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ABSTRACT

The common industrial practice of wusing aqueous solutions of
diethanolamine (DEA) . for the removal of impurities such as carbon
dioxide (CO5), hydrogen sulphide (H;S8), carbonyl sulphide (COS) and
carbon disulphide (CSZ) from natural, refinery and manufactured gases
often entails irreversible reactions between the solvent and the
impurities. This phenomenon is referred to as amine degradation and it
not only ., constitutes a 1loss of the amine but may contribute to
operational problems such as foaming, corrosion and fouling.

Degradation of DEA by COS and C82 was studied by using-a 600 mL
stainless steel reactor under the following conditions: DEA
concentration 10 - 40 wt%; temperature 120 - 195 °C; COS partial
pressure 345 - 1172 kPa; CS, volume 2.5 - 10.5 mL (CS,/DEA mole ratio
of 0.055 - 0.233). An analytical procedure consisting of gas
chromatography (GC) and gas chromatography/mass spectroscopy (GC/MS) was
used to identify over 20 compounds in the partially. degraded DEA
solutions. The major degradation products are monoethanolamine (MEA),
bié hydroxyethyl ethylenediamine (BHEED), bis hydroxyethyl piperazine
(BHEP), hydroxyethyl oxazolidone (HEOD), hydroxyethyl imidazolidone
(HEI), tris hydroxyethyl ethylenediamine (THEED) and bis hydroxyethyl
imidazolidone (BHEI); as well as a dithiccarbamate salt (in the case of
the CS,-DEA systems). In addition, both COS and Cs, induced degradation
formed solid products which were <characterized on the basis of
solubility, melting point, elemental composition, solid probe GC/MS and

infrared analysis. The number of degradation compounds in the COS-DEA
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and CS,-DEA systems is large when compared with the three major
degradation compounds found in CO,-DEA systems; this demonstrates that
the former systems are distinct and more complicated than the latter
system.

When COS or CS2 was contacted with aqueous DEA solution,
hydrolysis occurred and st, C02, COS and, possibly, C82 together with
their related ionic species were present in the system. Solubility and
hydrolysis experiments were therefore conducted to establish the
equilibrium composition of the COS-DEA system prior to the commencement
of degradation. A modified Kent-Eisenberg (K/E) model which was
developed to correlate the experimental data, showed good agreement
between the experimental results and model predictions. Since the K/E
and previous models were limited to amine-CO, and/or HyS systems, the
present modified K/E model which incorporates COS, is a significant
improvement.

The rate of degradation of DEA was found to increase with
temperature, DEA concentration, COS partial pressure and CS, volume. On
the basis of the experiments conducted to evaluate the contributions of
the various c¢ompounds in the partially degraded solutions, reaction
schemes were developed for the formation of 18 degradation compounds in
the COS-DEA and CS,-DEA systems. Despite the complexity of the
reactions, the overall degradation of DEA was well represented by a
first order reaction for the present experimental conditions. A
mathematical modél based on the major reaction schemes was developed to
estimate the concentrations of DEA and the major degradation compounds

in the COS-DEA system.
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Contrary to literature information, experimenté conducted with gas
mixtures of CO, and HyS showed that H,S enhanced the rate of DEA
degradation. A direct result of the combined effects of st and C02 on
alkanolamines was the production of the corresponding lower order
alkanolamines from higher order ones. The resulting mixed amine solution
increases the routes for degradation compared to single amine solutions.
The study therefore provides an indication of what to expect in terms of

degradation when mixtures of alkanolamines are used for gas sweetening.

v



TABLE OF CONTENTS

ABSTRACT ...t iiiiitnnnnoaoonnanss B e e P i |
LIST OF TABLES et ceeaaan e ie s e ittt e ..xi
LIST OF FIGURES ......... S e e e e ce e e s c..xiii
ACKNOWLEDGEMENTS ceseenen Ce bttt en s S ceeene e con . xxii
CHAPTER
1 INTRODUCTION e e et s e e st ettt e e eenl
1.1 OBJECTIVES OF THE PRESENT STUDY ....... et ...6
2 LITERATURE REVIEW ettt e e e Ceeeaen e ceeeaee e

2.1 PROPERTIES OF CARBONYL SULPHIDE

AND CARBON DISULPHIDE Ceer sttt ettt e .
2.2 ABSORPTION OF ACIDIC GASES IN AQUEOUS
ALKANOLAMINE SOLUTIONS ceci ettt e eeaeen ce...8
2.2.1 CARBON DIOXIDE AND HYDROGEN SULPHIDE e ...8
2.2.2 CARBONYL SULPHIDE et e cee e 9
2.2.3 CARBON DISULPHIDE .....cou.. e ;.. ...... eve.15
2.3 EQUILIBRIUM REACTIONS OF ACID GASES IN
AMINE SOLUTIONS @ .ttt iittiiteneerenasoessnnnnaess LERRER ..15
2.3.1 REACTIdNS OF HYDROGEN SULPHIDE cheerianeen O
2.3.2 REACTIONS OF CARBON DIOXIDE ...... B ..16
2.3.3 REACTIONS OF CARBONYL SULPHIDE Ceet et .e..18
2.3.4 REACTIONS OF CARBON DISULPHIDE ......... Geeeeeaa 20
2.4 DEGRADATION OF DIETHANOLAMINE SOLUTIONS @ ...t iuvencennns 22
2.4.1 DEGRADATION OF DIETHANOLAMINE BY
CARBON DIOXIDE Ceeeaas chesean et e e ..22



2.4.2 DEGRADATION OF DIETHANOLAMINE BY

CARBONYL SULPHIDE A
2.4.3 DEGRADATION OF DIETHANOLAMINE BY
CARBON DISULPHIDE B I TS et ecace et oo n s 29
2.5 LIMITATIONS OF THE PREVIOUS COS-DEA AND
CS,-DEA DEGRADATION STUDIES  ................ e 30
. 2.6 ANALYSIS OF DEGRADED ALKANOLAMINE SOLUTIONS ceeeees .32
3 EXPERIMENTAL APPARATUS AND PROCEDURE ceeeee e et 34
3.1 REACTOR ..... AN e e Ceereenn cee e 34
3.2 MATERIALS et e et e cetaa et e et et PN 35
3.3 EXPERIMENTAL PROCEDURE ..... Ceee e Cemree e ceceenna .37
3.4 SAMPLING crer et e e Ceeres e sr e e et asseserae et aee e e 39
3.5 OPERATING CONDITIONS e ceee e s eeacen ee...40
3.6 ANALYTICAL PﬁOCEDURE cer e che e Ceeeanne . .41
3.7 TECHNIQUES USED TO IDENTIFY THE
DEGRADATION PRODUCTS et e e e ceeeenn ceeree.. .42
3.7.1 GAS CHROMATOGRAPHIC (GC) ANALYSIS ......¢eccc0en 43
3.7.2 GAS CHROMATOGRAPHIC/MASS SPECTROMETRIC
(GC/MS) ANALYSIS  .....iieieienennn creseenns . .43
3.7.3 GC/MS ANALYSIS OF SILYLATED DERIVATIVES eevs..45
3.7.4 GC ANALYSIS OF DEGRADED.MIXTURE SPIKED
WITH SUSPECTED COMPOUNDS  ..... S e eeerereesteeaean 46
3.8 EXPERIMENTAL DESIGN Ceceeaen e che i e enenen cenans 47
4 IDENTIFICATION OF DEGRADATION PRODUCTS @ ..., eitirieecnnansaan 50
4.1 IPRELIMINARY EXPERIMENTS cet e Chv s e ee et .50
4.1.1 EFFECTS OF ELEVATED TEMPERATURES Ceecec et 50

vi



4.1.2 SURFACE EFFECTS  tvvvveneereneneneensnennnnnennnn 51
4.1.3 EFFECTS OF STIRRER SPEED  .evvvvevenennonnrnnsans 53
4.1.4 REPRODUCIBILITY  tuvvevevenennenenns e 53

4.2 DEGRADATION PRODUCTS RESULTING FROM
COS-DEA INTERACTIONS  +.vvennn.. e e e 54

4.3 DEGRADATION PRODUCTS RESULTING FROM

CS,-DEA INTERACTIONS  ......... R 76

4.4 CHARACTERIZATION OF THE SOLID PRODUCTS @ .......cecinianann 78
4.4.1 SOLUBILITY @ ..t eeeeeensonosoanasonoanesanossoasns 79
4.4.2 MELTING POINT ...; .............................. 79
4.4.3 ELEMENTAL ANALYSIS ..ttt cenreooeoncencannnsanns 80
4.4.4 MASS SPECTRAL ANALYSIS ...t eenronnenosanansanns 82
4.4.5 INFRA-RED ANALYSIS ...ttt ennroennnnnoaansnnons 86
EFFECTS OF OPERATING VARIABLES @ ... .t iieeerrnconatosnoansos 90
5.1 COS-DEA SYSTEM ..t titeteuiennueteonnsennonseenannnaasssns 90
5.1.1 EFECTS OF INITIAL DEA CONCENTRATION ....... .e...90
5.1.2 EFFECTS OF TEMPERATURE  ....ciivieeeenennnnansns 109
5.1.3 EFFECTS OF INITIAL COS PARTIAL PRESSURE ....... 124

5.2 CS,-DEA SYSTEM . ...tiiintiiiiiiitiitiiieaterennnns 135
5.1.1 EFECTS OF INITIAL DEA CONCENTRATION ........... 135

. 5.1.2 EFFECTS OF TEMPERATURE ettt eceeans e 149
5.1.3 EFFECTS OF INITIAL VOLUME OF CSp; ... .vieiennn, 161
EXPERIMENTS DESIGNED TO ELUCIDATE REACTION MECHANISMS  ..... 172
6.1 EFFECTS OF MIXED GASES @ .. ¢t teiiteeteeroneennononnnsans 172
6.2 EFFECTS OF OXYGEN ..ttt it ieeoeensonnennonoannsenaanns 183
6.3 EFFECTS OF DEGRADATION COMPOUNDS @ ....ceveovenncnnoanns 185

vii



7 SOLUBILITY AND HYDROLYSIS OF CARBONYL SULPHIDE
T.1 THEORY ittt in ittt iinrecoesennnnonnsornas
7.2 EXPERIMENTAL EQUIPMENT AND PROCEDURE e

6.3.8

6.3.9

6.3.10 EFFECT OF BHEED

7.2.1

7.2.2

7.2.3

7.2.3

7.2.5

EFFECT OF ETHANOL  ................
EFFECT OF ACETALDEHYDE ...........
EFFECT OF ACETIC ACID ....vivevnvn.
EFFECT OF ACETONE  ......cieeverens
EFFECT OF BUTANONE  ............ S

EFFECT OF ETHYLENE GLYCOL  ........

EFFECTS OF THE ALKYL ALKANOLAMINES

EFFECT OF WATER ....... e

EFFECT OF MONOETHANOLAMINE  .......

PROCEDURE 4t evvvoereinennnneennnns
ACID GAS LOADINGS e e

GAS ANALYSIS @ .. ieteieennonsanonnns

SOLUBILITY DETERMINATION AT

LOW TEMPERATURES @ .....cicvvceerens

HYDROLYSIS AT ELEVATED TEMPERATURES

RESULTS AND DISCUSSION OF SOLUBILITY

AND HYDROLYSIS RUNS

7.3.1

7.3.2

SOLUBILITY OF COS IN DEA SOLUTIONS

AT LOW TEMPERATURES ..............

HYDROLYSIS OF COS IN DEA SOLUTIONS

AT ELEVATED TEMPERATURES .........

MODEL PREDICTIONS  +evevvvreeennnnn

viii

..................



.3 FORMATION OF THE SOLID PRODUCT e

7.3.4 REPRODUCIBILITY  .uvuuneeernnnn e ...238
7.3.5 COS BALANCE  +vvvvnnneennnnn e R R 238
REACTION MECHANISMS  ...vvvnervvnnnn. e cee...240
.1 COS-DEA DEGRADATION  ..uveeeevvnnnn. e cee...240
8.1.1 FORMATION OF MONOETHANOLAMINE (MEA)  ...........240
8.1.2 FORMATION OF ACETALDEHYDE AND KETONES  ......... 243
8.1.3 FORMATION OF ACETIC ACID  ......... B 244
8.1.4 FORMATION OF ETHYL AMINOETHANOL (EAE)  ......... 246
8.1.5 FORMATION OF DIETHYL DISULPHIDE  ...... Ceeee....246
8.1.6 FORMATION OF SUBSTITUTED PYRIDINES  ...... R, 247
8.1.7 FORMATION OF ETHYLDIETHANOLAMINE (EDEA)  ....... 248
8.1.8 FORMATION OF N,N,N -TRIS HYDROXYETHYL
ETHYLENEDIAMINE (THEED)  +vvvvvnevnnnnnnns cee...249
8.1.9 FORMATION OF BIS HYDROXYETHYL
ETHYLENEDIAMINE (BHEED)  «vvvvevncnennnnn. R 250
8.1.10 FORMATION OF N,N -BIS HYDROXYETHYL PIPERAZINE
(BHEP) AND N-HYDROXYETHYL PIPERAZINE (HEP) ..251
8.1.11 FORMATION OF N-HYDROXYETHYL OXAZOLIDONE (HEOD) 251
8.1.12 FORMATION OF N,N -BIS HYDROXYETHYL
IMIDAZOLIDONE (BHEI)  vuvuvvvnnsnnennnnennnnenns 252
8.1.13 FORMATION OF N-HYDROXYETHYL IMIDAZOLIDONE (HEI) 253
8.1.14 FORMATION OF N-HYDROXYETHYL ACETAMIDE (HEA) .254
8.1.15 FORMATION OF ETHANETHIOIC ACID-(S-
(HYDROXYETHYL) AMINO) METHYL ESTER (ETAHEAME)  .254
.2 CS,-DEA DEGRADATION  ........oevnennnns .. e ...255

ix



9 KINETIC MODEL FOR DEA DEGRADATION  ........... e ce...258

9.1 COS INDUCED DEGRADATION OF DEA  ....... e ....258

9.2 CS, INDUCED DEGRADATION OF DEA  4iuvnvreveevnennennns 267

10 CONCLUSIONS AND RECOMMENDATIONS  ....eevenn.. e .270

10.1 CONCLUSIONS  tevuuvunvneeneeeeennnn. e .270

10.1.1 COS INDUCED DEGRADATION  «.vvvvvvvevevnnnnnnns 270

10.1.2 CS, INDUCED DEGRADATION  ...... e 273

10.2 RECOMMENDATIONS  ....... e e e 274

NOMENCLATURE  «u.oen.... e P e 277

REFERENCES  ...v..... e e e e e 280

APPENDICES  «evvvnnevennnenn. e e e ...287

A.1 ALKANOLAMINES COMMONLY USED INDUSTRIALLY  ........ ....287

A.2 SYNTHESIS OF SELECT DEGRADATION COMPoﬁNDs ........... 289

B.1 CALIBRATION OF THE GAS CHROMATOGRAPH  ............. ...293

B.2 MASS SPECTRA OF MINOR DEGRADATION COMPOUNDS  ......... 308

c EXPERIMENTAL CONCENTRATIONS  +evouvennuennneennnennnns 317

D COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED

CONCENTRATIONS  ....ccnon... e e 338

E ERROR AND SENSITIVITY ANALYSIS  ...ouvnnn.... e 358

F PROGRAM LISTINGS  «veeeennumunueennnnanuneeeeennss ....365



LIST OF TABLES

SELECTED PHYSICAL PROPERTIES OF COS AND CS, ....... Ceee e 8

REPRODUCIBILITY AND EFFECT OF STIRRER SPEED IN

COS-DEA SYSTEMS  ....... e, e e .54‘
DEGRADATION COMPOUNDS DB&ECTED IN COS-DEA SYSTEMS

AND THEIR RETENTION TIMES IN THE GC  +vvvevvnnvennnennn e 59
ELEMENTAL COMPOSITIONS OF THE SOLIDS FORMED IN THE

COS-DEA SYSTEMS  vvvvvvenruenennnnenennanenns e ee....81
ELEMENTAL COMPOSITIONS OF THE SOLIDS FORMED IN THE

CS,-DEA SYSTEMS  .......... e e e ....81
FUNCTIONAL GROUPS ASSIGNMENTS IN THE SOLIDS FORMED

IN THE COS-DEA AND CSp-DEA SYSTEMS  .vveveevnennnnrennnnnnn. ...89
CONTRIBUTIONS OF OXYGEN TO DEGRADATION IN THE

COS-DEA SYSTEM  4vvenvnennnenennnn e e, .....184
CONCENTRATIONS OF DEA AND THE LOW BOILING DEGRADATION

COMPOUNDS IN THE REGULAR AND EDEA-SPIKED RUNS  ............ ..196
CONCENTRATIONS OF DEA AND THE LOW BOILING DEGRADATION

COMPOUNDS IN THE REGULAR AND EAE-SPIKED RUNS  ......eeueevnen.. 197
FITTING CONSTANTS IN THE HENRY'S LAW EXPRESSION FOR THE

COS-DEA SYSTEM (T = 20 - 50 OC)  ....oiiiiiinnniinnnnnnnnn, ..223
HENRY' S CONSTANTS FOR THE SOLUBILITY OF COS IN WATER  ...... .223
EQUILIBRIUM DATA FOR THE HYDROLYSIS OF COS IN AQUEOUS

DEA SOLUTIONS (COMPOSITIONS ARE EXPRESSED IN MILLIMOLES) ...224

X1



EQUILIBRIUM DATA FOR THE HYDROLYSIS OF COS IN AQUEOUS DEA
SOLUTIONS (LIQUID PHASE CONCENTRATIONS ARE EXPRESSED IN
MOLE/MOLE DEA) Ceeee s Ceter e aans et eneenes N
PREDICTED AND EXPERIMENTAL ACID GAS LOADINGS e e e
C.20 CONCENTRATIONS OF COMPOUNDS IN THE COS-DEA SYSTEMS
C.36 CONCENTRATIONS OF COMPOUNDS IN THE CS,-DEA SYSTEMS -
C.43 CONCENTRATIONS OF COMPOUNDS IN OTHER SYSTEMS Cee e
D.18 COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED
CONCENTRATIONS et G e eeaene et eesesaeaan .
D.20 RATE CONSTANTS OBTAINED FROM THE OPTIMIZATION ROUTINE
NITROGEN BALANCE FOR THE DEGRADATION RUNS  ...........
MAXIMUM DEVIATIONS IN THE DEA CONCENTRATIONS
REPORTED FOR THE DEGRADATION RUNS s sseans e eee
DEVIATIONS BETWEEN THE EXPERIMENTAL AND FITTED VALUES
OF THE PROTONATION, CARBAMATE AND THIOCARBAMATE
EQUILIBRIUM CONSTANTS ........... e
COMPARISON OF PROTONATION (K;) AND CARBAMATE (Kj)
CONSTANTS FROM THE KENT-EISENBERG AND MODIFIED
KENT -EISENBERG MODELS  ..... cee e es s cere e oo
SENSITIVITY OF THE OBJECTIVE FUNCTION TO CHANGES IN
THE RATE CONSTANTS FOR THE COS-DEA SYSTEMS
(% CHANGE IN ki =+ 20%)  ........ e e eeaan ce e .
SENSITIVITY OF THE OBJECTIVE FUNCTION TO CHANGES IN
THE RATE CONSTANTS FOR THE COS-DEA SYSTEMS

(% CHANGE IN ky = - 20%) et e et e

Xi1

.239

.317

.327

.335

..338

356

.361

.362

.363



Figure

4.6

4.11

LIST OF FIGURES

Typical alkanolamine sweetening unit  ....... i, 4
Sketch of the CeaCLOr ittt ittt ineeiessoennsanenasennas 36
Set-up for the CSZ—DEA degradation experiments  ......c00000.. 38
Chromatograms of partially degraded DEA solutions of 4M

initial concentration (a: 180 OC, 0.34 MPa COS:
p: 150 °c, 0.34 MPa COS; c: 120 °C, 0.68 MPa COS) e 52

Chromatograms showing gradual formation of degradation
products in a COS-DEA system
(4M DEA, 180 °C, 0.34 MPa COS)  tiuvnrnenvrnenennnnnnn ceee....55

Mass spectra of peak 1 identified as Acetone (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum) ......... e 60

Mass spectra of peak 2 identified as Butanone (a: EI spectrum;
b: EI reference spectrum; ¢: CI SpectCUmM)  ...iceiecennerencnnns 61

Mass spectra of peak 3 identified as MEA (a: EI spectrum;
b: EI reference spectrum; c¢: CI spectrum; d: CI spectrum
of the silyl derivative) ....c.iciicevnen st ree ettt 62

Mass spectra of peak 4 identified as EAE (a: EI spectrum;
b: EI reference spectrum; c¢: CI spectrum) ......cceeeeeennns 63

Mass spectra of peak 5 identified as DEA (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) et i e ceteessase.. b4

Mass spectra of peak 6 identified as EDEA (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) .......... et ettt 65

Mass spectra of peak 7 identified as HEA (a: EI spectrum;
b: EI reference spectrum; c¢: CI spectrum; d: CI spectrum
of the silyl derivative) ..... e ettt ittt 66

Mass spectra of peak 8 identified as HEP (a: EI spectrum;
b: EI reference spectrum; c¢: CI spectrum; d: CI spectrum

of the silyl derivative) e it et et e ee..67

Mass spectra of peak 9 identified as ETHEAME (a: EI spectrum;
b: CI spectrum; c¢: CI spectrum of silyl derivative) ........ 68

xiii



4.12

Mass spectra of peak 10 identified as BHEED (a: EI spectrum;
b: EI reference spectrum; c¢: CI spectrum; d: CI spectrum
of the silyl derivative). ittt rnsnneseerortsnessnsas 69

Mass spectra of peak 11 identified as BHEP (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) ..ttt it ittt cannes 70

Mass spectra of peak 12 identified as HEOD (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) ...ttt iiiiiiiennnanaen 71

Mass spectra of peak 13 identified as HEI (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) ...ttt ittt nnennsnnnsesseason 72

Mass spectra of peak 14 identified as THEED (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) ........cceeu.n. O 4

Mass spectra of peak 15 identified as BHEI (a: EI spectrum;
b: EI reference spectrum; c: CI spectrum; d: CI spectrum
of the silyl derivative) ..... et B 74

Chromatograms of partially degraded DEA solutions of 3M
initial concentration degraded with 10 mL of Cs, for 48
hours (a: 180 °C; b: 165 °C; c¢: 150 °C) ............ R 77

EI and CI mass spectra of the solid formed in the COS-DEA
system ... .iciaen.n e Cee s e ees et S e e st ....84

EI and CI mass spectra of the solid formed in the CS,-DEA

SYSEEM 4 ittt ittt ettt c et et e S e et e e et e ..85
Infra-red trace of the solid formed in the COS-DEA system ...87
Infra-red trace of the solid formed in the CS,-DEA system ...88

DEA concentration as a function of initial DEA concentration
and time (PCOS = 0.34 MPa, T =120°%) .....c...... ceteenea.92

DEA concentration as a function of initial DEA concentration
and time (Pogg = 0.34 MPa, T = 150 °C) ...........ioiivnnn.. 93

DEA concentration as a function of initial DEA concentration
and time (PCOS = 0.34 MPa, T = 165 °C) et e b r et et e 94

Overall degradation rate constant as a function of initial
DEA concentration and temperature (Pcpg = 0.34 MPa)  ......... 95

Xiv



5.15

5.16

5.18

5.19

5.20

Initial degradarion rate as a function of initial DEA
concentration and temperature (Peng = 0.34 MPa)  ............. 97

Acetone concentration as a function of initial DEA
concentration and time (PCOS = 0.34 MPa, T = 165 °cy ..., 98

Butanone concentration as a function of initial DEA
concentration and time (PCOS = 0.34 MPa, T = 165 °C) ....... 99

MEA concentration as a function of initial DEA concentration
and time (Pogg = 0.34 MPa, T = 165 °C)  ....ooiiiiiiiiann, 100

BHEED concentration as a function of initial DEA
concentration and time (Pcog = 0.34 MPa, T = 165 °C) ...... 102

BHEP concentration as a function of initial DEA
concentration and time (PCOS = 0.34 MPa, T = 165 °cy ..., 103

HEOD concentration as a function of initial DEA
concentration and time (Pogg = 0.34 MPa, T = 165 °C)  ...... 104

HEI concentration as a function of initial DEA
concentration and time (Popg = 0.34 MPa, T = 165 °C)  ...... 105

THEED concentration as a function of initial DEA
concentration and time (PCOS = 0.34 MPa, T = 165 °C) ...... 106

BHEI concentration as a function of initial DEA
concentration and time (PCOS = 0.34 MPa, T = 165 °Cc) ...... 107

DEA concentration as a function temperature and time
(Pcog = 0.34 MPa, DEA, = 4M)  ........o.iniiienn., chee e 110

DEA concentration as a function temperature and time
(PCOS = 0.34 MPa, DEAO = 3M) “ s e e s e s e v s e e e TR 111

DEA concentration as a function temperature and time
(Peog = 0.34 MPa, DEA, = 2M)  ......eceinnnnnn... e 112

Arrhenius plots of the overall degradation rate constant
(PCOS = 0.34 = T Y 113

Butanone concentration as a function of temperature and time
(PCOS = 0.34 MPa, DEAO = 3M) .............................. 114

Acetone concentration as a function of temperature and time
(Pcogg = 0:34 MPa, DEAL = 3M)  .iitieirininnnennnnnnaninann. 115

MEA concentration as a function of temperature and time
(Pcog = 0.34 MPa, DEAL = 3M) ...ttt 116

Xv



5.22

5.32

5.33

BHEED concentration as a function of temperature and time

(PCOS = 0-34 MPa[ DEAO = 3M) ............................

BHEP concentration as a function of temperature and time

(PCOS = 0.34 MPa, DEA, = G 3 1

HEOD concentration as a function of temperature and time

(Pepg = 0.34 MPa, DEA, = 13 1 O

HEI concentration as a function of temperature and time

(PCOS = 0.34 MPa, DEA, = ) 1

THEED concentration as a function of temperature and time

(PCOS = 0.34 MPa, DEAO = 3M) ............................

BHEI concentration as a function of temperature and time

(PCOS = 0 34 MPa[ DEA = BM) ............................

DEA concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...............

Acetone concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...............

Butanone concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...............

MEA concentration as a function of initial COS partial

pressure and time (DEAj = 3M, T = 150 °C) ...............

BHEED concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ..... Ceeeea .

BHEP concentration as a function of initial COS partial

pressure and time (ﬁEAo =3M, T =150 °C) ... iiiinnnn...

HEOD concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...,

HEI concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...............

THEED concentration as a function of initial COS partial

pressure and time (DEA, = 3M, T = 150 °C) ...............

BHEI concentration as a function of initial COS partial

pressure and time (DEAj = 3M, T = 150 °C) ...............

DEA concentration as a function of initial DEA
concentration and time (CS, volume = 6 mL, T = 120 °c,

CSz/DEA mole ratios = 0.10 - 0.20) ittt ittt e

Xvi

.129



5.45

DEA concentration as a function of initial DEA
concentration and time (CSZ volume = 6 mL, T = 150 °c,
CSZ/DEA mole ratios = 0.10 - 0.20) &ttt iniienneanansaaanans 137

DEA concentration as a function of initial DEA
concentration and time (C82 volume = 6 mL, T = 165 o¢,
CSz/DEA mole ratios = 0.10 - 0.20) ..ttt ittt onnnnnnnnna 138

Overall degradation rate constant for CS,-DEA systems as a
function of initial DEA concentration and temperature
(CS, volume = 6mL, CS,/DEA mole ratios = 0.10 - 0.20) ..... 139

Initial degradation rate as a function of initial DEA
concentration and temperature (CS2 volume = 6mL,
CSZ/DEA mole ratios = 0.10 - 0.20) .ttt itteneetnnnnsnnsonns 140

MEA concentration as a function of initial DEA
concentration and time (CS, volume = 6 mL, T = 165 °C,
CS2/DEA mole ratios = 0.10 - 0.20) ...... e e e 142

BHEED concentration as a function of initial DEA
concentration and time (CS, volume = 6 mL, T = 165 °c, - :
CSz/DEA mole ratios = 0.10 - 0.20) ittt ittt eer e 143

BHEP concentration as a function of initial DEA
concentration and time (C82 volume = 6 mL, T = 165 °C,
Csz/DEA mole ratios = 0.10 - 0.20) ...... et e et 144

HEOD concentration as a function of initial DEA
concentration and time (C82 volume = 6 mL, T = 165 ¢,
CSZ/DEA mole ratios = 0.10 - 0.20) Gt e et ce e vev...145

HEI concentration as a function of initial DEA
concentration and time (CS, volume = 6 mL, ‘T = 165 °C,
CSZ/DEA mole ratios = 0.10 - 0.20) et e st ceeee...146

THEED concentration as a function of initial DEA
concentration and time (CS, volume = 6 mL, T = 165 °c,
CSleEA mole ratios = 0.10 - 0.20) ...... et 147

BHEI concentration as a function of initial DEA
concentration and time (C52 volume = 6 mL, T = 165 °C,

CSZ/DEA mole ratios = 0.10 - 0.20) ..... ittt e ettt 148

DEA concentration as a function of temperature and time
(DEA, = 4M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.10) 150

DEA concentration as a function of temperature and time
(DEAO = 3M, C52 volume = 6 mL, CSz/DEA mole ratio = 0.13) 151

XVil



5.53

5.54

5.57

5.64

5.68

DEA concentration as a function of temperature and time
(DEA, = 2M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.20)

Arrhenius plots for the overall dagradation rate constant

as a function of initial C52 VOLlUME ittt it ittt iietneennans

MEA concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

BHEED concentration as a function of temperature and time
(DEA, = 3M, CS,; volume = 6 mL, CS,/DEA mole ratio = 0.13)

BHEP concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

HEI concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

HEOD concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

BHEI concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

THEED concentration as a function of temperature and time
(DEA, = 3M, CS, volume = 6 mL, CS,/DEA mole ratio = 0.13)

DEA concentration as a function of initial C52 volume and

time (DEA, = 3M, T = 165 °C)  ........oiiiiieiiinnnnnnnn...

MEA concentration as a function of initial C52 volume and

time (DEAg = 3M, T = 165 9C)  .....iiiininnrnnnnnniannn ceen

BHEED concentration as a function of initial C52 volume

and time (DEA, = 3M, T = 165 °C) ..... e

BHEP concentration as a function of initial Cs, volume and

time (DEA, = 3M, T = 165 °C) .......ciiivuun... e

HEOD concentration as a function of initial C52 volume and

time (DEA, = 3M, T =165 °C) ......iiiiiiiiiiiieininn..

HEI concentration as a function of initial C52 volume and

time (DEAy = 3M, T = 165 °C)  ...eiiiiiiiniiinennnnnennannn..

BHEI concentration as a function of initial Cs, volume and

time (DEA, = 3M, T = 165 9C)  ......oi.iiiiiiiiniinnnnnn,

THEED concentration as a function of initial C82 volume and

time (DEA, = 3M, T = 165 9C)  ....iiiiiiiinininnniiinnnn...

xviil

152

153

154

155

156

157

158

159

160



6.2

6.11

DEA concentrations as a function of time and gas
composition (DEAg = 3M, T = 165 °C)  ......oiuiieeiiiinnnn.. 175

BHEP concentrations as a function of time and gas
composition (DEA, = 3M, T = 165 °C)  .......veniivrnennnenn. 176

HEOD concentrations as a function of time and gas
composition (DEAg = 3M, T = 165 °C) ... c..iieiieiiinnnnn. 177

THEED concentrations as a function of time and gas
composition (DEA, = 3M, T = 165 9C)  ....eiieiiiieennannnnn. 178

MEA concentrations as a function of time and gas
composition (DEA, = 3M, T = 165 °C) ....... et et e e 179

BHEED concentrations as a function of time and gas
composition (DEAj = 3M, T = 165 °C) ..........iiiiinii.n. .180

HEI concentrations as a function of time and gas
composition (DEAj = 3M, T = 165 °C) ....... e 181

BHEI concentrations as a function of time and gas
composition (DE:Ao = 3M, T = 165 o T 182

Chromatograms of partially degraded DEA solutions of 3M
initial concentrations degraded with 10.5 mL of C52 at
180 ©C (a: regular run; b: ethanol-spiked run) ............. 187

Chromatograms of partially degraded DEA solutions of 3M
initial concentrations degraded with 10.5 mL of C82 at
180 °C (a: regular run; b: acetaldehyde-spiked run) ........ 188

Chromatograms of partially degraded DEA solutions of 3M
initial concentration degraded with 10.5 mL of C82 at
180 °c (a: regular run; b: acetic acid-spiked run) e ee e 190

Chromatogram of partially degraded EAE solution of 1M
initial concentration degraded with 10.5 mL of Cs, at
180 °¢ ., 193

Chromatogram of partially degraded EDEA solution of 1M
initial concentration degraded with 10.5 mL of Cs, at
180 °c U 194

EI mass spectrum of the compound identified as Ethyl amine
in the partially degraded EAE solution ...........0cienenn. 198

EI mass spectrum of the compound identified as Ethyl
acetamide in the partially degraded EAE solution ........... 198

X1x



7.10

EI mass spectrumw of the compound identified as Ethyl
thiazolidone in the partially degraded EAE solution ........

EI mass spectrum of the compound identified as Ethyl
thiazolidone-2-thione in the partially degraded EAE

L R o I o
Concentrations of DEA as a function of time in aqueous

and non-aqueous sytems in contact with 345 kPa of COS at

150 OC it e e e e
Gas trapping set-up  ..... e et ae e e e e e

Chromatogram showing a typical separation by the Chromosil
310 teflon packed column et ettt

Henry's constant as a function of temperature for COS in
aqueous DEA solutions et ettt s e e e e

H,S liquid loading as a function of initial COS partial
pressure and DEA concentration at 120 °C  ............... PR

Co, liquid loading as a function of initial COS partial
pressure and DEA concentration at 120 (ol o

Selectivity as a function of temperature and DEA
concentration ... iiiiiiianan e P

Partial pressure of H,S as a function of liquid loading
and temperature for a 30 wt% DEA solution .........c.ceuveennn

Partial pressure of CO, as a function of liquid loading
and temperature for a 30 wt% DEA solution ettt

Henry's constant for HyS in aqueous DEA solutions
containing also Co, And COS ...t ivrteraresssansocasssannsanas

Henry's constant for CO, in aqueous DEA solutions
containing also HyS and COS e e it e et ettt

Structure of amines ... ittt ittt it et ettt it i e e
Calibration curve for ACeLONe . ...t irerereennenorecsoanaaros
Calibration curve for DULANONE ...t iivrerenrennncaneaannns
Calibration curve for MEA ... ..t it i ienonnnerannsosanassan
Calibration curve for DEA ...ttt it rtoaroenerannnnsonaanans

Calibration curve for BHEED .t ittt rreeereeeneeeenenennnns

XX



.10

.11

.12

.13

.14

.15

.16

.17

.18

.19

.20

.21

.22

Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Sample and
Sample and
Sample and
Sample and
Sample and
Sample and
Sample and

Sample and

curve
curve
curve
curve
curve
curve
curve
curve
library
library
library

library

‘library

library
library

library

for

for

for

for

for

for

for

for

EI

EI

EI

EI

EI

EI

EI

EI

BHEP
HEOD
HEI
THEED
BHEI
€O,
cos

HyS

.................................

.................................

..................................

.............................

.................................

..................................

..................................

..................................

spectra

spectra

spectra

spectra

spectra

spectra

spectra

spectra

Mass spectra of EHEP (a:'EI;

xx1

of

of

of

of-

of

of

of

b:

.................

ethanol ........... e
acetaldehyde ......... .. ...
acetic acid ... . 0.,
methyl pyridine ...........
diethyl disulphide

........

1,2 dithiane T

ethyl methyl pyridine .....

O



£l

ACKNOWLEDGEMENTS

I wish to express my gratitude to the following for their various

contributions towards the completion of my doctoral program:

- Professor Axel Meisen for his supervision, guidance and
encouragements, particularly during the difficult moments of this
work;

- Professor Larry Weiler for his help with the reaction mechanisms
and other chemistry-related aspects of this work;

- My wife, Adeyinka, and my sons, Ayoyinka and Olaniyi, for their
love, understanding and sacrifice;

- My parents, brothers and sisters for their love and moral support.
in particular, I gratefully acknowledge the efforts of my mother
and mother-in-law in taking care of our sons while my wife and I
pursued our academic goals;

- The Canadian Commonwealth Scholarship and Fellowship Plan for the
scholarship to pursue my doctorate program, as well as the Natural
Sciences and Engineering Research Council of Canada for the

grant(s) to purchase equipments and supplies;

Finally, I thank God for giving me the health and stamina to

complete the program.

xxii



CHAPTER 1
INTRODUCTION

Natural gas consists essentially of methane, with other
hydrocarbons such as ethane and propane being present in considerably
lower amounts. In addition to these hydrocarbons, the other constituents
are commonly referred to as contaminants and they include carbon
dioxide, hydrogen sulphide and water. In natural gas reservoirs
containing large amounts of carbon dioxide and hydrogen sulphide, it 1is
also usual to find other impurities such as carbonyl sulphide and carbon
disulphide albeit at quite low concentrations. Carbonyl sulphide and
carbon disulphide also occur as impurities in refinery and synthesis
gases, particularly those derived from coal conversion and catalytic and
thermal cracking processes. Their concentrations in these gas streams
vary from a few parts per million (ppm) to about 1% ( 1).

The removal of impurities is necessary for reasons of toxicity,
corrosivity and environmental regulations. The extent of removal depends
on the end use of the clean gas, but typical environmental requirements
for hydrogen sulphide is 0.00557g st/m3 of natural gas, while the total
sulphur content could be as high as 0.2228g /m3 of natural gas (1).

A variety of purification or sweetening processes are being used
for the removal of acidic'contaminants. These include dry bed, direct
conversion, physical, chemical and speciality solvent processes. By far
the most widely used purification proceses are the chemical solvent

processes utilizing alkanolamines as the solvent. Alkanolamines are



amino derivatives of alcohols or alcohol derivatives of ammonia, and
thus possess dual functicnality. The hydroxyl group increases the
molecular weight of the amine, resulting in a reduced vapour pressure
and increased water solubility, while the needed alkalinity in aqueous
solutions to cause the absorption of acidic gases is provided by the
amino group. The amines commonly used in industry are moncethanolamine
(MEA) and diethanolamine (DEA). Other less comﬁon ones are diglycolamine
(DGA) , diisopropanolamine (DIPA), methyldiethanolamine (MDEA) ,
triethanolamine (TEA) and sterically hindered amines such as 2-amino-
methyl propanol (AMP). The structural formulae of these amines are given
in Appendix Al. The popularity of alkanolamines in gas treating is a
result of their ability to reduce the concentrations of the contaminants
to levels lower than those economically achievable with other methods.
There are currently over 1400 alkanolamine plants in use world wide (2).

The absorption of the acidic impurities is enhanced by reversible
chemical reactions with the amine. Such reactions are summarized for DEA

as follows:

(HOC2H4)2 NH + st

b -
(HOC,Hg)p NH,* HS 1.1

(HOC,H, ), NH  + CO, + H)0

+ -
(HOC2H4)2 NH, " HCO5 1.2

The reversibility of these reactions form the basis of the sweetening
operation and affords continuous use of the amine solution over long
periods of time.

The use of alkanolamines for gas sweetening dates back to 1930

when Bottoms (3) was granted a patent covering triethanolamine. A



typical alkanolamine sweetening unit is shown in Figure 1.1. Feed gas
enters the absorber from the bottom and contacts a downward stream of an
aqueous solution of an alkanolamine at low temperature and elevated
préssure. The solvent absorbs the impurities in the gaé, leaving a
cleaner (sweeter) gas exiting the absorber at the top. Usually, a
scrubber is installed before the absorber to remove particulate matter
and entrained 1liquids from the feed gas. Another scrubber after the
absorber removes amine droplets entrained in the sweet gas. The '"rich"
amine solution leaving the bottom of the absorber is flashed to remove
dissolved hydrocarbons and passed through a heat exchanger before
entering the stripper at elevated temperature. A counter current flow of
steam strips off the absorbed gases leaving a "lean" amine solution to
exit the stripper. The lean amine solution is passed through a series of
heat exchangers to reduce 1its temperature before returning tc the
absorber for another c¢ycle. Activated carbon columns are usually
installed upstream of the absorber to remove impurities and foam-
inducing surface active materials from a slip stream of the lean amine
solution. The overhead products of the stripping column are passed
through a condenser to remove water which is returned as reflux to the
stripper. The effluent gases, depending on their composition, may
undergo further treatment such as sulphur recovery in a Claus unit. The
treaﬁed gas leaving the top of the absorber is usually passed through a
glycol dehydration unit to remove water and entrained alkanolamine. 1In
some plants, a mixture of alkanolamine and glycol is wused 1in the
absorber, to simultaneously remove impu;ities and water from the feed

gas.
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Figure 1.1: Typical alkanolamine sweetening unit.



In spite of their resistance to chemical breakdown, plant and
laboratory reports indicate that, on prolonged use, alkanolamines are
transformed into undesirable products from which the amine is not easily
recovered. This phenomenon, commonly referred to as "amine degradation”,
not only leads to amine losses, but may also contribute to operational
problems such as foaming (4,5,17), corrosion (6-8) and fouling (9).

The degradation of DEA by CO, has been studied quite extensively
(9-18) and there is evidence that the degradation proceeds primarily via
amine carbamate (e.g. (HOC,H,),NCOO'H') which may be  formed by the
direct reaction of carbon dioxide with amines. Since hydrogen sulphide
is incapable of forming carbamate-type compounds, it is generally agreed
that hydrogen sulphide does not cause amine degradation. The results
reported by Choy (12) and Kim and Sartori (13) suggest that hydrogen
sulphide in the ©presence of carbon dioxide actually hinders amine
degradation. By contrast, relatively little 1is known about the
degradatiop of DEA by carbonyl sulphide and carbon disulphide. Orbach
and Selleck (19) and Pearce et. al. (20) were unable to detect
appreciable amounts of degradation compounds in COS-DEA systems and they
concluded that unlike MEA, DEA is not degraded by COS. It has been
estimated that 10 - 20% of the COS-MEA reaction leads to non-regenable
products (20). DEA is therefore the preferred choice for treating gas
streams containing COS. Osenton and Knight (21) reported that C52
reacted with DEA to form primarily a dithiocarbamate.salt from which the
amine cculd not be easily recovered.

These conclusions notwithstanding, there are three reasons

(expatiated in Chapter 2) to believe that COS and CS, are capable of



degrading DEA. First, G0S and CS, may be hydrolysed to HypS and Co, with
the latter causing the well known COz-induced degradation. Second,
previously used reaction times were too short. Third, the analytical
techniques used in the past were inadequate.

As the supply of sweet gas and light crude oil declines, more sour
deposits containing appreciable amounts of COS and CS, are being
processed. The present study was therefore conducted to provide
qualitative and quantitative information on the interactions of COS and

C82 with DEA, particularly in regard to the degradation of the amine.

1.1 OBJECTIVES OF THE PRESENT STUDY
The principal objectives of the present study may be stated as follows:

1. To identify the reaction products and to propose reacﬁion
mechanisms when COS and CS, are separately contacted with aqueous
solutions of diethanolamine.

2. To determine the effects of temperature, pressure and solution
concentration on the reactions.

3. To identify the reaction products and to propose reaction
mechanisms when mixtures of COS, CO, and- Hy,S are contacted with
aqueous DEA solutions.

4. To develop predictive kinetic models for amine degradation

resulting from COS and C82 exposure.



CHAPTER 2
LITERATURE REVIEW

This review emphasises studies concerning the COS-DEA and CS,-DEA
systems. The interactions of the other impurities such as €O, and HyS
with DEA and other amines are also included because, as will be shown in
later chapters, the partially degraded DEA solutions contain mixtures of

amines and acid gases.
2.1 PROPERTIES OF CARBONYL SULPHIDE AND CARBON DISULPHIDE

Carbonyl sulphide and carbon disulphide are colourles§ compounds
which exist aé a gas and ligquid respectively, at standard temperature
and pressure. Some selected physical properties are shown in Table 2.1.
A review paper by Ferm (22) and The Encyclopedia of Chem;cal Technology
(23) provide more extensive coverage of the properties ana chemistry of
COS. Other properties of CS, as well as its reactions are also listed in
The Encyclopedia of Chemical Technology (24).

Carbon dioxide and hydrogen sulphide are more common than COS.
Their properties are not discussed here, but may be found in most

chemistry texts and encyclopediae (25,26).



Table 2.1: Selected physical properties of COS and CS,.

Properties ' COoS Cs,
Molecular Weight 60.0 76.0
Specific Gravity 2.485 1.263
Boiling Point (°C) - 50.2 46.2
Melting Point (°C) -138.2 -111.53
Critical Temperature (°C) 105.0 273.0
Critical Pressure (MPa) 6.129 7.699

*cos and CS, values refer to air and water, respectively.
2.2 ABSORPTION OF ACIDIC GASES IN AQUEOUS ALKANOLAMINE SOLUTIONS
2.2.1 CARBON DIOXIDE AND HYDROGEN SULPHIDE

Several studies have been conducted on the apsorption or
solubility of CO, and Hj,S in alkanolamine solutions. Some of those on
DEA solutions are listed in references (27-35). The studies cover a wide
tange of operating conditions and provide equilibrium data essential for
the modelling and}simuiation of acid gas plants. These data, together
with the reactions between the acid gases and the alkanolamine
solutions, have been used to develop thermodynamic models to predict the

equilibrium compositions in acid gas-alkanolamine-water systems (36-41).



Since the focus of the present study is on the degradation of DEA,
the equilibrium modeis are not reviewed. Detailed critiques of the
earlier models have been presented by Austgen et al. (41). However, a
shortcoming of all the models is that they are limited to C02 and/or st
- amine systems. Consequently, there 1is a need for models which
accomodate other impurities such as COS and/or CSZ. Such a model, based

on the Kent and Eisenberg (39) approach, is presented in Chapter 7.

2.2.2 CARBONYL SULPHIDE

Early attempts at removing COS from gas streams were generally
based on its hydrolysis in aqueous sodium hydroxide (NaOH) according ® to

the overall equation:
COoSs + 4 NaOH — N32CO3 + Nazs + 2 H20 2.1

One such method was described by Schultze et al. (42) but the hydrolysis
was ‘slow and required long contact times to go to completion. Johnson et
al. (43) found that the hydrolysis could be accelerated by using aqueous
mixtures of MEA and NaOH. The MEA acts as a catalyst; it forms a
thiocarbamate with the COS, which is then hydrolysed by NaOH thereby
regenerating the MEA. Thése methods consumed NaOH due to the difficulty
in regenerating it from sodium sulphide (NayS) and sodium carbonate

(Na,COg3).
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The use of alkanolamines was regarded as a better alternative
since they are effective 1in absorbing CO, and H,S and the amine is
easily regenerated. Schultze and Short (44) described a method utilizing
MEA impregnated on a bed of alumina for the absorption of COS from
liquid propane and butane. It was reported that the system removed COS
from a stream originally containing 0.002 wt% COS, but the COS was
irreversibly bound to the MEA. Kearns and Beamer (45) also used aqueous
solutions containing 10 - 60 wt% MEA to absorb COS from a gas stream and
found that the MEA was irreversibly transformed to diethanolurea. As a
result of the substantial amine losses that occur from the irreversible
reactions of MEA with COS, DEA is generally a preferred choice for
treating gases containing COS. Nevertheless, the choice of DEA for
processing COS bearing streams has been controversial in the past. Kerns
and Beamer (45) and Reed (46) claimed that DEA is inert to COS and
cannot effectivelyAremove COS from gas streams even though they did not
provide details of their experimental conditions. On the other hand,
Easthagen et al. (47) reported that 99% of carbonyl sulphide in gaseous
hydrocarbons can be removed by treatment with agqueous DEA and that the
spent solution is easily regenerated by steam stripping. Other studies
have also shown that DEA absorbs C0OS from gas streams (19,20). Pearce et
al. (20) passed COS into aqueous DEA solutions and analyzed them by gas
chromatography. Carbonyl sulphide was detected in the solution and this
was taken as an indication that DEA absorbs COS directly and not its
hydrolysis products. Orbach and Selleck (19) contacted a gas stream
containing 1 mole% COS in N, alternately with aqueous solutions

containing 20% MEA and 35 wt% DEA at room temperature. The gas and
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solvents flowed countercurrently in a 25 mm I.D. glass column packed to
a height of 40 cm with 6 mm O0.D. glass Raschig rings. The gas leaving
the column was analysed with an infra-red spetrophotometer set to a
wavelength of 4.87 microns where the abscrption coefficient of COS is
9.18 X 1073 mm Hg'1 em™l. It was found that both MEA and DEA solutions
absorbed COS from the gas stream but more COS was absorbed by the DEA
solution.

The absorption of COS in amine and alkali solutions was reported
by Sharma and Danckwerts (48). The experimental data obtained from
various contacting devices such as a wetted wall column, stirred cell
and jet apparatus showed that most of the amines absorbed COS. At 25 ©°c,
the second order reaction rate constants for the amine-COS reaction
(kAM—COS) was approximately 1% of the rate. constant for the
corresponding amine-C02 reactions. The ratio was only 0.25% in the case
of MEA. Less common amines such as méthyl aminoethanol (MAE) and ethyl
aminoethanol (EAE) gave better results than either MEA or DEA in the
absorption of COS. The rate constants obtained for these amines were 250
and 220 L/(mole s) respectively, as opposed to 16 and 11 L/(mole s) for
MEA and DEA, respectively.

Rahman (49) has studied the absorption of acid gases in anhydrous
alkanolamines. CO, ,H3S, COS and mercaptans were contacted with MEA,
DEA, DGA, DIPA and MDEA in a Claisen distillation flask at initial
pressures up to 20 psig. The temperature in the flask was not
controlled, but depended on the heats of reactions. Temperature and
pressure variations were recorded during the experiments which lasted 1

hour. All alkanolamines were found to absorb COS as indicated by the
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drop in the total pressure within the reaction vessel. Analysis of
samples of the amine-COS systems by 13C NMR spectroscopy revealed the
presence of ﬁhe respective thiocarbamates. Although the study was able
to establish the species in the amine solutions, the data pertained only
to anhydrous systems and are therefore of little industrial relevance.
The physical solubility of a gas in a‘solvent with which it reacts
cannot be determined directly. Al-Ghawas et al (50) therefore used the
N,O analogy originally proposed by Clarke (51) to determine the physical
solubility of COS in 0 - 30 wt% aqueous MDEA solutions at 20 to 40 °cC
and 1 aﬁm pressure. The ratio of the Henry's constants for the
solubiliﬁy of COS and N,0 (HOCOS/H°N2O) in water and 15.5 wt% ethylene
é;ycol solutions were first determined at 25°C. The difference in the
ratios for both systems was found to be only 0.26%. It was then assumed
that this ratio was the same for all temperatures and amine solutions.
The Henry's constants for thé solubility of COS 1in aqueous MDEA

solutions were then determined from the expression:

- o] (o]
Heos = Hocos/H nz2o ¥ Hyzo

where Hoi and H; refer to the Henry's constant for the solubility of gas
i in water and aqueous MDEA solutions, respectively.

The Henry's constants were found to range from 3.941 kPa m3/mol
for water at 20 °C to 7.554 kPa m3/mol for 30.21 wt% MDEA solution at
40 °c. The temperature variation of the Henry's constant was well
correlated by the Arrhenius expression. Since the focus of the study was

the kinetics of the COS-MDEA reaction, only physical solubility and
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diffusivity data were reported. No information was provided on the total
solubility of COS in MDEA solutions.

It was recently reported (52) that the absorption of COS into
alkaline solutions could be enhanced by using a second emulsified liquid
phase. A theoretical enhancement factor was defined as the ratio of the
specific rate of absorption in the base, with and without the second
emulsified liquid phase. Enhancement factors of 2.5 and 4.0 respectively
were achieved using toluene (20% v/v) and 2-propanol (50% v/v) as the
second emulsified liquid phases in sodium hydroxide solution at 30 ©c.
There was no indication whether such enhancements could be achieved in
alkanolamine systems. The operaticnal difficulties which may accompany
the use of emulsions, were not discussed.either.

Reilly et al. (89) have also reported that the rate of absorption
of COS in MDEA solutions was enhanced by heterocyclic amine additives.
Enhancements factors up to 8 fold were obtained for the range of
additives concentrations investigated. The additives produced little or
no enhancements in the corresponding CO, systems.

Other alkanolamines such as DIPA (53) and DGA (54) are used for
absorbing COS without incurring appreéiable amine loss but their
industrial acceptance 1is still quite limited. Singh and Bullin (55)
studied the kinetics of the reaction between COS and aqueous DGA over a
temperature range of 307 - 322 K and pressure range of 345 - 414 kPa.
They used a perfectly mixed flow reactor operated with continuous gas
and liquid feeds. The composition of the amine solution leaving the
absorber was determined by gas chromatography. Although the hydrolysis

of COS produces equimolar amounts of €O, and HyS, the GC analysis
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recorded insignificant levels of CO,. The latter may be due to its
consumption in the degradation of DGA. The rates of reaction were
calculated by dividing the sum of the molar flow rates of COS (and the
HyS from the hydrolysis reaction) by the volume of the reactor; they
were found to be much higher than those for the COS—HZQ reaction (56).
This led to the conclusion that DGA was catalysing the hydrolysis of
COS. A similar effect has also been reported for other amines (57). The
COS-DGA reaction was second order; it was first order with respect to
the amine and COS concentrations. The second order reaction rate
constants obeyed the Arrhenius expression. At 27 oC, the value was
0.0023 m3/(mol s) compared to 0.166 m3/ (mol s) (49) and at most 0.016
m3/(mol s) (48,57). The latter was inferred from the rate constant
reported at 25 °C for the reaction of COS with MEA, a primary amine that
reacts fasfer than DGA. The reported values differ significantly but it
is difficult to make a direct comparison of the rate constants for acid
gas-amine reactions in aqueous and non-aqueous amine systems because of
the differences in diffusivity, 1ionic strength, nature of gas-liquid
interface and physical solubility. The combined effects of these factors
may explain the higher values found by Rahman.

It is clear from the foregoing that COS is absorbed directly into
amine solutions and not its hydrolysis products. However, ‘compared to
CO, and H,S, very little work has been reported on the total solubility
of COS in amine solutions. The few studies on COS-amine systems cover
narrow temperature ranges below 50 °C. It 1is not surprising therefore
that Vapour-Liquid-Equilibrium (VLE) models to date, are limited to

aqueous amine-CO,-H,S systems.



2.2.3 CARBON DISULPHIDE

Osenton and Knight (21) contacted CS, vapour with aqueous
alkanolamine solutions and used changes in system pressure to establish
the rates of absorption of CS, into alkanolamine solutions. The rates of
absorption followed the order Sulfinol > 25% DEA > 20% MEA. Sulfinol is
a mixture of DIPA and a physical solvent. As in the case of COS,
equilibrium data for the solubility of CS, in amine solutions are

lacking.

2.3 EQUILIBRIUM REACTIONS OF ACID GASES IN AMINE SOLUTIONS

When acid gases are absorbed into alkanolamine solutions, ionic

species are generated and various equilibria, which are discussed in the

following sections, are established.

2.3.1 REACTIONS OF HYDROGEN SULHIDE

Hydrogen sulphide in aqueous amine solutions dissociates into H”

and HS :

The proton is transferred to the amine virtually instantaneously (2,58):

' " + LN L
RR NR + H = RR N'RH 2.3
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where R’ and'R" represent H and / or -CoH4OH, depending on the class of

amine, while R represents —C2H4OH.

The bisulphide ion can dissociate further:

HS~ = HY + s 2.4
However, this reaction occurs only in highly basic solutions (pH > 12 )
and can usually be disregarded for alkanolamine solutions contacting
acid gases (2,58).

2.3.2 REACTIONS OF CARBON DIOXIDE

The equilibria in CO5-amine systems can be represented by the

following series of equations:

COp + H,0 = H' + HCO3” 2.5
HCO3~ = HY + CO37~ 2.6
Reaction 2.5 has been shown to be catalysed by bases (37,58,59). The

protons (or hydrogen ions) react with the amines to form protonated
amines according to equation 2.3.
In addition, a direct reaction occurs between C02 and primary and

secondary amines to form carbamates:

RR'NH + CO, = RR NCOO™ H* 2.7
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It has been postulated that this equation may involve two steps:; a
zwitterion intermediate is first formed which by virtue of its
instability, is easily deprotonated in the presence of a base (B) to

form the carbamate (60):

RR'NH + CO, RR' N*HCOO" 2.8

RR N*HCOO™ + B = BH' + RR NCOO~ 2.9

Equation 2.8 is the rate determining step since the deprotonation of the
zwitterion (Eq. 2.9) is instantaneous (59,60). Reacticn 2.7 1is much
faster than the hydration of CO, (eq. 2.5) and represents the major mode
of interaction between CO, and primary or secondary amines.

Tertiary amines have no labile hydrogen atoms and are therefore
unable to form carbamates. Absorption of CO, in such amines proceeds via
Egqs. 2.5 and 2.6. They are able to absorb H,S at a faster rate and are
thus used for the selective absorption of hydrogen sulphide.

Methyldiethanolamine (MDEA) is widely used for this purpose (61-63).

2.3.3 REACTIONS OF CARBONYL SULPHIDE

Sharma (57) postulated that, Dbecause of the structural
similarities of C02 and COS, their reactions with amines are similar.

The relevant equations for the COS-DEA system would therefore be:

RoNH + COS R,NCOS™ + HY 2.10

RoNCOS™  + Y 4+ HyO = RoNH + CO, + H,S 2.11
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Equation 2.10 represents the thiocarbamate formation. Primary and
secondary amines wundergo this reaction. In the <case of MEA, the
thiocarbamate may be further transformed into degradation products from
which the amine 1is not easily recovered (19,20,64). It has been
estimated that 10 to 20% of the MEA reacting with COS is lost in such
irreversible reactions (20). Equation 2.11 1is the COS hydrolysis
reaction. It has been represented in this form since most of the COS in
solution was absorbed as thiccarbamate and also to indicate that the
hydrolysis of COS is catalyzed by the DEA. Rahman (49) and Rahman et al.
(65) confirmed through NMR spectroscopy, the presence of the respective
carbamates, thiocarbamates and protons in anhydrous alkanolamine-acid
gas systems. The H,S and CO, produced via Eq. 2.11 then initiate the
reactions shown in Egs. 2.2 - 2.4 and 2.5 - 2.7, respectively.

Al-Ghawas et al. (50) have suggested that COS may be hydrated like

CO, by forming a thio-bicarbonate ion:

‘COS + H,0 = HCO,S~ =+ H' 2.12

The existence of HCO,S  in solution was not proven directly but was
inferred from spectroscopic observations. A mixture of CO, and Hy,S was
bubbled through an aqueous solution of MDEA and COS was bubbled through
another aqueous MDEA solution. Both solutions, when inspected
spectrophotometrically, were found to absorb at different wavelengths;
the solution exposed to COS absorbed at 518 nm, whereas the other
solution absorbed at 503 nm. It is known that CO, and H,S in solution

give rise to HCO3' and HS , respectively. If hydrolysis of COS is the
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predominant reaction in the COS-MDEA 