas. This can be explained from the

shortage of Fe3+ ion in the process. At the initial stage of experiment, there was

enough Fe3+ ion in the system to oxidise hydrogen sulphide. As the redox process

continued, the Fe3+ and Fe2+ ions reached to equilibrium, at which the content of Fe3+

was insufficient to convert hydrogen sulphide completely to sulphur, as a

consequence, the excess of hydrogen sulphide was released in the form of tail gas.

Even so, the absorption of hydrogen sulphide was still very impressive. The

formation of relatively high concentration of by-products SO32" and SO42" might

result from the direct oxidation of FES by the oxygen (air) in the oxidiser zone.

Doubling the concentration of FeCU to 36 mmol in pure NMP led to the

enhancement of selectivity to sulphur from 90.3 % to 95.2 %. The concentration of

the over-oxidized components SO32" and SO42" decreased. The loss of H2S in tail gas

(0.12 %), though lower than in the case of 18 mmol (0.46 %), was still observed,
ii

suggesting that the Fe ion in the equilibrium was still not abundant. Increase of

FeCb to 90 mmol in 100 % of NMP sorted out the loss of H2S in tail gas completely

in spite of the fact that the yield of sulphur has not been further improved (95.84 %).
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2The slight increase of the side product SO4 " implied that the concentration of iron

ion might be a little bit higher than required.

Further improvement for the selectivity to sulphur was achieved by slight

modification of the solvent with addition of 5 w/v % of water. As shown in Table

4.4, 90 mmol / L ferric chloride in 95 % of NMP / 5 w/v % of water afforded 98.72

2 2% yield of sulphur, while the concentration of side products SO3 " and SO4 " slightly

decreased. Actually, the presence of 5 w/v % of H2O in NMP somewhat reduced the

solubility or residential time of H2S in the absorption solution and might have

increased the rate of the conversion of H2S to sulphur. There was less residual H2S in

95 % of NMP than in water-free NMP.

90 mmol of FeCV 6H2O in 95 % NMP / 5 % of water showed closely

similar results to its anhydrous counterpart in spite of the slight increase of H2O

content in the reaction solution. However, if the content of water in the catalyst

system reached up to 20 %, the catalytic activity was found to reduce sharply —

severe tail gas re-appeared in the process.

All experiments listed in Table 4.4 gave high quality of bright yellow

crystalline sulphur, which is in clear contrast to the grey sulphur contaminated with

more or less of FeS from Fe-NTA system. In addition to the crystalline sulphur, there

is still considerable amount of sulphur dissolved in the solution. Work-up with

addition of H20 precipitated the sulphur out as yellow solid, also in high quality. The

solvent can be recycled by evaporation of the excess of water.

No iron loss was observed in the process. For the catalyst system with 90

mmol FeCl3-6H20or FeCfi in 95 % ofNMP, the total iron concentration in the
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Table 4.4 Catalytic activity of FeCl3 / NMP or 95 % of NMP / 5 % of water system

Solvent System

100%

NMP

100%

NMP

100 %

NMP

95 %

NMP/5 %

h2o

95 %

NMP/5 %

h20

Ferric salt FeCf? FeCl3 FeCl3 FeCl3 FeCl3-6H20

Concentration iron

salt (mmol/L)

18 36 90 90 90

Test time (h) 100 300 313 300 198

Crystalline S8 (g) 11.846 34.010 37.780 46.968 19.296

Residual S8 in the

filtrate (g)

0.226 1.077 0.819 7.167 3.491

Tail gas (CuS) (g) 0.184 0.135 0 0 0

Cso32" (mM) in the

resulting solution

4.91 4.12 4.56 0.20 3.00

Cso42" (mM) in the

resulting solution

3.66 4.34 11.03 1.50 2.89

Residual H2S (M)
in the resulting
solution

13.33 18.50 16.06 4.13 1.00

Conversion of H2S

to S8 (%)*

90.32 95.15 95.84 98.72 98.49

Conversion of H2S

to CuS (%)*

0.46 0.12 0 0 0

Conversion of H2S

to S032" (%)*

2.36 0.72 0.73 0.02 0.83

Conversion of H2S

to S042" (%)*

0.46 0.12 0.88 0.09 0.40

Residual h2s (%) 6.40 3.26 2.56 1.17 0.28

Chapter 4: Novel Non-Aqueous Fe(III)/Fe(II) Redox Couple Sulphur Recovery Process
161



Table 4.4 Catalytic activity of FeCh / NMP or 95 % ofNMP / 5 % of water system

(continued)

Solvent System

100%

nmp

100%

nmp

100%

nmp

95 %

nmp/5 %

h20

95 %

nmp/5 %

h2o

Iron content of the

starting solution

(mg/L)

1002.21 1999.55 5033.55 5042.57 5152.75

Iron content of the

resulting solution

(mg/L)

1004.95 2006.10 5035.91 5104.17 5279.79

h2o content of the

starting solution

(g/L)

0 0 0 50.06 49.65

h2o content of the

resulting solution

(g/L)

1.32 4.01 4.10 42.37 43.13

Fe2+ / Fe3+ in the

process (%)

40.20 45.55 50.10 44.86 44.05

*Calculation based on the amount of all components-containing sulphur, which is
supposed to be 100 %.

resulting solution was a little bit higher than that in the starting solution. This may

arise from the evaporation of H2O in the process, leading to the slightly condensed

reactant solution. The degradation of NMP, which will be discussed below in details,

may also be responsible for the condensation of solvent during the process.

4.5 Effect of the anion of theferric salt in water

Due to the drastic different effect of various iron salts on the catalytic activity

for the conversion of H2S to S in NMP, we decided to investigate the same iron salts

in water for the same conversion. Surprisingly, the aqueous FeCb, Fe2(SC>4)3 and
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Fe(N03)3 show extreme similarity to each other with very low catalytic activity

(Table 4.5). Actually, the similar irreversibility of Fe3+ to Fe2+ has been reported

before. When FeCl3 or Fe2(S04)3 or Fe(N03)3 dissolved in water, a series of

hydroxylated ferric ions, which formed by hydrolysing of Fe(III) ion, have been

found to dominate in the solution. " Asai et al have used a stirred cell reactor for

Table 4.5 Catalytic activities of the various ferric salts in H2O

Catalyst Test Test Time Results and Comments

Composition Conditions (min)
~ Initial pH = 0.44
~ Resulting pH = 0.20
-No tail gas with the first 600

FeCl3 ([Fe] = 90 *h2S = 2.00 min.

mM)/ 100 % cm /min. - Conversion of H2S to Ss

h2o *Air = 700 700 (grey): 58.03 % (1.08 g of
cm3/min. sulphur).
*Without any - CuS: 0.29 g

control of pFl - No iron ion loss.

during the - High Fe2+/Fe3+ in the resulting

process. solution: 95.51 %

- Positive activity observed
within the first 600 min, but it

gradually dwindled away due to

hard conversion of Fe2+ to Fe3+

in the process.
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Table 4.5 Catalytic activities of the various ferric salts in H2O (continued)

Catalyst Test Conditions Test Time Results and Comments

Composition (min)
~ Initial pH = 0.95

~ H2S = 2.00 ~ No tail gas with the first 570
cm3/min. min.

~ Air = 700 ~ Conversion of H2S to Ss (grey):
cm /min. 81.24 % (1.36 g of sulphur).

Fe(NC>3)3 ~ pH of the 630 ~ CuS: 0.07 g

([Fe] solution ~ No iron ion loss.

90mM)/ 100 controlled to ~ High Fe2+/Fe3+ in the resulting
% H20 1.00 by addition solution: 94.42 %

of 2 N NaOH ~ Positive activity observed

during the within the first 630 min, but it

process. gradually dwindled away due to

hard conversion of Fe2+ to Fe3+ in

the process.

~ Initial pH =1.07
~ H2S = 2.00 ~ No tail gas at all in the first 550
cm3/min. min.

Fe2(S04)3 ~ Air = 700 ~ Conversion of H2S to Ss (grey):

([Fe] cm3/min. 80.00 % (1.18g of sulphur).

90mM)/ 100 ~ Control pH of 555 ~ CuS: 0.07g
% H20 solution to 1.00 ~ No iron ion loss.

by addition of 2 ~ High Fe2+/Fe3+ in the resulting
N NaOH during solution: 92.33 %

the process. ~ Positive activity was observed
on the first 630 min, but it

gradually dwindled away due to

hard conversion of Fe2+ to Fe3+
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absorption of hydrogen sulphide into aqueous solution of ferric sulphate and ferric

chloride respectively in the absence of any organic ligands, the hydroxylated ferric
9+

ion [Fe(H20)50H]~ was concluded to be the actual reactive species in the processes,

9Q1 9-1- 9-1-
and the hydrated ferrous ion [Fe(H20)6] was the major form of Fe in the

solution which was found hard to oxidise to Fe3+ by air. That is, in the aqueous

9-i_
solution, the hydrated Fe is very stable and difficult to be oxidised to hydrated or

hydroxylated Fe3+ ion. As a consequence, the influence of anion in iron salt on the

catalytic activity, which could be ignored in practice, is far lower than that of solvent

water molecule itself.

4.6 Possible catalytic mechanism of iron salts in NMP

However, changing solvent from water to pure NMP or 95 % NMP / 5 %

H2O, the effect of anion on the catalytic activity of iron salt becomes vital, implying

that the reactive species in the catalytic cycle must be an anion-containing complex.

This is not difficult to understand. The NMP is far less polar than water. Iron salts

thus have less possibility for ionization in NMP. Therefore the solution can not be

dominated by total solvated iron as that in water. The complexes for FeCfi or

FeCb 6H20, Fe(N03)3 9H20 and Fe2(S04)3 5H20 in NMP or 95 % NMP / 5 % H20

can be expressed actually as [Fe(NMP)6.xClx](3"x)+, [Fe(NMP)6.x-y(H20)yZx](3"x)+ (Z =

CP, NO3") and ~[Fe(NMP)5.2x-y(S04)x(H20)y]^2"2x-)+, respectively. The following are

the mechanisms we have tentatively proposed for the iron catalytic conversion of

H2S to sulphur by air in NMP (Scheme 4.1- 4.3).

As shown in Scheme 4.1- 4.3, iron salts in NMP or in 95 % NMP / 5 % H20

could initially form partly solvated Fe3+ ions or complexes [step (1)]. Hydrogen
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sulphide then dissolves in a solution containing iron salt and NMP to afford new

complexes containing sulphur by ligand exchange or substitution reaction in step (2)

- (4) in which the anion ion such as CI" or NO3" or SO42" is substituted by HS". One

NMP molecule may pop out and in during the process. Electron transfers between

the sulphide and Fe3+ within the Fe complex sulphur-containing take place in step (5)

and step (6). The free radical of sulphur-containing complex, which is formed in step

(5), readily decomposes to release the elemental sulphur, and to dissociate a Fe2+

solvated ion in step (6). Re-generation reaction of catalyst is carried out in step (6)

and step (7).

In Scheme 4.1A or Scheme 4.IB, Step (2) can be rate determining, because

the step that release a free radical needs higher active energy. Addition of appropriate

amount of water (5 %) to the FeCl3 / NMP system reduces the residential time of

H2S in solution to some extent and decrease the possibility for further oxidation, and

therefore is beneficial to the selectivity to sulphur. A limited number of H2O may

also coordinate with iron in the reactive species in shown in Scheme 4.1B, 4.2 and

4.3. The active energy in step (2) in Scheme 4.IB which contains water maybe lower

than in Scheme 4.1A, so the formation of sulphur is quicker in the present of water.

Flowever, if the water content reaches up to 20 %, water molecules would compete

with NMP or the anion ligands to co-ordinate with iron, especially with Fe2+ to give

totally hydrated iron, which is as in aqueous system, loses its catalytic activity

sharply.

In Scheme 4.2 and Scheme 4.3 water is considered as part of coordinated

ligands, step (7) is vital for the whole cycle as suggested by the high proportion of
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Fe2+ / Fe3+ (up to 94.4 %) in the resulting solution (see Section 4.3). Like the

hydrated Fe2+ in aqueous system, the nitrate or sulphate-containing Fe(II) species in

Scheme 4.2 and Scheme 4.3 are quite stable and very difficult to oxidize into

corresponding Fe(III) counterparts by air. Therefore, the catalytic cycle were blocked

in step (7) for Fe2(SC>4)3 / NMP and Fe(NC>3)3 / NMP systems, the diminishing of

Fe3+ in the system directly leads to the gradual loss of catalytic activity of Fe2(SC>4)3

and Fe(NC>3)3 in NMP for the conversion of H2S to S by air.

But how can the stability of Fe(II) species of chloride, nitrate and sulphate or

hydrogen sulphate be so different? Firstly, according to the Lewis theory of acid and

base, CP, NO3", HSO4" and SO42" are the corresponding conjugate bases of HC1,

HNO3, H2SO4 and HSO4", respectively.293 The acidity of the above acids and basicity

of the conjugate bases are found to follow the order shown below:

H2SO4 (pKa = - 9) > HC1 (pKa = - 7) > HNO3 (pKa = - 1.4) > HSO4"

Increasing acid strength -<

S042" > CI" > N03" > HSO4"

Increasing strength -<

This means that the basicities of SO42" and NO3" are stronger than CF. SO42"

and NO3" are therefore believed to have slightly higher affinity for Fe ions than CF.

Secondly, CF is a typical weak monodentate ligand while SO42" and NO3" can be

regarded as weak bidentate ligands due to their special resonance structures.

Therefore it is reasonable that iron chloride species are better solvated or replaced by

solvent than iron nitrate and iron sulphate species in NMP. Furthermore, Fe3+ is
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generally believed to prefer to coordinate nitrogen-containing ligand rather than

2"b
oxygen-containing ligand to form stable complex. On the contrary, Fe tends to

coordinate oxygen-containing rather than nitrogen-containing ligand. Therefore, the

more A-donor ligand NMP molecules coordinated with the iron ion, the easier the

Fe3+ regeneration and the more active of the iron species for the catalysis. A similar

[Fe(NMP)6.xCy

1/2H20

(6-x)NMP
(3-x)+ ) (1)

l/402 + HC1

[Fe(NMP)6-xClx. j ]
A

(2-x)+

(6)

[FeCNMP^CUSf"^*

y(5)
[Fe(NMP)6.xClx.1](2-x)+

FeCl3
,H2S

(2)"^-**nmp

[Fe(NMP)5.xClx(H2S)]

-NMP

(3-x)+

\HC1

[Fe(NMP)6.XC1X., (HS)] (3-x)+

[Fe(NMP)6.xClx] (3-x)+

[Fe(NMP)6-xClx_, SC1X_i(NMP)6_XFe](3~x)+ / (7)

l/402 + HC1

1/2H20

Scheme 4.1A A suggested catalytic cycle in non-aqueous catalyst system of FeCl3 /
NMP for the conversion of H2S to S
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1/40 2 + HC1

[Fe(NMP)6.x.yClx(H20)y]

1/2H20

(7)

(6-x-y)NMP

(3-30+ ) (1)

[Fe(NMP)6.x.y C lx_ \ (H20)y ] (2-x)+

(6)

[FeCNMP^yCWKH^VS]^"^-

[Fe(NMP)6.x.y C lx_ i (H20)y ] (2~x)+

FeCl3 »6H20

[Fe(NMP)5.x.yClx(H20)y(H2S)](3-x)+

(3)

•NMP

k HC1

(3-x)+[Fe(NMP)6_x_y C lx_, (H20)y (HS)]

(A)/ ^ [Fe(NMP)6-x-y Clx(H20)y](3"x)+

[Fe(NMP)6.x.yClx.1(H20)yS(H20)yClx.1(NMP)6.x.yFe] (3-x)+

(7)

l/402 + HC1 1/2H20

Scheme 4.IB A suggested catalytic cycle in non-aqueous catalyst system of FeC^
or FeCl3 6H20 / NMP or 95 % NMP / 5 % H20 for the conversion of H2S to S
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[Fe(NMP)6.x.y(N03)x(H20)y]

1/2H20

l/402 + HN03

(6-x-y)NMP

(3-x)+ J 0)
Fe(N03)3-9H20

NMP

[Fe(NMP)6-x-y (N03)x. , (H20)y ](2"x)+ [Fe(NMP)5.x.y(N03)x(H20)y(H2S)](3-x)+

(6)
(3)

■NMP

\ HNCF

[Fe(NMP)6.x.y(N03)x.1(H20)yS](3"x)+*[Fe(NMP)6 (N03)x.1(H20)y(HS)](3"x)+

[Fe(NMP)6.x.y(N03)x(H20)](3"x)+

HNOi
[Fe(NMP)6.x.y (N03)x. 1 (H20)y ]

[Fe(NMP)6.x.y(N03)x.1(H20)yS(H20)y(N03)x.,(NMP)6.x.yFe](3-x)>

(7) 1/2H20

l/402 + FtN03

Scheme 4.2 A suggested catalytic cycle in non-aqueous catalyst system of

Fe(N03)3 9H20 / 95 % NMP / 5 % H20 for the conversion of H2S to S
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(6-x-y)NMP

~[Fe(NMP)5.2x-y(S04)x(H20)y](2-2x)+ < ) (1)

l/402 + H —-7

-fFe(NMP)5.2x.y(S04)x(H20)y](1"2x)+

Fe2(S04)3.5H20

NMP

~[Fe(NMP)4.2x_y(S04)x(H20)y(FI2S)](2"2x)+

■NMP

iFe(NMP)5.2x.y(S04)x.1(HS04)(H20)y(HS)](2"2x)+

-£Fe(NMP)5.2x.y (S04)x_ \ (HS04)(H20)y S](2"2x^+*

•{Fe(NMP)5.2x.y(S04)x(H20)y](2-2x)+

-fFe(NMP)5_2x.y (S04)x(H20)y ](1 "2x)+:-yV

+ H+

NMP + H

(II20)y(HS04)(S04)x.1(NMP)5.2x.yFei

(H20)y(HS04)(S04)x.1(NMP)5.2x.yFe^

(2-2x)+

I/2H2O

l/402 + H

Scheme 4.3 A suggested catalytic cycle in non-aqueous catalyst system of

Fe2(S04)3 5H20 / 95 % NMP / 5 % H20 for the conversion of H2S to S
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point of view has also been reported before.299 The Fe2+ species in Fe(NC>3)3 / NMP

or Fe2(SC>4)3 / NMP system must have been stabilised by oxygen-donor sulphate or

• • "3_|_ .

nitrate ligand. They proved to be very difficult to oxidise into Fe by air.

4.7 Cyclic Voltammogram study ofnon-aqueous catalyst system

In order to further explore the difference of the catalytic activities between

Fe(NC>3)3 / NMP, Fe2(SC>4)3 / NMP and FeCl3 / NMP for the catalytic oxidation of

hydrogen sulphide to sulphur, their cyclic voltammetries were measured. The

following cyclic voltammograms were recorded at initial pH value and 0.02 M

Fe(III) / 95 % NMP / 5 % H2O shown in the following Fig. 4.1 - 4.3.

Fig. 4.1 Cyclic voltammogram of Fe(NC>3)3 / 95 % NMP / 5 % H2O ([Fe(III)] =

0.02 M, initial pH value)
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Fig. 4.2 Cyclic voltammogram of Fe2(S04)3/ 95 % NMP / 5 % H20 ([Fe(III)] = 0.02

M, initial pH value)

Fig. 4.3 Cyclic voltammogram of FeCb / 95 % NMP / 5 % H20 ([Fe(III)] = 0.02 M,
initial pH value)
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The cathodic wave can be assigned to the reduction process, and anodic wave

to complementary oxidation reaction. The half wave potentials of FeCl3 / 95 % NMP

/ 5 % H20, Fe(N03)3 / 95 % NMP / 5 % H20 and Fe2(S04)3 / 95 % NMP / 5 % H20

are listed in Table 4.6.

Table 4.6 Flalf-wave potentials (V vs. saturated calomel electrode, SCE)

([Fe] = 0.02 M, initial pH value)

System FeCl3/95 % NMP

/ 5 % H20

Fe(N03)3/ 95 %
NMP / 5 % H20

Fe2(S04)3 / 95 %
NMP / 5 % H20

E\/2

(V vs. SCE) - 0.393 - 0.307 - 0.066

3_i_ 2+ • • •For the Fe / Fe redox couple, the standard potential Eo of ferric ion to the

ferrous ion is + 0.770 V under standard condition. As shown in Table 4.6, the half

wave potentials Em of Fe3+ / Fe2+ in non-aqueous system, which depend on the

nature of anion ion, are all much more negative than the standard potential Eo.

Though it is still difficult to correlate the wave potentials to the catalytic activity of

3_i_ 2+Fe /Fe redox couple directly, there is indeed an obvious difference between the

wave potential of Fe3+/Fe2+ of the catalytic active FeCl3 / 95 % NMP / 5 % H20

system and the poor catalytic system of Fe(N03)3 / 95 % NMP / 5 % H20 and

Fe2(S04)3 / 95 % NMP / 5 % H20. Further studies are needed for establishing the

relationship between the half wave potential Ey/^of Fe3+/Fe2+ and the actual catalytic

activity.
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4.8 Process chemistry

The process chemistry for the air oxidation of H2S to sulphur catalysed by

non-aqueous system is, actually, closely similar to that in aqueous systems. The H2S

is induced into a circulating catalyst solution in the absorber zone where it is

solvated and physically removed; simultaneously, the solvated H2S reacts with the

Fe(III) solvate forming elemental sulphur which does not precipitate but remains in

solution in the organic solvent-NMP or 95 % NMP / 5 % H2O in the early stage. The

Fe(III) solvate is cocurrently reduced to the Fe(II) solvate state. Reactions occurring

in the absorber are represented as follow.

In the laboratory, the sulphur produced dissolved continuously in the organic

solvent. Once the organic solvent is saturated by dissolved sulphur, the yellow

crystalline sulphur precipitates gradually in both absorber zone and oxidiser zone. In

industry, the whole process can be operated at higher temperature (60 - 70°C) to

increase the solubility of sulphur. Crystal sulphur product can be harvested by

cooling the reaction mixture in a specific zone to simplify removal.

H2S + Solvent ^ *" H2S (dissolved) (4-1)

H2S (dissolved) + 2 Fe(III) solvate ► S (dissolved) + 2 Fe(II) solvate (4.2)

The combined oxidiser-crystallizer provides sufficient residence time for the

regeneration of the active Fe(III) solvate and crystallizaton of dissolved sulphur. The

process can be represented by the following equations.
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O2 (g) + Solvent **" O2 (dissolved) (4.3)

2 Fe(II) Solvate + 1/2 O2 (dissolved) ► 2 Fe(III) Solvate (4.4)

S (dissolved) >• S (s) (4.5)

The overall process can be represented by the following equation.

H2S (g) + 1/2 02 (g) ► S (s) + H20 (1) (4.6)

Yields of SO32" and SO42" in the FeCl3 / NMP were very low indeed (< 0.1 %)

compared with the aqueous process.

4.9 Comparison with aqueous processes

As mentioned above, the absorbed solution also serves to remove CO2 and

water, if they present in a practical industrial process, by absorption into the solvent.

Hence the process can simultaneously desulphurize, decarbonate and dehydrate sub-

quality natural gas in a single operation while giving high quality of sulphur. This is

in marked contrast to the traditional combination of amine plant, glycol dehydrator

and sulphur recovery unit. The advantages of this novel non-aqueous process as

indicated by Ferm 68 over aqueous redox processes have been listed in Table 4.7.
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Table 4.7 Advantages of non-aqueous FeCl3 / NMP liquid redox sulphur recovery

process versus the aqueous chelated iron redox sulphur recovery process 68
Consideration Aqueous System Novel non-aqueous System

Components
of catalyst

Fe(III) complex /
stabiliser / H2O

FeCl3 / NMP / H20

Organic

ligand

Required a robust ligand
A key deficiency was the

rapid degradation of the

ligand in the process

No other ligand involved. The NMP

functions as both the organic solvent
and organic ligand

Sulphur

product

Grey amorphous

precipitate, fouls

equipment especially

gas/liquid contactor and

gas spargers

Precludes use of efficient

porous metal spargers

It is difficult to obtain all

the product sulphur by
filtration

Bright yellow crystalline sulphur is
obtained by cooling the circulating
solution in certain zones. No solid

sulphur is deposited elsewhere

Sulphur can be washed with neat

solvent then water to recover

valuable chemicals. High efficiency

gas spargers and packed absorber
towers can be used

It is very easy to get crystalline

product sulphur by filtration

Scavenger or

inhibitor

A constant concentration

of scavenger or inhibitor
of the hydroxyl radical or

other free radicals was

required to prevent the

degradation of ligand

No need, but some NMP oxidizes

H2O removal

Produced sweet gas is
saturated with glycol at

about 44 °C. Dehydration

requirements can be
increased

Dehydration to pipe-line specification
is achieved by the hygroscopic
solvent
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Table 4.7 Advantages of non-aqueous FeCf? / NMP liquid redox sulphur recovery

process versus the aqueous chelated iron redox sulphur recovery process

(continued)
Consideration Aqueous System Novel non-aqueous System

Carbon

dioxide

removal

Only minimal CO2
removal is achieved

Amine plants are needed
if the sour gas contains
more than 2 % CO2

Complete removal of CO2 is possible.
As H2S is oxidised to sulphur,

recovery of CO2 as a resource is

possible
Market size for the process is

expanded considerably

Carbonyl

sulphide
removal

Inert, could not remove Converts to crystalline sulphur

Presumed

space

requirements

Relative large, especially
if an amine plant and a

glycol dehydration unit
are also required

Considerably more compact and
therefore cheaper. Much more suited
to smaller, remote wells. Attractive

for off shore platform applications

O2 solubility in NMP is greater than
in water. 48L of H2S dissolve in 1L

NMP

Corrosion Stainless steel equipment

required

Special materials equipment required
because of the acidity of the absorbed
solution and the likely corrosion of
CP to equipment

Surfactant

application

Needed to wet and sink

sulphur

No need

Antifoam

addition

Occasionally required Probably no need

Biocide

addition

Normally used Probably unnecessary
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Table 4.7 Advantages of non-aqueous FeCl3 / NMP liquid redox sulphur recovery

(continued)

Consideration Aqueous System Novel non-aqueous System
Chelate

stabiliser

addition

Required in initial catalyst

fill, subsequent additions
are sometimes required

May not be needed

4.10 Degradation ofNMP

NMP used in non-aqueous Fe(III)/Fe(II) redox process for the conversion of

H2S to S acts as both ligand and solvent, that is, NMP involves both physical and

chemical processes during the absorption and conversion of H2S to sulphur. Though

under the acidic condition (in contrast with the basic condition in Fe chelate aqueous

process), there is less opportunity for free hydroxyl radicals surviving, it can still be

expected that NMP may experience degradation to some extent. HPLC analysis did

confirm this slight decomposition ofNMP.

The decomposition pathway should be similar to that described in Scheme

3.6 in Chapter 3. Table 4.8 shows the changing of organic components of FeCl3 /

NMP and FeCft / 95 % NMP / 5 % H20 system after running for ca. 300 hours by

HPLC. As mentioned in Table 4.4, appropriate amount (ca. 5 %) of water is

beneficial to the selectivity to sulphur. However, water also accelerates the oxidative

degradation of NMP due to the increase of opportunity of H2O2 formation.
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Table 4.8 Results of HPLC analyses of the non-aqueous catalyst systems

Type of
the

sample

Component FeC^ ([Fe] = 90 mmol)
/ 100 % NMP (Test

time: 313 hours)

FeCl3 ([Fe] = 90 mmol) / 95
% NMP / 5 % H20 (Test

time: 300 hours)

Starting
solution

NMS 0 0

NMP 100% 100%

Resulting
solution

NMS 2.78 % 10.78%

NMP 96.99 % 88.77 %

4.11 Conclusions

A series of Fe(III) salts and organic solvents have been screened to develop

novel non-aqueous catalyst for the conversion of H2S to sulphur. FeCl3 / 95 % NMP

/ 5 % H2O proved to be the most efficient non-aqueous system.

The influence of concentration of iron ion has been investigated simply.

Satisfactory results were obtained with 90 mM of FeCl3 in NMP or 95 % NMP / 5 %

H20.

NMP could function as both solvent and coordinating agent to form a series

of anion-containing solvated complexes of Fe(III) and Fe(II). In the case of FeCl3,

due to the loose coordination of CI" ion to Fe ion, it was believed the Fe ions are

highly solvated, Fe(II) ion can be easily oxidised to Fe(III) ion by air, so the catalytic

cycle proceeds smoothly. In the cases of Fe2(S04)3 and Fe(NC>3)3, however, due to

the higher affinity of oxygen donor sulphate and nitrate and their stabilising effect to

Fe(II) ion, the catalytic cycle was blocked at the regeneration step of Fe(III) ion with

air. Therefore, only FeC^ / NMP or FeCh / 95 % NMP / 5 % H2O is catalytic active

system for the conversion of H2S to sulphur.
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The influence of the anion of Fe(III) salt is also reflected in cyclic

voltammograms of the FeCb / 95 % NMP / 5 % H2O, Fe2(S04)3 / 95 % NMP / 5 %

H2O and Fe(NC>3)3 / 95 % NMP / 5 % H2O which were measured at initial pH value

and [Fe] = 20 mM. The FeCp / 95 % NMP / 5 % H2O showed the most negative half

wave potential and was the most stable system as catalyst for the removal of H2S.

Briefly, 90 mM of FeCl3 or FeCf? 6H2O in 95 % NMP / 5 % H2O proved to

be highly efficient catalyst for air oxidation of hydrogen sulphide to sulphur to give

high quality of sulphur. In spite of the fact that there are a lot of advantages to the

FeCU / NMP catalyst system over the aqueous iron complexes catalyst system, the

concern of the corrosivity of CP requires careful selection of materials of

construction to avoid limiting its commercial applications.

Experimental

Materials and agents

The following solvents and compounds were obtained from Aldrich or

Lancaster and were used directly without further purification: formamide (FA, 99.5+

%), TV-methylpyrrolidinone (NMP, 98.0 % and 99.0+ %), TV-formylmorpholine

(NFMP, 99.0 %), N, M-dimethylethanolamine (DMEA, 99.0 %), morpholine (MP,

99.0+ %), dimethyl sulfoxide (DMSO, 99.0 %), dimethyl formamide (DMFA, 99.8

%), propylene carbonate (PC, 99.7 %), 1.4- dioxane (DO, 99.0+ %),

diethylglycolmonomethylether (DEGME, 99.0 %), di-(ethylglyco)-diethylether

(DEGDE, 99.0 %), triethylphosphate (TEPP, 99.0+ %), methyl-acetoacetate (MAA,

99.5 %), triethanolamine (TEA, 98.0 %), trichloroethylene (TCE, 99.0+ %), 2-
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butoxyethanol (BE, 99.0 %), sulfolane (96.0 %), acrylic acid (99.0 %), furan (99.0+

%), ethanol (100 %), ferric citrate (98.0 %), ferric oxalate (99.0 %), ferric carbonate

(99.0 %), ferric acetylacetonate (99.9+ %), ferric acetate (98.0 %), ferric sulphate

(97.0 %), ferric nitrate (99.0 %), iron(III) chloride (97.0 %), iron(III) chloride,

hexahydrate (98.0 %), Fe(H2P02)3 (98.0 %), CuS04-5H20 (98.0 %), barium chloride

99.8 %), acetonitrile (HPLC grade), A-methylsuccinimide (NMS, 99.0 %),

succinimde (99.0 %), 2-pyrrolidinone (99.0 %).

Testing of the catalytic activity of the iron salts - organic solvents

Apparatus

All redox reactions were carried out in a two-chambered glass apparatus, 1-

liter reactor provided by US Filter (see Scheme 2.2). The pH and redox potential in

the absorber and oxidizer were not monitored due to the corrosive reason. The H2S

inlet was controlled by a mass flow rate controller (MFC) and air was gauged by a

rotometer. The tail gas was adducted to a CuSC>4 (1.0 M) absorber. All experiments

were accomplished at room temperature.

General procedure

1000 cm of iron(III) salt in organic solvent or 95 % of organic solvent 15%

H20 solution was placed in the oxidizer compartment. The liquid pump was then

started and part of the solution was pumped into absorber compartment with a flow

rate of 100 cm3 min"1. At this stage the air was bubbled into the oxidizer and the flow

rate of the air was adjusted to the required value. The valve of the H2S cylinder was

turned on and the H2S flow rate was adjusted to 2.00 cm3 min"1. The time of the start

of the reaction was recorded. The produced sulphur was filtered at a 50 hours

Chapter 4: Novel Non-Aqueous Fe(III)/Fe(II) Redox Couple Sulphur Recovery Process
182



interval and 5 cm of sample was taken from the running system at set time intervals

in order to monitor the process change like the change of iron ion concentration and

the oxidative degradation of organic solvent etc.

HPLC analysis of the NMP

(The same as part ofAnalysis of the NMP in Chapter 3)

Determination ofwater by Karl Fisher reagent

Principle ofdetermination

Karl Fisher Reagent is composed of iodine, sulphur dioxide, pyridine, and

methanol. The commercially available reagent consists of Karl Fisher Reagent A and

Karl Fisher Reagent B which contain the above components, respectively. The

mixture ofA and B reacts with water according to the following equations.

C5H5N-I2 + C5H5N-S02 + C5H5N + H2O

2 C5H5N-HI + H5H5N-S03 (4.9)

C5H5N-SO3 + CH3OH ► C5H5N(H)S04CH3 (4.10)

Only the first step involves the oxidation of sulphur dioxide by iodine to give

sulphur trioxide and hydrogen iodide and consumes water. In the presence of a large

amount of pyridine, C5H5N, all reagents and products exist as complexes, as

indicated in the equations. The second step, which occurs when an excess of

methanol is present, is important to the success of the titration because a large excess

of methanol prevents the following reaction.

C5H5N-SO3 + H20 C5H5NHS04H (4.11)
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The end point in a Karl Fisher titration is signalled by the appearance of the

first excess of the pyridine / iodine complex when all water has been consumed. The

colour of the reagent is intense enough for visual end point, the change is from the

yellow of the reaction products to brown of the excess reagent.

Practical procedure

3 3 310 cm of Karl Fisher Reagent A (1 cm <=>3 mg of water) and 10 cm Karl

Fisher Reagent B (1 cm3 <=>3 mg of water) were mixed under the presence of dry N2.

The mixture solution was then added dropwise to the sample while stirring until the

colour of the mixture solution changed from deep brown to bright yellow.

Determination ofSO32' by redox titration

2 2Determination of SO3 " is similar to the measure of S2O3 " (Cf. Chapter 2).
• 2Determinations ofiron ion, SO4 ' ion, and the Cyclic Voltammograms analyses

(The same as the related parts of Chapter 2)

t
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Chapter 5

Catalytic Activities of Non-Iron Metal Complexes

for the Oxidation of H2S to Sulphur by Air

5.1 Introduction

As we have seen in Chapter 2, the limited lifetime of NTA used to

coordinate the iron centres is a major problem in current Fe-NTA system. It is

generally recognised that hydroxyl radical, which is formed in the re-oxidation of

Fe2+ with O2 to Fe3+ and usually associated with 'Fentons Reagent', is responsible for

the degradation of ligand. This led us to consider using alternative metals to prevent

the formation of hydroxyl radicals / peroxide in the process. To the best of our

knowledge, the redox couples Cu2+/Cu+, Mn3+/Mn2+, Co3+/Co2+ and Ru3+/Ru2+ have

not been reported as catalysts for the oxidation of hydrogen sulphide to sulphur by

air. Herein, the complexes of transition metal Cu2+, Mn3+, Co3+ and Ru3+ of

nitrilotriacetic acid (NTA) and [(phosphonomethyl)imino]diacetic acid (NTAP) have

been tested as catalysts for the removal of H2S.

Results and Discussion

5.2 Catalytic activities of the Cu and Co complexes ofNTA and NTAP

Nitrilotriacetic acid (NTA) (36 mM) or [(phosphonomethyl)iminojdiacetic

acid (NTAP) (36 mM) reacts with copper (II) acetate monohydrate (18 mM) in water
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in the presence of sorbitol (9 mM) to afford a bright blue solution at pH = 8.5. No

precipitate was found when the solutions were stored at room temperature for more

than one month. Unfortunately, no catalytic activity was found when they were tried

as catalysts for the catalytic oxidation of hydrogen sulphide to sulphur by air, either.

Both Cu-NTA and Cu-NTAP systems showed severe tail gas and a lot of black solid

in the absorbed solution. The black solid should be CuS, since no sulphur was

formed as determined by HPLC. It is obvious that Cu2+/Cu+-NTA chelate complex is

not as stable as CuS. This redox couple is not suitable for replacing Fe3+/Fe2+ as the

coordinating centre ion.

NTAP (36 mM) or NTA (36 mM) was added to the aqueous solution of

cobalt(III) chloride (18 mM) , which was obtained by pre-oxidation of cobalt(II)

chloride (18 mM) with equivalent molar amount of H2O2, to give a violet solution in

the presence of sorbitol at pH = 8.5. No precipitate was found when both solutions of

Co-NTAP and Co-NTA were stored at room temperature for more than one month.

The solutions were loaded on 1-litre reactor for the catalytic conversion of H2S to S.

Massive dark solid formed and severe tail gas was observed in both processes. In

addition, a lot of foam formed during the process in the case of Co-NTA.

5.3 Catalytic activities ofMn complexes ofNTA and NTAP

NTAP (36 mM) reacted with manganese(III) acetate dihydrate (18 mM) in

the presence of sorbitol at pH = 8.5 to give a colourless solution. The solution can be

adjusted to pH =14 safely. Both solutions with pH = 8.5 and pH =14 were stored at

room temperature for more than one month without the formation of precipitate.

However, poor catalytic activity was observed when the solution (pH = 8.5) was
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used to absorb hydrogen sulphide. Although no black solid was found in the process,

there is severe tail gas.

NTA (36 mM) mixed with manganese(III) acetate dihydrate (18 mM) in the

presence of sorbitol (9 mM) at pH = 8.5 to give a colourless solution. Increase of the

concentration of NTA to 180 mM, manganese(III) acetate dihydrate to 90 mM and

sorbitol to 45 mM at the same pH value led to a brown solution. Both solutions are

stable when stored at room temperature for more than one month.

As shown in Table 5.1, Mn(III)-NTA possesses obvious catalytic activity for

the oxidation of hydrogen sulphide by air, though the selectivity to sulphur was

2 2
unsatisfactory and the formation of side products such as S2O3 "and SO4 " was

obvious. Unexpectedly, higher concentration of catalyst did not improve either the

effects of the absorption or the conversion of hydrogen sulphide. The amount of tail

gas almost kept the same regardless of the increase of Mn ion concentration. The

conversion of H2S to sulphur did not benefit from the increase of the Mn

concentration, on the other hand, higher concentration of catalyst obviously
2 2increased the formation of the further oxidised products S2O3 " and SO4 ". The half-

life of NTA in Mn-NTA system, however, was much longer than in the Fe(III)-NTA

process. Interestingly, the half-life of NTA is in proportion to the concentration of

Mn(III)-NTA. Higher concentration of catalyst seems good for preventing NTA from

oxidative degradation. The general degrading mechanism is still not clear yet.
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Table 5.1 Catalytic activity of Mn(III)-NTA for the oxidation of H2S to S by air

Catalyst Ti T„

Catalyst composition Mn/NTA = 1/2 Mn/NTA = 1/2

Mn(III) concentration (mM) 18 90

pH of absorbed solution 8.50 8.50

H2S flow rate (cm3/min) 2.00 2.00

Air flow rate (cm /min) 800 800

Cycling rate of liquid (cm3/min) 100 100

Test time (h) 30 66

Amount of consumed NaOH (2 M) (cm3) 21.5 36.0

Product sulphur (g) 2.13 5.86

CuS (tail gas) (g) 0.137 0.490

S2032" (mM) 12.00 34.77

S042" (mM) 5.03 83.77

Conversion of H2S to S (%) 68.58 53.57

Conversion of H2S to CuS (tail gas) (%) 1.48 1.50

Conversion of H2S to S2O32" (%) 24.76 20.38

Conversion of H2S to SO42" (%) 5.18 24.55

Half life ofNTA (h) 122.5 679.0

1st order rate constant of ligand
1 ^

degradation (h" ) x 10"

5.66 1.21
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In summary, it is impossible for Cu, Co and Mn to replace Fe as coordinating

centre ofNTA for the catalytic oxidation of hydrogen sulphide to sulphur by air.

5.4 Catalytic activities of the Ru complexes ofNTA and NTAP

The formation and catalytic activity of (p-peroxo) ruthenium (III) complexes

with amino polycarboxylic acids have also been reported.294"301 For example, the

oxidation of saturated and unsatured substrates catalyzed by K[Ru(III)(EDTA-FI)Cl]

(EDTA-H = protonated ethylenediaminetetraacetate) and K[Ru(III)(PDTA-H)Cl]

(PDTA-H = protonated propylenediaminetetraacetate) in the presence of NaOCl as a

cheap oxidant, which has successfully been used as an oxidant for the epoxidation of

olefins by manganese porphyrins.302"304 However, no report has been found so far

that the complex of Ru(III) was applied as a catalyst for the catalytic oxidation of

hydrogen sulphide in the presence of molecular oxygen (air).

NTAP (36 mM) reacted with ruthenium (III) chloride hydrate (18 mM) in

H2O in the presence of sorbitol (9 mM) at the pH = 8.5 to afford a dark green

solution. The mixture solution is still stable even its pH value was adjusted to up to

13. No precipitate was found when the solution was stored at room temperature for

more than two months.

NTA (36 mM) mixed with ruthenium (III) chloride hydrate (18 mM) in water

in the presence of sorbitol (9 mM) at the pH = 8.5 to form a black solution. No

precipitate was discovered in the mixture solution when stored at room temperature

for more than two months.
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Both Ru(III)-NTA and Ru(III)-NTAP exhibit catalytic activities to different

extent for the oxidation of H2S to S. The results are listed in Table 5.2. As shown in

Table 5.2, catalytic abilities of both Ru(III)-NTA and Ru(III)-NTAP are much lower

than that of the corresponding Fe(III) complexes under the required conditions. More

than 40 % of H2S was found to be further oxidised to S2O32" and SO42" and tiny tail

gas was observed in the both systems. However, it is obvious that degradation of

ligands in the Ru(III) complex system is slower than that in the corresponding Fe(III)

complex system, especially the half life of NTAP is extended by twenty times when

Ru(III)-NTAP was applied. It seems that the Ru(III) / Ru(II) redox couple can inhibit

the formation of hydroxyl radical and prevent degradation of NTA or NTAP in the

process. However, the low selectivity of hydrogen sulphide to sulphur and the high

yield of side products limit the application of Ru(III)-NTAP or Ru(III)-NTA as

catalyst for the removal of hydrogen sulphide.

5.5 Conclusions

The Cu2+/Cu+ or Co3+/Co2+ complexes of NTA and NTAP proved useless for

the catalytic oxidation of hydrogen sulphide to sulphur. Mn3+ and Ru3+ complexes of

NTA and NTAP did display some catalytic activities for this process, however, the

selectivity to sulphur was low and the absorption of hydrogen sulphide was

*5 1 ^ 1 T 1 O-i-

incomplete. This precludes the possibility of Mn /Mn and Ru /Ru in replacing

3+ 2d-Fe /Fe redox couple for the catalytic oxidation of hydrogen sulphide to sulphur.

— 190

Chapter 5: Catalytic Activities ofNon-Iron Metal Complexes for the Oxidation ofH2S to Sulphur by Air



Table 5.2 Catalytic activities of Ru(III)-NTA and Ru(III)-NTAP

for the catalytic oxidation of H2S to S by air

Catalyst Ru(III)-NTA Ru(III)-NTAP

Catalyst composition Ru/NTA = 1/2 Ru/NTAP = 1/2

Ru(III) concentration (mM) 18 18

Concentration of ligand (mM) 36 36

pH of absorbed solution 8.50 8.50

H2S flow rate (cm /min) 2.00 2.00

•3

Air flow rate (cm /min) 700 700

Cycling rate of liquid (cm /min) 100 100

Test time (h) 100 100

Product sulphur (g) 9.29 9.36

CuS (tail gas) (g) 0.35 0.55

S2O32" (mM) 91.90 83.00

SO42" (mM) 20.20 33.80

Conversion of H2S to S (%) 58.26 58.69

Conversion of H2S to CuS (tail gas) (%) 0.73 1.15

Conversion of H2S to S2O32" (%) 36.95 33.37

Conversion of H2S to SO42" (%) 4.06 6.79

Half life of NTA (h) 340.3 819.3

1st order rate constant of Ligand
1 3

degradation (h" ) x 10"

2.04 0.85
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Experimental

Reagents and materials

The following materials were ordered from Aldrich or Lancaster and were

used without further purification: nitrilotriacetic acid trisodium sait (Na3NTA, 99.0

%); sorbitol (98.0 %); iminodiacetic acid, disodium salt hydrate (Na2lDA, 98.0 %);

sodium oxalate (99.5 %); glacial acetic acid (99.99 %); methyl alcohol (HPLC

grade); hydrogen sulphide (99.5 %); boric acid (99.5 %); CuSC>4 5H2O (98.0 %);

CuN03 5/2H2O (98.0 %); copper monohydrate (99.0 %); cobalt(II) chloride (99.0

%); manganese(III) acetate dihydrate (98.5 %); Ruthenium(III) chloride hydrate

(97.0 %).

Apparatus and general procedure of testing, determinations of NTA by HPLC,

NTA2P by 31P -{'H} NMR, S2032", SO42" see Chapter 2.
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Appendix

6.1 The crystal structure ofFe(III)-NTAP

The acid H4NTAP (1.14 g, 5 mmol) was dissolved in 0.3 N of sodium

hydroxide solution (0.8 g, 20 mmol). This solution was added slowly to a solution of

anhydrous iron(III) chloride (0.81 g, 5 mmol) in distilled water (50 cm3) while

stirring. The pH was adjusted to 5.0 by 2 N NaOH. Slow evaporation of the aqueous

solution gave brown crystals of

[Na{Fe3[N(CH2COO)2(CH2P03)]3(CH3P03)}(3NaOH) 9H20}]4" suitable for X-ray

analysis.

Details of the X-ray data collection and refinement are given in Table 6.1,

selected bond lengths and angles in Table 6.2. Again, the final R factor is not

satisfactory. However, as shown in Fig. 6.1, the trimeric unit structure is

undoubtable. In each trimeric unit three chemically and crystallographically

equivalent iron(III) ions are bridged by four groups of O-P-O. The ligand (NTAP)

occupies five coordination sites, N(2), 0(1), 0(2A), 0(5) and 0(7), and the sixth by

a coordinated 0(8), from the impurity CH3PO32", which also coordinated to other two

iron(III) ions. The geometry around the iron shows large deviations from idealized

octahedral geometry with cis angles ranging from 78.8(6)° to 99.9(6)° and trans

angle from 161.8(6)° to 173.9(6)°. The Fe-0 (phosphate) bonds [1.957(12)-

1.967(15) A] are significantly shorter than the Fe-O (carboxylate) bonds [2.019(15)-

2.020(14) A], The Fe(l)-0(2A), Fe(l)-0(1) (phosphate from ligand NTAP) and

Fe(l)-0(8) (in the bridging phosphate from impurity CH3PO3H2) bond distances are

equivalent. In Fe-NTAP Fe-0 (carboxylate) and Fe-N bond lengths are comparable
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with those found for the Fe-NTA complex.305"307 The Fe(l)-N(2) bond distance of

2.235(15) A is significantly longer than the Fe-0 bond lengths [1.957(12)-2.020(14)

A], This is attributed to the greater affinity of iron for oxygen than for nitrogen and

has been observed for other complexes of mixed N-0 donating ligands.305'308-310 The

structure co-crystallised with nine molecules of water, three molecules of sodium

hydroxide and one sodium ion.

Fig. 6.1 The crystal structure of Fe(III)-NTAP
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Table 6.1 Details of the X-ray data collections and refinements for Fe(III)-NTAP

complex

Empirical formula Ci6 H42 Fe3 N3 Na4 O36 P4
Formula weight 1235.92

Temperature (K) 293(2)
Wavelength (A) 0.71073

Crystal size (mm3) 0.15 x 0.1 x 0.1

Crystal system Hexagonal
Space group P6cc

a/A 17.1066(12)
b/A 17.1066(12)
c/A 26.066(4)
a/° 90°

(3/° 90°

v/° 120°

u/A3 6605.8(11)
z 4

"1

Dc/g cm 1.243

U/mm"1 0.849

F(000) 2516

Measured reflections 26027

Independent reflections 2610 [R(int) = 0.2566]
Final R indices [I>2sigma(I)] R1 =0.1189, wR2 = 0.2763
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Table 6.2 Selected bond lengths [A] and angles [°] for Fe(III)-NTAP complex

Fe(l)-0(2A) 1.957(12) N(2)-C(5) 1.52(3)
Fe(l)-0(1) 1.961(12) C(3)-C(4) 1.50(4)
Fe(l)-0(8) 1.967(15) C(4)-0(5) 1.25(3)
Fe(l)-0(7) 2.019(15) C(4)-0(4) 1.28(3)
Fe(l)-0(5) 2.020(14) C(5)-C(6) 1.60(3)
Fe(l)-N(2) 2.235(15) C(6)-0(7) 1.17(3)
0(1)-P(1) 1.542(12) C(6)-0(6) 1.31(4)
0(2)-P(l) 1.489(12) P(2)-0(8B) 1.508(14)
0(3)-P(l) 1.485(14) P(2)-0(8A) 1.508(15)
P(l)-C(l) 1.82(2) P(2)-0(8) 1.508(14)
C(l)-N(2) 1.46(2) P(2)-C(8) 2.04(11)
N(2)-C(3) 1.42(3)

0(2A)-Fe(l)-0(1) 99.9(6) 0(2A)-Fe(l)-N(2) 163.5(6)
0(2A)-Fe( 1 )-0(8) 101.1(6) 0(1)-Fe(l)-N(2) 83.4(5)
0(l)-Fe(l)-0(8) 90.0(5) 0(8)-Fe(l)-N(2) 95.1(6)
0(2A)-Fe( 1 )-0(7) 98.2(6) 0(7)-Fe(l)-N(2) 78.8(6)
0(l)-Fe(l)-0(7) 161.8(6) 0(5)-Fe(l)-N(2) 79.4(6)
0(8)-Fe(l)-0(7) 87.9(6) P(l)-0(1)-Fe(l) 122.1(8)
0(2A)-Fe(l)-0(5) 84.3(6) C(3)-N(2)-Fe(l) 107.2(13)
0(l)-Fe(l)-0(5) 91.9(6) C(l)-N(2)-Fe(l) 106.0(11)
0(8)-Fe(l)-0(5) 173.9(6) C(5)-N(2)-Fe(l) 104.6(11)
0(7)-Fe(l)-0(5) 88.5(6) C(4)-0(5)-Fe(l) 119.3(16)
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6.2 Preparation ofmultidentate Schiffbase ligands

According to our original plan, preparation of a series of multidentate Schiff

base ligands was tried. Unfortunately, attempts to synthesise the following ligands

were unsuccessful.

HOOC—C=N^AU
I

COOH

HOOC—C=N'
I
ch3

1

V

"N = C—COOH H2N'
I

COOH

"N=C—COOH
I
ch3

'N'

N'

^N = C—COOH
I

COOH

"N = C—COOH
I

COOH

H2N' 'N' ~N = C—COOH
I

OH

N

H3c—C=N' ~N'
I

COOH
7

CH3

N'

6

N

*N=C—COOH
I
ch3

OH

N = C—CH3 H3C—C=N
I
COOH COOH

N'

8

N = C—CH3
I

COOH

The common problem in the preparation of the above ligands is cyclization.

For example, an attempt to get ligand 1 led to the formation of compound 9 and

compound 10.
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Compound 9. Orange crystal. Microanalysis: Found, C, 50.54 %; H, 4.76 %;

N, 17.56 %. C10FF1N3O4 requires: C, 50.63 %; H, 4.76 %; N, 17.71 %. M.P., 203 °C.

!H NMR (DMSO-d6, ppm): 10.74 (s, 1H, OH), 7.13 (d, 1H, CH, 3JChch = 7.9 Hz),

6.79 (s, 1H, NH), 6.17 (s, 2H, NH2), 5.99 (d, 1H, CH, Vchch= 8.2 Hz), 4.05 (m, 2H,

CH2), 1.04 (t, 3H, CH3, Vchch = 7.2 Hz). IR (KBr disc, cm"1): 3393m, 3343m,

3304s, 3220br m, 2981w, 2758w, 1753vs, 1702s, 1630s, 1595s, 1455m, 1419w,

1234m, 1181m, 1135m, 1089w, 1018m, 831w, 791w, 726w. EIMS (m/z): 237 [M]+,

164 [M-C02C2H5]+. CIMS (m/z): 238 [M+H]+, 255 [M+H20]+.

Compound 10. Pale red solid. Microanalysis: Found: C, 51.17 %; H, 3.15 %;

N, 25.12 %. C7H5N302 requires: C, 51.53 %; H, 3.09 %; N, 25.76 %. IR (KBr disc,

cm"1): 3385s (vn-h), 1752m (vc=0), 1695w (vc=0), 1595s, 1437m, 1118w. EIMS: 163

[M]+. CIMS 164 [M+H]+.

Tiny crystals of 9 were obtained by slow evaporation of methanol solution.

The crystal structure of compound 9 is shown in Fig. 6.2. Details of the X-ray data

collection and refinement are given in Table 6.3. Though the resolution is not

satisfactory (R1 = 0.0983), the bond lengths and angles in Table 6.4 are in the

reasonable range. As shown in Fig. 6.2(b), hydrogen bonding plays a predominant

role in the stabilisation of the structure. Hydrogen bonds occur between adjacent
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molecules through interactions of the NH of pyrrolidine moiety and the oxygen of

carbonyl [N(28)-H(28A)...0(7), d(D...A) 3.017(6) A, d(H...A) 2.048(5) A, <(DHA)

169.3(10)°]; NH of pyrrolidine moiety and the N atom of pyridine moiety N(8)-

H(8A)...N(21), d(D...A) 2.790(6) A, d(H...A) 1.840(6) A, <(DHA) 162.6(9)°; NH2

and the N atom of the pyridine moiety N(22)-H(22A)...N(1), d(D...A) 3.281(8) A,

d(H...A) 2.47 A, <(DHA) 158.2°; NH2 and the oxygen atom of the carbonyl N(22)-

H(22B)...0(7A), d(D...A) 2.976(7) A, d(H...A) 2.15 A, <(DHA) 161.9°; NH2 and

OH group [N(2)-H(2B)...0(6), d(D...A) 3.066(5) A, d(H...A) 2.291(5) A, <(DHA)

135.4(4)°; 0(6)-H(6A)...N(2), d(D...A) 3.066(5) A, d(H...A) 2.39 A, <(DHA)

139.9°]. Minor interactions between NH2 and OH were also observed [N(2)-

H(2A)...0(26), d(D...A) 2.996(5) A, d(H...A) 2.358(10) A, <(DHA) 122.1(7)°;

N(22)-H(22B)...0(6), d(D...A) 3.167(6) A, d(H...A) 2.65 A, <(DHA) 120°].

Fig. 6.2(a) Crystal structure of the compound 9
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Fig. 6.2(b) Crystal structure of the compound 9 showing hydrogen bonds
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Table 6.3 Details of the X-ray data collections and refinements for compound 9

Empirical formula CjoHUNS 04
Formula weight 237.22

Temperature (K) 293(2)
Wavelength (A) 1.54178

Crystal size (mm ) 0.13x0.1 x 0.03

Crystal system Triclinic

Space group P'1
a/A 8.5722(17)
b/A 11.201(2)
c/A 12.954(3)
a/° 98.46(3)
p/° 108.88(3)
v/° 98.45(3)
U/A3 1138.8(4)
z 4

Dc/g cm3 1.384

U/mm"1 0.928

F(000) 496

Measured reflections 3482

Independent reflections 3290 [R(int) = 0.0690]
Final R indices [I>2sigma(I)] R1 = 0.0983, wR2 = 0.2560
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Table 6.4 Selected bond lengths [A] and angles [°] for compound 9

N(l)-C(9) 1.314(7) C(6)-C(10) 1.512(9)
N(l)-C(2) 1.362(7) C(6)-C(7) 1.572(9)
C(2)-C(3) 1.366(9) C(7)-0(7) 1.225(6)
C(2)-N(2) 1.393(6) C(7)-N(8) 1.345(7)
C(3)-C(4) 1.368(9) N(8)-C(9) 1.400(5)
C(4)-C(5) 1.372(7) C(10)-0(10) 1.205(9)
C(5)-C(9) 1.378(9) C(10)-O(ll) 1.304(8)
C(5)-C(6) 1.507(7) 0(11)-C(12) 1.470(15)
C(6)-0(6) 1.393(7) C(12)-C(13) 1.90(3)

C(9)-N(l)-C(2) 113.5(5) 0(6)-C(6)-C(7) 110.6(4)
N(l)-C(2)-C(3) 122.9(5) C(5)-C(6)-C(7) 100.8(5)
N(l)-C(2)-N(2) 114.6(5) C(10)-C(6)-C(7) 107.6(5)
C(3)-C(2)-N(2) 122.5(4) 0(7)-C(7)-N(8) 126.5(6)
C(2)-C(3)-C(4) 120.9(5) 0(7)-C(7)-C(6) 125.2(6)
C(3)-C(4)-C(5) 118.0(6) N(8)-C(7)-C(6) 108.3(4)
C(4)-C(5)-C(9) 116.4(5) C(7)-N(8)-C(9) 111.2(4)
C(4)-C(5)-C(6) 134.5(6) N(l)-C(9)-C(5) 128.2(5)
C(9)-C(5)-C(6) 109.1(5) N(l)-C(9)-N(8) 121.1(5)
0(6)-C(6)-C(5) 117.4(5) C(5)-C(9)-N(8) 110.6(4)
O(6)-C(6)-C(10) 107.5(5) 0(10)-C(10)-0(11) 125.2(6)
C(5)-C(6)-C(10) 112.4(4) O(10)-C(10)-C(6) 123.2(6)

Appendix
202



Publications

1. The evolution, chemistry and applications of homogeneous liquid redox sulphur

recovery techniques

G. X. Hua, D. McManus, J. D. Woollins

Comments Inorg. Biol., 2001, 22(5), 327-351

Publications
203



References

1. J. Wieckowska, Catal. Today, 1995, 24, 405

2. H. Kowalski, Ink. Chem. Eng., 1987, 27, 183

3. A. L. Kohl and F. C. Riesenfeld, Gas Purification, Gulf Publishing

Company, Houston, TX, 4 edition, 1985

4. J. A.Lagas, J. Borboom, P. H. Berben and J. W. Geus, European Patent

Application, 1985, 02 42006

5. P. H. Berben, Thesis, Utrecht, the Netherlands, 1992

6. E. Lapersrix, G. Costentin, N. N. Guyen, O. Saur and J. C. Lavalley,

J. Catalysis, 1999, 187, 385

7. W. Kensell and D. Leppin, Review ofthe H2S Direct Oxidation Process. In

GRI Sulphur Recovery Conference, Austin, Texas, 1995

8. H. W. Gowdy, R. V. Bertram and R. K. Sahlin, Review of the H2S Direct

Oxidation Process, In GRI Sulphur Recovery Conference, Austin, Texas

1995

9. a. Adachi, US Patent, 1976, 3957691; b. Thompson, US Patent, 1984,

4440874; c. Kim, US Patent, 1986, 4591580; d. Wan, US Patent,

1988, 4738947; e. Joy, US Patent, 1988, 4760044; f. Kim, US Patent,

1988, 4780447; g. Rieek, US Patent, 1990, 4916105

10. Heisel, J. F. Marold and M. Gwinner, CLINSULF- Do for Sulphur Recovery

From H2S Containing Gas, Linde Reports on Science and Technology, 1994,

53, 15

References
204



11. M. P. Heisel, C. Schwarz and B. Schreiner, CLINSULF-Do for Sulphur

Recovery from Gasification Gas, In GRI Sulphur Recovery Conference,

Austin, Texas, 1995

12. M. P. Quinlan, Technical and Economic Analysis ofthe Iron-Based Redox

Process, In Proc. Annual GPA. Convention, 1992, 215

13. D. Leppin and J. Wessels, Overview Liquid Redox Sulphur Recovery and H2S

Scavenging Processes, In GRI Sulphur Recovery Conference 1995

14. A. L. Kohl and F. C. Riesenfeld, Gas Purification, Mcgraw-FIill, New York

1960

15. W. Feld, Uher die Bildung von Eidenbisufid in Losugen und die Entstehung

der Naturlichen Pyritlager, Zeitschriftfur Angewanste Chemie, 1911, 24, 97

16. F. Overdieck, Eine neue Technische Ausfuhrungstorm des Walter Feldschen

Polythionateverfahrens, Zeitschrift fur Angewandte Chemie, 1930, 43, 1048

17. D. McManus and A. E. Martell, J. Molecular Catalysis, A: Chemical, 1997,

117, 289

18. H. A. J. Pieters and D. W. Krevelen, The Wet Purification ofCoal Gas and

Similar Gases by the Staatsmijnen-Otto-Process, Elsevier 1946

19. W. Hartley, R. S. Craig and R. H. Sapiro, British Patent, 1960, BP 855421

20. H. A. Gollmar, Ind. Eng. Chem., 1934, 26, 130

21. E. Jenett, Oil & Gas Journal., 1962, 60, 72

22. D. A. Dalrymple and T. W. Trofe, Chem. Eng. Prog., 1989, 85, 43

23. D. A. Dalrymple, T. W. Trofe and D. Leppin, Oil & Gas Journal., 1994, 92,

54

References
205



24. a. Gollmar, US Patent, 1939, 2163169; b. Matheson, US Patent,

1941, 2259901; c. Fetterly, US Patent, 1949, 2472473; d. Patton, US Patent,

1958, 2819950; e. Szombathy, US Patent, 1959, 2911438; f. Hag, US Patent,

1963, 3087793; g. Lida, US Patent, 1969, 3459495; h. Redmer, US Patent,

1973, 3764548; i. Nicklin, US Patent, 1974, 3810833; j. Landrun, US Patent,

1974, 812243; k. Schulz, US Patent, 1975, 3928535; 1. Hasebe, US Patent,

1976, 3937795; m. Espenscheid, US Patent, 1976, 3959452; n. Fenton,

US Patent, 1976, 3972989; o. Frame, US Patent, 1976, 3978137; p. Toyama,

US Patent, 1976, 3989810; q. Sonda, US Patent, 1977, 4009251; r. Fenton,

US Patent, 1977, 4017594; s. Nicklin, US Patent, 1977, 4049776; t. Fenton,

US Patent, 1977, 4060594; u. Fenton, US Patent, 1978, 4083945; v. Sano,

US Patent, 1978, 4118467; w. Kawoda, US Patent, 1980, 4199553;

x. Fenton, US Patent, 1980, 4206194; y. Marshall, US Patent, 1981,

4251492; z. Gowdy, US Patent, 1984, 4432962

25. B. M. Wilson and R. D. Newell, Chem. Eng. Prog., 1984, 313

26. W. Hartley, R. S. Craig and R. H. Sapiro, US Patent, 1962, 3068065

27. D. McManus and A. E. Martell, The Evolution, Chemistry an Application of

Chelated Iron Hydrogen Sulfide Removal and Oxidation Processes, In 6th

International Symposium on the Activation of Dioxygen and Homogeneous

Oxidation, Noordwijkerhout, the Netherlands, 1996

28. A. Cabodi, Oil & Gas Joural., 1982, 5

29. a. Thompson, US Patent, 1980, 4189462; b. Hardison, US Patent, 1992,

5139753; c. Hardison, US Patent, 1992, 5160714; d. Naraghi, US Patent,

206

References



1989, 4880609; e. Honna, US Patent, 1995, 5391278; f. D. McManus,

and F. R. Kin, US Patent, 1986, 4622212; h. M. E. Klecka, US Patent,

1985,4518577

30. A. E. Martell, R. J. Motekaitis, D. Chen, R. D. Elancock and D. McManus,

Can. J. Chem., 1996,74, 1872

31. G. J. Nagl, Gas Research Institutes (Chicago), In 7th Sulphur Recovery

Conference, September 1995, Austin, TX, USA

32. Z. Diaz, US Patent, 1983, 4400368

33. S. Bedell, International Patent, 1990,90/01984

34. R. B. Thompon, US Patent, 1980, 4218342

35. D. McManus and M. Reicher, AIChE Spring National Meeting, Elouston,

TX, USA 1995, 54a

36. D. McManus and W. J. Niemiec, AIChE Spring National Meeting, New

Orleans, LA, USA 1996, 46b

37. D. McManus, AIChE Spring National Meeting, Atlanta, GA, USA 1994,

276

38. D. McManus, Gas Research Institutes (Chicago), In 7th Sulphur

Recovery Conference, September 1995, Austin, TX, USA

39. H. J. Wubs, and A. A. C. M. Beenackers, AIChE J., 1994, 40, 433

40. L. C. Hardison, LO-CAT-II: A Big Step forward in Iron Redox Chemistry,

In GRI Liquid Redox Sulphur Recovery Conference, GRI, 1991

41. L. C. Hardison and D. McManus, Chelon Degradation Mechanisms in

Chelated Iron Redox Processes for HjS Removal, Annual Meeting AIChE,

References
207



Miami Beach, Florida, AIChE, 1992

42. L. C. Hardison, US Patent, 1992, 5139753

43. R. Cantrall, LO-CAT and LO-CATII Application of Technology Update, In

Sulphur Recovery Conference, GRI, 1997

44. S. P. Oostwouder and V. B. Hodge, Sulferox Process Technology and

Application Update, In Sulphur Recovery Conference, GRI, 1995

45. G. J. Nagl, Chem. Eng., 1997, 125

46. G. J. Nagl, Gas Reseach Institutes (Chicago), In 7th Sulphur Recovery

Conference, Austin, TX, USA September, 1995

47. D. McManus and W. J. Niemiec, Application ofHomogeneous, Catalytic,

Chelated Iron Hydrogen Sulfide Advanced Oxidation Processes to

Titanium Dioxide Manufacture, 1998 Pan-American Workshop

on Commericallization of Advanced Oxidation Technologies, June 28, 1998

48. M. P. Quinlan, Technical and Economic Analysis ofthe Iron-Based Redox

Processs, In Proc, Annual GPA, Covention, 1992, 215

49. M. P. Quinlan and L. W. Echterhoff, Technical and Economic Comparison

ofLO-CAT II with Other Iron-Based Liquid Redox Processes,

In Sulphur Recovery Conference, GRI, 1992

50. X.; Liu, D. T. Sawyer, S. A. Bedell and C. M. Worley, Gas Research

Institutes (Chicago), In 7th Sulphur Recovery Conference September Austin,

TX, USA

51. D. W. DeBerry and D. McManus, Private Communication

52. G. W. Klein, K. Bhatia, V. Madhawan and R. H. Schuler, J. Phys. Chem.,

References
208



1975, 79, 1767

53. D. Chen, R. J. Motekaitis, A. E. Martell and D. McManus, Can. J. Chem.,

1993, 71, 1524

54. D. Chen, A. E. Martell and D. McManus, Can. J. Chem., 1995, 73, 264

55. D. McManus and A. E. Martell, Unpublished work

56. Z. Diaz, US Patent, 1983, 4388293

57. Z. Diaz, US Patent, 1983, 4382918

58. D. W. DeBerry, AIChE Spring National Meeting, New Orleans, LA, USA

1996, 46b

59. R. Mehnert, O. Brede and I. Janovsky, Radiat. Phys. Chem., 1984, 23, 463

60. Sawyer, US Patent, 1993, 5273734

61. R. D. Elancock, A. E. Martell and D. Chen, Can. J. Chem., 1997, 75, 591

62. A. E. Martell, R. J. Motekaitis, D. Chen, R. D. Hancock and D. McManus,

New Fe(III)/Fe(II) Chelating Agents as Catalystsfor the Oxidation

ofHydrogen Sulfide to Sulphur by Air, AIChE Spring National Meeting,

1996

63. R. D. Hancock, A. E. Martell, D. Chen and D. McManus, Design ofLigands

For Complexation ofFe(III)/Fe(II) in the Catalytic Oxidation ofHydrogen

Sulfide to Sulphur, In AIChE Spring National Meeting, Sulphur Recovery

From Gas Streams, New Orleans, LA 1996

64. D. McManus, US Patent, 1997, 5686613

65. D. McManus, US Patent, 1997, 5591419

66. D. Chen, A. E. Martell, R. J. Motekaitis and D. McManus, Can. J. Chem.,

References
209



1998, 76, 445

67. S. Peter, US Patent, 1990, 4892718

68. B. Ferm, W. A. Freivald, D, McManus and M. Reicher, Sulphur Recovery

Using Non-Aqueous, Chelated Iron, Redox Catalyst Solution, In Sulphur

Recovery Conference, Volume 8, GRI, 1997

69. S. J. Eng, R. J. Motekaitis and A. E. Martell, Inorg. Chem. Acta, 1998, 278,

170

70. R. J. Eng, R. J. Motekaitis and A. E. Martell, Inorg. Chem. Acta, 2000, 299, 9

71. A. Rehmat and J. Yoshizawa, Bio-SR Technology Update, In GRI Sulphur

Recovery Conference, Austin, Texas, GRI, 1995

72. D. W. DeBerry, Environ. Prog., 1997, 16, 193

73. C. Tsonopoulos, D. M. Coulson and J. B. Inman, J. Chem. Eng. Data, 1976,

21,190

74. H. Sonta and T. Shiratori, US Patent, 1990, 4931262

75. C. Pagella, P. Perego and M. Zilli, Chem. Eng. Tech., 1996, 19, 79

76. C. Pagella, L. Zambelli, P. Spilvestri and D. M. Faveri, Chem. Eng.

Tech., 1996, 19, 378

77. C. Rai and M. Taylor, Improving Liquid Redox Processes by Microbial

Redox Solution Reoxidation Rate Enhancement, In sulphur Recovery

Conference, Volume 8, GRI, 1997

78. C. Rai, US Patent, 1996, 5508014

79. D. McManus, Biologically Enhanced Redox Solution Oxidation: Evaluation

in a LO-CATProcess Simulation Reactor, Gas Research Institutes Project

References
210



Advisors Group Meeting, Chicago, IL September 10, 1998

80. C. Rai and D. McManus, Biologically Enhanced Liquid Redox Process:

Evaluation in Process Simulation Reactors, Gas Research Institutes, In

Sulphur Recovery Conference, San Antonio, TX October 1999

81. C.J.N. Buisman, Europen Patent, 1991, EP 451922B1

82. Y. Tanji, T. Kanagawa and E. Mikami, J. Ferment. Bioeng., 1989, 67, 280

83. K. S. Cho, M. Hirai and M. Shoda, J. Ferment. Bioeng., 1991, 71, 384

84. D. J. W. Moriarty and D. J. D. Nicholas, Biochem. Biophs. Acta, 1969, 184,

114

85. D. J. W. Moriarty and D. J. D. Nicholas, Biochem. Biophs. Acta, 1970, 197,

143

86. D. J. W. Moriarty and D. J. D. Nicholas, Biochem. Biophs. Acta, 1970, 216,

130

87. T. Sugio, W. Mizunashi, K. Inagaki and T. Tano, J. Nacteriol., 1987, 169,

4916

88. T. Sugio, H. Suzuki, A. Oto, K. Inagaki and T. Tano, Agric. Biol. Chem.,

1991,55, 2091

89. K. Kusai and T. Yamanaka, Biochem. Biophys. Acta, 1973, 325, 304

90. Y. Fukumori and T. Yamanaka, J. Biochem., 1979, 85, 1405

91. L. Zhang, M. Hirai and M. Shoda, J. Ferment. Bioeng., 1991, 72, 392

92. K. S. Cho, M. Hirai and M. Shoda, Appl. Environ. Microbiol., 1992, 58, 1183

93. Y. Nakada and Y. Ohta, J. Biosci. Bioeng., 1999, 87, 452

References
211



94. C. J. N. Buisman, B. G. Geraats, P. Ijspeert and G. Lettinga, Biotech.

Bioeng., 1990, 35, 50

95. C. J. N. Buisman and A. L. Vegt, Thiopaq Bioscrubber: An Innovative

Technology to Remove Hydrogen Sulfidefrom Air and Gaseous Streams,

In Liguid Sulphur Recovery Conference, Austin, Texas, GRI, 1995

96. M. P. Quinlan and L. W. Echterhoff, Onshore/Offshore Sulphur Recovery

Process Evaluation, In Sulphur Recovery Conference, Volume 8, GRI, 1997

97. R. V. Gadre, Biotech. Bioeng., 1989, 34, 410

98. P. Cadenherd and K. L. Sublette, Biotech. Bioeng., 1990, 35, 1150

99. R. E. Marinageli and T. N. Kalnes, US Patent, 1993, 5207027

100. Y. Takemura, T. Noda, T. Komai and A. Asai, Jpn. Patent, 1992, 90-195731

101. M. Trometer, R. Even, J. Simon, A. Dubon, J. Y. Laval, J. P. Germain,

C. Maleysson, A. Pauly and H. Robert, Sens. Actuators, B, 1992, B8, 129

102. T. A. Jones and B. Bott, Sens. Actuators, 1986, 9, 27

103. G. A. Agaev, M. M. Mukhtarov, T. I. Ruvinskaya, A. A. Velurv and

E. Y. A. Agarunova, Azerb. Nefit. Khoz., 1983, 10, 49

104. G. A. Faddeenkova, A. I. Bukhter, YA. G. Geletii, N. N. Kundo and

A. D. Simonov, U.S.S.R. Patent, 1983, 1011201

105. P. C. H. Mitchell and J. A. Valero, Inorg. Chim. Acta, 1983, 71, 179

106. P. Urban, US Patent, 1976, 03972988

107. P. Urban and R. W. Johnson, US Patent, 1985, 04496371

108. Y. Takemura and T. Nozo, Jpn. Kokai Tokkyo Koho, 1992, 62

References
212



109. H. Shirai, K. Tsunoda, K. Sugiura, S. Inamura, H. Shirasaka and A. Ishii,

Jpn. Kokai Tokkyo Koho, 1986, 5

110. B. A. Alekseenko, G. I. Brolinskii, S.A Kolesnikova and G. A. Faddeenkova,

Sovergh. Tekhnil. Protsessovpoluch. Sery, 1982, 111

111. A. P. Hong, S. D, Boyce and M. R. Hoffmann, Environ. Sci. Technol., 1989,

23, 533

112. S. N. Massie and A. R. Broyles, US Patent, 1984, 4487753

113. G. A. Faddeenkova, N. N. Kundo, A. D. Simonov and G. I. Lyashenko,

U.S.S.R. Patent, 1982, 978899

114. G. A. Agaev, V. G. Kochetkov and M. M. Mukhtarov, Katal. Sint. Org.

Sooedin. Sery, 1979, 96

115. C. L. Honeybourne and R. J. Ewen, J. Phys. Chem. Solids, 1983, 44, 833

116. L. A. Rybalko, Prom. Sanit. Ochistka.Gazov, 1976, 2, J, 2

117. R. E. Marinangeli and T. N. Kalnes, US Patent, 1998, 0623554

118. E. Luinstra, Sulphur, 1996, 37

119. S. Mizuta, W. Kondo and K. Fuji, Ind. Eng. Chem. Res., 1991, 30, 1601

120. E. Luinstra, Hydrogen from H2S: A Review ofthe Leading Processes, In

GRI Sulphur Recovery Conference, Austin,Texas, 1995

121. H. F. Mark, J. J. McKetta Jr and D. F. Othmer, In Kirk-Othmer Encyclopedia

ofChemical Technology, 1983, 3rd edn., 22, P267

122. V. E. Kaloidas andN. G. Papayannakos, Chem. Eng. Sci., 1989, 44, 2493

123. V. E. Kaloidas and N. G. Papayannakos, Int. J. Hydrogen Energy, 1987, 12,

403

References
213



124. C. A. Linkous, T. E. Mingo and N. Z. Muradov, Int. J. Hydrogen Energy,

1994, 19, 203

125. I. Traus and H. Suhr, Plasma Chem. Plasma Process, 1992, 12, 275

126. S. R. Alexander and J. Winnick, AIChE. J., 1994, 40, 613

127. Z. Mao, A. A. Anani, R. E. White, S. Srinivasan and A. J. Appleby,

J. Electrochem. Soc., 1991, 137, 1299

128. K. Honna, H. Noguehi and M. Goto, Europen Patent, 1994, EP 612556

129. H. Sonta and T. Shiratori, US Patent, 1990, 4931262

130. M. A. Plummer and P. M. Beazly, US Patent, 1986, 4592905

131. M. A. Plummer, Hydrocarbon Processing, 1987,38

132. M. A. Plummer and S. W. Cowley, Hydrogen Sulfide Decomposition into

Hydrogen and Sulphur by Quinone Cycles, Gas Reseach Institute Final

Report, Technical Report P2/0400, GRI, 1993

133. M. A. Plummer, US Patent, 1993, 5180572

134. M. A. Plummer, Int. Patent, 1994, Wo. 94/12431

135. B. R. James, Pure &Appl. Chem., 1997, 69, 2213

136. C. L. Lee, G. Besenyei, B. R. James, D. A. Nelson and M. A. Lilga, J. Chem.

Soc., Chem. Commun., 1985, 1175

137. A. Shaver, M. El-khateeb and A. M. Lebuis, Angew. Chem., Int. Ed. Engl.,

1996, 35, 2362

138. T. Y. H. Wong, A. F. Barnabas, D. Sallin and B. R. James, Inorg. Chem.,

1995,34, 2278

139. K. Osakada, T. Yamamoto and Y. Yamamoto, Inorg. Chim. Acta, 1984, 90,

References
214



L5

140. C. G. Kuehn and H. Taube, J. Am. Chem. Soc., 1976, 98, 689

141. D. Morelli, A. Segre, R. Ugo, S. Cenini, F. Conti and F. Bonti, J. Chem.

Soc., Chem. Commun., 1967, 524

142. R. R. Ugo, G. L. Monica, S. Cenini, A. Segre and F. Conti, J. Chem. Soc.,

(A), 1971,522

143. W. A. Floward and G. Parkin, Organometallics, 1993, 12, 2363

144. D. Rabinovich and G. Parkin, J. Am. Chem. Soc., 1991, 113, 5904

145. R. McDonald and M. Cowie, Inorg. Chem., 1993, 32, 1671

146. D. M. Antonelli and M. Cowie, Inorg. Chem., 1990, 29, 3339

147. A. M. Mueting, P. Boyle and L. H. Pignolet, Inorg. Chem., 1981, 23, 44

148. D. Coucouvanis, Prog. Inorg. Chem., 1970, 11, 233

149. D. Coucouvanis, Prog. Inorg. Chem., 1979, 26, 301

150. J. McClevsrty, Prog. Inorg. Chem., 1968, 10, 49

151. S. F. Livingstone, Quart. Rev., Chem. Soc., 1965, 19, 386

152. B. J. McCormick, R. Berman and D. Baird, Coord. Chem. Rev., 1984, 54, 99

153. D. F. Evans and T. A. James, J. Chem. Soc., Dalton Trans., 1979, 723

154. D. Cououvanis, R. E. Coffman and D. Piltingsrud, J. Am. Chem. Soc., 1970,

92, 5004

155. R. Beckett, G. A. Heath, B. F. Hoskins, B. P. Kelly and R. L. Martin, Inorg.

Nucl. Chem. Lett., 1970, 6, 257

156. D. Cupertino, R. Keyte, A. M. Z. Slawin, D. J. Williams and J. D. Woollins,

Inorg. Chem., 1996, 35, 2695

References
215



157. R. D. Hancock and A E. Martell, Chem. Rev., 1989, 89, 1975

158. W. R. Harris and K. N. Raymond, J. Am. Chem. Soc., 1979, 101, 6534

159. V. L. Pecoraro, F. L.Weitl and K. N. Raymond, J. Am. Chem. Soc., 1981,

103, 5133

160. W. R. Harris and A. E. Martell, Inorg. Chem., 1976, 15, 713

161. A. E. Martell, R. J. Motekaitis, E. T. Clarke and J. J. Harrison, Can. J.

Chem., 1986, 64, 44

162. M. Gerloch, J. Lewis, F. E. Mabbs and A. Richards, J. Chem. Soc., (A),

1968, 112

163. M. Gerloch and F. E. Mabbs, J. Chem. Soc., (A), 1967, 1559

164. D. K. Liu, L. P. Frick and S. G. Chang, Envir. Sci. Technol., 1988, 22, 219

165. D. K. Liu and S. G. Chang, Envir. Sci. Technol., 1988, 22, 1196

166. K. Pham and S. G. Chang, Nature, 1994, 369, 139

167. J. P. Solvin and E. M. Tobin, Biochim. Biophys. Acta, 1981, 177, 637

168. B. Lejczak, B. Boduszek, P. Kafarski, G. Forlani, H. Wojtasek and P.

Wieczorek, J. Plant, Growth Regul., 1996, 15, 109

169. P. Kafarski, B. Lejczak, G. Forlani, R. Gancarz, C. Torreilles, J. Grmbecka,

A. Ryczek and P. Wieczorek, J. Plant Growth Regul., 1997, 16, 153

170. N. Ockerbloom and A. E. Martell, J. Am. Chem. Soc., 1958, 80, 2351

171. S. Westerback, K. S. Rajan and A. E. Martell, J. Am. Chem. Soc., 1965, 87,

2567

172. R. P. Carter, R. L. Carroll and R. R. Irani, Inorg. Chem., 1967, 6, 939

173. R. J. Motekais and A. E. Martell, Inorg. Chem., 1980, 19, 1646

References
216



174. M. A. Dhansay and P. W. Linder, J. Coord. Chem., 1993, 28, 133

175. M. J. Bojczuk, T. Kiss, H. Kozlowski, P. Decock and J. Barycki, J. Chem.

Soc., Dalton Trans., 1994, 811

176. K. I. Popoo, J. Anderegg and I. A. Popova, Russ. J. Coord. Chem., 1998, 24,

396

177. D. Sanna, I. Bodi, S. Bouhsina, G. Micera and T. Kiss, J. Chem. Soc., Dalton

Trans., 1999, 3275

178. K. Sawada, W. Duan, M. Ono and K. Satoh, J. Chem. Soc., Dalton Trans.,

2000,919

179. B. Boduszek, M. Dyba, M. Jezowska-Bojczuk, T. Kiss and H. Kozlowski, J.

Chem. Soc., Dalton Trans., 1997, 973

180. H. A. Tagim and A. Aam, J. Inorg. Nucl. Chem., 1975, 37, 2005

181. K. Sawada, T. Kanda, Y. Naganuma and T. Suzuki, J. Chem. Soc., Dalton

Trans., 1993, 2557

182. K. Sawada, T. Miyagawa, T. Sakaguchi and K. Doi, J. Chem. Soc., Dalton

Trans., 1993, 3777

183. B. Leiczak, P. Kafarski and J. Zygmunt, Biochemistry, 1989, 28, 3549

184. D. Grobeiny, U. B. Goli and R. E. Galardy, Biochemistry, 1989, 28, 4948

185. E. Matczak-Jon, B. Kurzak, W. Sawka-Dobrowolska, P. Kafarski and B.

Lejczak,J. Chem. Soc., Dalton Trans., 1996, 3455

186. B. Kurzak. E. Matczak-Jon and M. Hoffmann, J. Coord. Chem., 1998, 43,

243

187. E. Matczak-Jon, B. Kurzak, W. Sawka-Dobrowolska, B. Lejczak and P.

References
217



Kafarski, J. Chem. Soc., Dalton Trans., 1998, 161

188. B. Kurzak, A. Kamecka, K. Kurzak, J Jezierska and P. Kafarski, Polyhedron,

2000, 19, 2083

189. W. B. Duan, K. Satoh and K. Sawada, Bull. Chem. Soc. Jpn., 2001, 74, 487

190. T. Ichikawa and K. Sawada, Bull. Chem. Soc. Jpn., 1997, 70, 829

191. G. M. Rao, R. Pangunoori and K. Ram, J. Indian Chem., 1997, 74, 94

192. M. Ray, D. Ghosh, Z. Shirin and R. Mukherjee, Inorg. Chem., 1997, 36,

3568

193. D. S. Marlin, M. M. Olmstead and P. K. Mascharak, Inorg. Chem., 1999, 38,

3258

194. D. S. Marlin and P. K. Mascharak, Chem. Soc. Rev., 2000, 29, 69

195. D. S. Marlin M. M. Olmsread and P. K. Mascharak, Inorg. Chimica Acta,

2000, 297, 106

196. H. Sigel and R. B. Martin, Chem. Rev., 1982, 82, 385

197. X. Tao, D. W. Stephan and P. K. Mascharak, Inorg. Chem., 1987, 26, 754

198. S. J. Brown, M. M. Olmstead and P. K. Mascharak, Inorg. Chem., 1990, 29,

3229

199. J. C. Noveron, M. M. Olmstead and P. K. Mascharak, Inorg. Chem., 1998,

37, 1138

200. C. M. Che, W. H. Leung, C. K. Li, H. Y. Cheng and S. M. Peng, Inorg.

Chim. Acta, 1992, 196, 43

201. M. Ray, R. N. Mukherjee, J. F. Richardson and R, M. Buchannan, J. Chem.

Soc., Dalton Trans., 1993, 2451

References
218



202. M. J. Bartos, C. Kidwell, K. E. Kauffmann, S. W. Gordon-Wylie, T. J.

Collins, G. C. Clark, E. Munck and S. T. Weintraub, Angew. Chem., Intl. Ed.

Engl., 1995,34, 1216

203. K. L. Kostka, B. G. Fox, M. P. Hendrich, T. J. Collins, C. E. F. Rickard, L. J.

Wright and E. Munck, J. Am. Chem. Soc., 1993, 115, 6746

204. L. Maier and M.J. Smith, Phosphorus Sulphur Relat. Elem., 1980, 8, 67

205. J. Huskens and A. D. Sherry, J. Am. Chem. Soc., 1996, 118, 4396

206. K. P. Pulukkody, T. J. Norman, D. Parker, L. Royle and C. J. Broan, J.

Chem. Soc., Perkin Trans., 1993, 2, 605

207. A. E. Martell and R. D. Hancock, Metal Complexes in Aqueous solutions,

Plenum Press, New York, 1996

208. D. McManus, 41st Pittsburgh Conference and Exposition on Analytical

Chemistry and Applied Spectroscopy, New York City. 1990

209. B. Nowack and A. T. Stone, Environ. Sci. Technol., 2000, 34, 4759

210. D. B. Carson, M. A. Heitkamp and L. E. Hallas, Can. J. Microbiol., 1997,

43, 97

211. C. Walling, Acc. Chem. Res., 1985, 8, 125

212. Z. Diaz, US Patent, 4,518,576, 1985

213. S. A. Bedell, US Patent, 4,891,205, 1990

214. A. E. Martell and L. G. Sillen, Stability Constants ofMetal-Ion Complexes,

The Chemical Society, Special Publication, No. 17, 1964

215. A. K. Powell and S. L. Heath, Comments Inorg, Chem., 1994, 14, 255

216. P. M. Proulx-Curry and N. D. Chasteen, Coord. Chem. Rev., 1995, 144, 347

References
219



217. A. K. Powell and S. L. heath, Comments Inorg. Chem., 1994, 15, 1255

218. S. L. Heath, A. K. Powell, H. L. Utting and M. Helliwell, J. Chem. Soc.,

Dalton Trans., 1992, 305

219. J. Sanchiz, P. Esparza, S. Dominhuez, F. Brito and A. Mederos, Inorg.

Chim. Acta, 1999, 291, 158

220. H. J. Schugar, A. T. Hubbard, F. C. Anson and H. B. Gray, J. Am. Chem.

Soc., 1969, 91, 71

221. K. Ramesh and R. Mukheijee, J. Cem. Soc., Dalton Trans., 1992, 83

222. C. Stockheim, F. Hoster, T. Weyhermuller, K. Wieghardt and B. Nuber, J.

Cem. Soc., Dalton Trans., 1996, 4409

223. Robinson and Jones, J. Chem. Soc., 1912,101, 67

224. Y. Hiroko, K. Dagmar, G. Stephen and O. Hans-Hartwig, Arch. Pharm.,

(Weinhein Ger.), 1985, 318, 280

225. A. J. Conti, C. F. Xie and D. N. Hendrickson, J. Am. Chem. Soc., 1989, 111,

1171

226. T. J. Anthony, D. Alan and J. G. Alun, Inorg. Chim. Acta, 1991, 184, 99

227. H. Irving and J. J. R. F. Dasilva, J. Chem. Soc., 1963, 3308

228. V. P. Khilya and G. A. Fezenko J. Org. Chem., USSR (Engl. Transl.), 1970,

6,2056

229. Du Pont De Nemours & Co., US Patent, 2,373,870, 1942

230. R. G. Facoste and A. E. Martell, J. Am. Chem. Soc., 1955, 77, 5512

231. Delisle, Chem. Ber., 1892,25,2450

232. K. Moedritzer and R. R. Irani, J. Org. Chem., 1966, 31, 1603

References
220



233. D. Redmore and B. Dhawan, Phosphorus Sulphur, 1983, 16, 233

234. S. Westerback, K. S. Rajan and A. E. Martell, J. Am. Chem. Soc., 1965,

87, 2567

235. Monsanto Co., US Patent, 3,974,090, 1976

236. N. Galic, D. Matkovic-Calogovic and Z. Cimerman, J. Mol. Struct., 1997,

406, 153

237. C. G. Pitt, Y. Bao, J. Thompson, M. C. Wani, H. Rosenkrantz and J.

Mettorville, J. Med. Chem., 1986, 29, 1231

238. T. R. Goudar, S. M. Shindagi and G. S. Nadagouda, J. Indian Chem. Soc.,

1987, 64, 361

239. R. Krishnamoorthi and M. Rabindranath, J. Chem. Soc., Dalton Trans.,

1991,3259

240. H. Geoffrey and K. Neil, J. Chem. Soc., Dalton Trans., 1989, 2115

241. Pascal, Bull. Soc. Chim. Fr., 1957, 186

242. A. Y. Kireeva et al, J. Gen. Chem., USSR (Engl. Trans1), 1973, 43, 2494

243. N. C. Singha and D. N. Sathyanarayana, J. Mol. Struct., 1997, 403, 123

244. T. R. Varga, Synth. Commun., 1997, 27, 2899

245. L. Xu, S. J. Rettig and C. Orvig, Inorg. Chem., 2001, 40, 3734

246. J. M. Scanlon, E. Aizenman and I. J. Reynolds, Eur. J. Pharm., 1997, 326,

67

247. P. M Jackson, C. J. Moody and R. J Mortimer, J. Chem. Soc., Perkin Trans.

1, 1991, 12, 2941

248. L. F. R. Cafferata and C. W. Jefford, Molecules, 2001, 6, 699

References
221



249. S. Burkhardt, R. J. Reiter, D. X. Tan, R. Hardeland, J. Cabrera and

M. Karbownik, Int. J. Biochem. & Cell Biol., 2001, 33, 775

250. J. Kenny, Polymers & Polymer composites, 2000, 8, 37

251. W. M. H. Behan, M. McDonald, L. G. Darlington and T. W. Stone, British

J. Pharmacology, 1999, 128, 1754

252. T. Hiroshi and G. Gilbert, Ozone: Sci. Eng., 1989, 11, 59-67; CA. 1989,110,

219833

253. M. Doran and A. E. Martell, Unpublished results

254. Paquin, Chem. Ber., 1949, 82, 316

255. H. L. Campbell and B. A. Striebig, Environ. Sci. Technol., 1999, 33, 1926

256. H. W. Rich, K. Hegetschweiler, H. M. Streit, I. Erni and W. Schneider,

Inorg. Chim. Acta, 1991, 187, 9

257. Y. Yokoi, T. Mori, T. Mitani and S. Kawate, Bull. Chem. Soc. Jpn., 1992,

65, 1898

258. D. Chen, A. E. Martell, R. J. Motekaitis, S. Niu and D. McManus, Inorg.

Chim. Acta, 1999, 293, 206

259. Winkler, US Patent, 4091073, 1978

260. S. K. Dhar, B. J. Park and C. Arnold, Microchem. J., 1995, 47, 14

261. D. McManus, M. Reicher and B.A. Ferm, US Patent, 5698172, 1997

262. Z. S. Yang, C. L. Li and J. Y. Wu, Shiyou Huagong, 2001, 30, 285

263. D. S. Pedro and L. G. Raphael, PCTInt. Appl., WO 20001116, 2000

264. V. N. Gholam and M. H. Mansoori, Chem. Eng. Technol., 1999, 22, 847

265. G. Hochgesand and C.J.Jr. Wendt, "The Purisol (EProcessfor Acid Gas

References
222



Treatment", Proceedings, Gas Conditioning Conference, J: 17, 1969

266. R. Horst and L. Frank, Eur. Patent, EP 1116786, 2001

267. F.C. Boston and M. L. Schneider, Proceedings, Gas Conditioning

Conference, University of Oklahoma, Norman, Ok, April, 1971

268. Q. Feng and H. Qaki, Polyhedron, 1988, 7, 291

269. E. A. Beyyerton, J. Atomos. Chem., 1993, 17, 307

270. B. O. A. Hedstrom, Ark. Kemi, 1953, 5, 457

271. B. O. A. Hedstrom, Ark. Kemi, 1953, 6, 1

272. W. C. Bray and A. V. Hershey, J. Am. Chem. Soc., 1934, 56, 1889

273. R. S. Sapieszko, R. C. Patel and E. Matilevic, J. Phys. Chem., 1977, 81,

1061

274. R. H. Byrne and D. R. Kester, Mar. Chem., 1976, 4, 275

275. Z. Stuglik and Z. P. Zagorski, Radiat. Phys. Chem., 1981, 17, 229

276. P. Hemmes, L. D. Rich, D. V. Cole and E. M. Eyring, J. Phys. Chem., 1971,

75, 929

277. G. H. Khoe and R. G. Robins, J. Chem. Soc., Dalton Trans., 1988, 2015

278. D. F. C. Morris and A. R. Wilson, J. Inorg. Nuclear Chem., 1969, 31, 1532

279. J. K. Rowley and N. Sutin, J. Phys. Chem., 1970, 74, 2043

280. B. B. Hasinoff, Can. J. Chem., 1976, 54, 1820

281. R. H. Byrne and D. R. Kester, J. Sol. Chem., 1981, 10, 51

282. T. Sekine and T. Tetsuka., Bull. Chem. Soc. Jpn., 172, 45, 1620

283. F. P. Cavasino, J. Phys. Chem., 1968, 74, 1378

284. B. Z. Mattoo, Z. Phys. Chem., 1959, 19, 156

References
223



285. G. G. Jayson, B. J. Parsons and A. J. Swallow, J. Chem. Soc., Faraday

Trans. 1, 1973, 69, 1079

286. R. D. Hancock and F. Marsicano, Inorg. Chem., 1980, 19, 2709

287. E. Medina de la Rosa, A. Mederos, P. Martin Barroso and J. A. Colomer,

J. Anal. Quim., 1979, 75, 799

288. M. Ehrenfreund and J. L. Leibenguth, Bull. Soc. Chim. Fr., 1970, 2498

289. C. F. Wells, J. Chem. Soc. (A), 1969, 2741

290. C. Brandt and R. van Eldik, Chem. Rev., 1995, 95, 119

291. S Asai, H. Nakamura and H. Aikawa, J. Chem. Eng. Japn., 1997, 30, 500

292. T. W. G. Solomons, Organic Chemistry, Fifth Edition,

John Wiley & Sons, Inc

293. J. Y, Bottero, A. Manceau. F. Viellieras and D. Tchoubar, Langmuir, 1994,

10, 316

294. M. M. Taqui Khan and G. Ramachandraiah, Inorg. Chem., 1982, 21, 2109

295. M. M. Taqui Khan, Pure Appl. Chem., 1983, 55, 159

296. M. M. Taqui Khan, A. Hussain, K. V. Subramanian and G. Ramachandraiah,

J. Mol. Catal., 1988, 44, 117

297. M. M. Taqui Khan and R. S. Shukla, J. Mol. Catal., 1986, 34, 19

298. M. M. Taqui Khan and R. S. Shukla, J. Mol. Catal., 1986, 37, 269

299. M. M. Taqui Khan, R. S. Shukla and A. P. Rao, J. Mol. Catal., 1986, 39, 237

300. M. M. Taqui Khan and R. S. Shukla, J. Mol. Catal., 1986, 39, 139

References
224



301. H. C. Bajaj and R. van Eldik, Inorg. Chem., 1988, 27, 4052

302. J. P. Collman, J. I. Brauman, B. Meunier, T. Hayashi, T. Kodadek and

S. A. Raybuck, J. Am. Chem. Soc., 1985, 107, 2000

303. B. Meunier, Gazz. Chim. Ital., 1988, 118, 485

304. M. M. Taqui Khan, R. R. Debabrata Chatteijee, P. P. Merchant, S. H. R.

Abdi, D. Srinivas, M. R. H. Siddiqui, M. A. Moiz, M. M. Bhadbhade and K.

Venkatasubramanian, Inorg. Chem., 1992, 31, 2711

305. W. Clegg, A. K. Powell and M. J. Ware, Acta Crystallogr., Sect., C, 1984,

40, 1822

306. S. L. Heath, A. K. Powell, H. L. Utting and M. Helliwell, J. Chem. Soc.,

Dalton Trans., 1992, 305

307. A. K. Powell, S. L. Heath, D. Gatteschi, L. Pardi, R. Sessoli, G. Spina, F. Del

Giallo and F. Pieralli, J. Am. Chem. Soc., 1995, 117, 2491

308. F. S. White, P. V. Nilsson, L. H. Pignolet and L. Q. Jin, J. Am. Chem. Soc.,

1984, 106, 8312

309. S. J. Lippard, H. Schugar and C. Walling, Inorg. Chem., 1967, 6, 1825

310. S. L. Heath and A. K. Powell, unpulished work

References
225




