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SUMMARY

The regenerative removal of HZS from high-temperatu-
re industrial gaseous stream has been studied by various rese-
arch institutions since about 1970. The main incentive for de-
veloping this kind of process is the potential improvement in
thermal efficiency of a coal gasification combined cycle power
plants

Most hot gas desulfurization processes developed to
date use a s0lid metal or metal oxide as a sulfur removal
agent (acceptor). The exhausted acceptor is usually regenera-
ted by oxidation using air-nitrogen mixture. Since non-oxida-
tive regeneration of the acceptor with steam is conceptually
more advantageous, a process containing such a step has been
selected as the subject of this thesis.

The starting point was Van der Linde's finding that
when manganese or iron oxide apppropriately dispersed on a
y—A1203 support is used as a st removal acceptor, steam rege-
neration is, in principle, possible. Bulk thermodynamic calcu-
lations presented in this thesis indicate that the active com-
ponent of this type of acceptor is not free oxide but a surface
MnAlZO4 or FeAlZO4 spinel.

A substantial part of the present work was devoted
to an investigation on the influence of preparation methods on
the steam-regenerability, composition and structure of accep-
tors. To that end, their acceptation-regeneration performance
was studied in a bench-scale fixed-bed experimental unit at
400 to 600°C and atmospheric pressure. The most efficient way
to prepare steam-regenerable acceptors based on manganese is
found to be by wet impregnation of Y—A1203 with a concentrated
manganese acetate solution. When the nitrate salt of manganese
is used, repeated impregnation of the Y—A1203 withodilute sodu
tions must be applied to produce steam-regenerable acceptors
with sufficiently high manganese content (8 %w). On the other
hand, a single impregnaticn of y—z—\lzo3 with a concentrated
nitrate solution leads to an irregenerable acceptor. Zinc,

iron, and cobalt behave similarly to manganese in the sense



that they also form steam-regenerable acceptors when appropri-
ately dispersed on y»AlZOB.

In line with the conclusions drawn from bulk thermo-
dynamic calculations, characterization of the acceptors by
X-ray diffraction, diffuse reflectance spectroscopy and MOss-
bauer spectroscopy provides evidence that the active compo-
nent of a steam-regenerable accceptor is a surface aluminate
spinel, whereas an irreversible acceptor consists of clusters
of free oxide on the surface of the alumina support. No signi-
ficant differences in the behaviour of the acceptors are
ToundEEoRr e S ES soms theSuseS ot Rl 1 £f Ferent S typesof Y_A1203'

When fresh steam-regenerable acceptors are applied
to desulfurize gases in a cyclic process, stable performance
is obtained after an initial period of deactivation. The
breakthrough capacity of a stable acceptor containing about
8 %w Mn is roughly 1 %w sulfur at 6OOQC. TheSratosaf Sdeactliva
tion depends only on the operating temperature; it 1s negli-
gibly slow at 4ODBC and becoming faster as the temperature is
higher. The main cause of deactivation presumably is recrys-
tallization of surface spinel resulting in a decrease of reac-~
tivity and/or loss of surface area.

The breakthrough capacity of the acceptor doubles
when the temperature is increased from 400 to GOOOC. Thi s me
provement is not only due to more favourable kinetics but
also to a more favourable equilibrium. Acceptor capacity is
only slightly affected by the HZS concentration; 1t is some-—
what lower at higher concentrations. On the other hand, the
capacity of the acceptor is adversely affected by the presence
of water vapour in the feed gas, a logical consequence of the
factithat the @cceptor can be regenerated with steam. This ne-
gative influence of water is, however, less noticeable when
the feed gas contains carbon monoxide, because the latter con-
sumes water via the well known shift reaction.

The main reaction occurring during acceptation of
H_ S is a rapid egquimolar sulfur-oxygen exchange between the
gas and the solid phase to produce HZO' During regeneration
the same reaction proceeds in the opposite direction. The mo-

lar ratio of sulfur to manganese in a completely converted

xiii

acceptor is roughly 1 : 2. Additionally, relatively small
amounts of HZO as well as st are adsorbed by the acceptor.
These facts are used to formulate a simple description of the
overall process of st acceptation, 1.e. a reversible sulfur-
oxygen exchange reaction consuming two moles of manganese per
mole of sulfur removed. A dynamic model based on this reacti-
on only affords a useful approximation of the fixed-bed beha-
viour of the acceptor in the temperature range investigated
if the feed gas is dry. When the feed contains water vapour,
the model fails to predict the observed behaviour of the
acceptor. This inadeguacy is ascribed to the fact that it
neglects the phenomena of Hzo‘and HZS adsorption.

A model which takes sorption into account was also
developed. By comparison of experimental and simulated break-
through curves this more complex model was shown to be valid
under a wider range of conditions. Accurate estimation of mo-
del parameters is, however, not yet possible owing to the
presence of experimental as well as computational obstacles.
Means to avoid or to eliminate these obstacles in subsequent
work are suggested.

A brief evaluation study has shown that high~tempe-
rature desulfurization processes based on a steam-regenerable
acceptor can have a number of important advantages compared
to existing ones. To improve the feasibility of these pro-
cesses, further studies are reguired to produce acceptors
having a sulfur removal capacity sicnificantly higher than

°
Laswesiiat 600 G.
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De regeneratieve verwijdering van st uit industriele
processtromen bij hoge temperaturen wordt sinds ongeveer 1970
door verschillende research instellingen bestudeerd. Het be-
langrijkste doel daarbij is de verbetering van het thermische
rendement van een met kolen gestookte energiecentrale waarin
kolenvergassing gevolgd wordt door energie opwekking in ver-
brandingsturbines.

De meeste processen die tot nu toe ontworpen werden
om zwavel te verwijderen gebruiken een metaal of metaaloxyde
als middel om het zwavel af te vangen (acceptor). De beladen
acceptor wordt gewoonlijk geregenereerd door oxydatie met een
stikstof-lucht mengsel. Aangezien niet-oxydatieve regeneratie
van de acceptor met stoom conceptueel aantrekkelijker is werd
voor deze promotie als onderwerp een proces gekozen dat een
dergelijke stap omvat.

Hierbij is uitgegaan van het door Van der Linde ge-
vonden verschijnsel dat na dispergeren van mangaan- of yzer-
oxyde op y-alumina het in principe mogelijk is deze stoffen als
acceptor te gebruiken en met stoom te regenereren. In dit
proefschrift opgenomen thermodynamische berekeningen geven aan
dat de actieve component van een dergelijke acceptor niet het
vrije oxide, maar een oppervlakte spinel MnA1204 of FeA1204 ALSh

Een belangrijk deel van het voorliggende werk 1s ge-
wijd aan het onderzoek van de invloed van bereidingsmethoden op
de samenstelling van de verkregen acceptoren, hun structuur en
de regeneratie mogelijkheden. Hiertoe 1s het acceptatie-regene-
ratie gedrag bestudeerd in een vastbed opstelling bij 400 -

600 °C en atmosferische druk. De efficiénste manier om door
stoom regenereerbare mangaan houdende acceptoren te maken blijkt
natte impregnatie van Y—A1203 met een geconcentreerde mangaan-
acetaat oplossing te zijn. Bi) gebruik van het ntraatzout van
mangaan is herhaalde impregnatie met een verdunde oplossing
noodzakelijk om tot door stoom regenereerbare acceptoren te
komen met een redelijk mangaangehalte (8 gew%). Een enkele im-

pregnatie met een geconcentreerde mangaannitraat oplossing

XV

leidt daarentegen tot een niet-regenereerbare acceptor. Ook
voor zink, ijzer en cobalt geldt dat zij door stoom regenereer-
bare acceptoren kunnen vormen indien de dispersie op Y'A1203
aangepast wordt.

Karakterisering van de acceptoren met behulp van
rontgendiffractie, reflectiespectroscopie en M3ssbauer spec-
troscopie sreunen de thermodynamische berekeningen en tonen
aan dat de actieve component van door stoom regenereerbare
acceptoren een oppervlakte spinel is, terwijl een niet regene-
reerbare acceptor uit clusters van het vrije oxyde op de alu-
mina drager bestaat. Het gebruik van verschillende typen
Y‘Al203 heeft niet geleid tot significante verschillen in het
gedrag van de verkregen acceptoren.

Bl toepassing van verse door stoom regenereerbare
acceptoren in een cyclisch proces blijkt na enige deactivering
een stabiele werking verkregen te worden. De doorbraak capaci-
teit van een stabiele acceptor met 8 gewt mangaan bedraagt bj
600 0C ongeveer 1 gew% zwavel. De snelheid waarmee deacti-
vering optreedt is alleen afhankelijk van de temperatuur; bij
400 uC is deze verwaarloosbaar en neemt langzaam toe met de
temperatuur. De belangrijkste oorzaak is waarschijnlijk herkris-
tallisatie van oppervlakte spinel die resulteert in verlies
van activiteit en/of katalytisch oppervlak.

Bi) verhogen van de temperatuur van 400 naar 600 0C
verdubbelt de doorbraak capaciteit van de acceptor. Deze toe-
name wordt niet alleen veroorzaakt door snellere reacties maar
ook door een gunstiger ligging van het evenwicht. De capaci-
teit wordt slechts in geringe mate beinvloedt door de st con=
centratie en is wat lager bij hogere concentraties. Anderzijds
wordt de capaciteit van de acceptor ongunstig beinvloedt door
waterdamp in de voeding; een logisch gevolg van het feit dat
de acceptor met stoom geregenereerd kan worden. Deze negatieve
invloed van water vermindert aanzienlijk als de voeding koolmo-
noxyde bevat omdat daarmee de bekende shiftreactie optreedt.

Tijdens de acceptatie van HZS is de voornamste reac-
tie een snelle equimolaire uitwisseling tussen gas en vaste
stof van zwavel met zuurstof onder vorming van H20. Tijdens re-

generatie vindt de omgekeerde reactie plaats. In een geheel
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beladen acceptor bedraagt de molaire verhouding van zwavel
tot mangaan ongeveer 1 op 2. Naast uitwisseling vindt ook ad-
sorptie van relatief kleine hoeveelheden HZS en HZO plaats.
Een eenvoudig model voor de HZS verwijdering bestaat uit een
omkeerbare zwavel-zuurstof uitwisseling waarin 2 moleculen
mangaan verbruikt worden per molecuul zwavel die wordt afge-
vangen. Wordt op deze reactie echter een dynamisch model ge-
baseerd dan blijkt dat dit slechts tot een bruikbare bena-
dering in het onderzochte temperatuur traject dleddt alside
voeding droog is. Zodra de voeding water bevat is dit model
niet in staat het gevonden gedrag van de acceptor te ver-
klaren. Deze tekortkoming wordt toegeschreven aan het feat
dat het model geen rekening houdt met de adsorptie van H2O en
HZS. Een model dat deze adsorpties wel in rekening brengt
blijkt de doorbraakcurves in een wider gebied goed te kunnen
voorspellen. Zowel door experimentele als rekentechnische
moeilijkheden is echter een nauwkeurige schatting van de mo-
delparameters nog niet mogelijk. Wegen om deze moeilijkheden 1in
komend onderzoek te vermijden of te elimineren worden voorge-
steld.

Een ecnvoudige evaluatie heeft aangetoond dat
ontzwavelingsprocessen die bij hoge temperatuur werken en ge-
baseerd zijn op door stoom regenereerbare acceptoren een aan-
tal belangrijke voordelen kunnen hebben in vergelijking met de
bestaande processen. Teneinde de toepassingsmogelijkheden te
vergroten is nader onderzoek nodig om acceptoren te be-
schrijven die significant meer dan 1 gew% zwavel kunnen opne-

°
men bij 600 C.
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INTRODUCTION

I ine ThesneedStorremoyve H25 from the product gas of coal

gasifiers.

Considerable effort is presently being made in many
parts of the world to utilize coal to replace the dwindling
supplies of natural gas and petroleum. One of the main routes
to achieve this goal is coal gasification. In this process,
coal reacts with steam and air or oxygen at temperatures in
the range  ofs50 08t o] 500 0C. The gas produced, which contains
hydrogen and carbon monoxide as the key components and has a
heating value ranging from 4 to 20 MJ/m3, may be used as a
fuel gas, as a synthesis gas for the manufacture of chemicals,
or as a reducing gas in the metallurgical industries. Table
1.1. shows two typical compositions of the raw product gas
from a modern gasifier, i.e. the Shell-Koppers gasifier.

The raw gas produced by the gasifier generally con-
tains a number of impurities, of which the major ones are sul-
fur compounds and particulates. These are undesirable and re-
quirements of either downstream processes Or environmental re-
gulations usually dictate that they must be removed from the
gasifier effluent.

The principal sulfur compound formed during the ga-
sification of coal is st with lesser portions of COS, CSz,
and mercaptans. Table 1.2. shows the distribution of sulfur in
the raw product gas from several gasification processes. It is
clear from this table that the removal of sulfur from the ga-
sifier product gas practically means the removal of H_S, be-
cause the sulfur in the form of this compound accountj for
more than 90 % of the total sulfur presents in the gas. A re-
cent survey(7/) indicates that the H, S content of the product
of various gasification processes is usually between 0.4 and

1.4 zv.

The required extent of sulfur removal from the gasi-
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Table 1.1. Typical compositions of the raw product gas from

the Shell-Koppers gasification process.

Gasifying medium : steam + O2 Steam s uailr
co 62.2 3v 22,47 BV
H2 28.0 85
CH4 (OFk =
HZO 2l 4.6
C02 2.4 4.9
HZS (efisich 0.4
Traces (COS,HCN,NHZ,NO) U2 0.1
NZ' Ar )] 5920

1L0}{0) 10} 100.0
Heating value, MJ/Nm3 ALk st 151
Temperature, DC 1400 1400
Pressure, MPa 2 2

Data of reference (2)

Table 1.2. Distribution of sulfur in the raw product gas of
various coal gasifiers. (in %-weight of the total

sulfur in the gas).

3 T

Gasification process 9 Lurgil Synthane MERC
sulfur-as = HZS 95.0 94.9 E)k s G
cos 2 od 256 (5 ria

C52 0.3 (8}7 (8] 7/

Mercaptans 2.0 0.8 (0 25}

Thiophenes 03 L3 (o) 4 f3!

SO 2 e =

2
Reference : (3) (4) (5

fMoagantuwu Enengy Reseanch Centen.

fier product gas is determined by the end use of the resulting
clean gas, which usually specifies a maximum allowable sulfur
content; sometimes this limit is determined by environmental
regulations only. Table 1.3. shows the maximum allowable sul-
fur content for the most important applications. Note that all
limits are below the requirement of environmental regqgulations
for stationary power sources (U.S.-EPA specification : maximum

1000 ppm sulfur(7)/).

Table 1.3. Maximum allowable sulfur content of the

gasifier product gas.

Application Sulfur content Ref.

1. Catalytic synthesis 1 ppm 6,7
2. Fuel cell (molten

carbonate) 1 ppm Zond.
3. Reducing gas 50 ppm 9
4. Combined cycle elec-

tricity generation 500 ppm 70

1.2. High temperature desulfurization.

The idea to desulfurise gas at high temperatures
arose initially when considering desulfurization as an inte-
gral part of the "coal gasification combined cycle power gene-
ration technology”. The gasification step and the combustion
of the purified gas are both carried out at high temperatures.
If the gas purification steps are carried out at low tempera-
tures, the raw gas must be cooled before entering the purifi-
cation unit and reheated prior to combustion. This cooling and
reheating task can be eliminated or, at least, simplified, if
Purification is also carried out at a high temperature. An
éven more important result is that the overall thermal effici-
ency of the whole plant will increase. Analyses done by Stone
and Webster Engineering Corp. for the United States Electric

Power Research Institute (EPRI) showed that the use of high
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temperature purification ( > 400 C) may result in a thermal
efficiency improvement of up to 4 %. This means a saving of
about 20 ton coal per hour at 1000 MW capacity(77/.

Unfortunately, however, almost all commercially ava-
ilable processes for the removal of mmm operate at low tempe-
rature. Table 1.4. lists examples of these processes. The only
process which operates at relatively high temperature, 1.e.
the process using zinc oxide, is not suitable because 1t 1s
not regenerative and, therefore, produces much sulfur con-
taining waste.

This fact has activated research on desulfurization

o

at temperature higher than 400 C (hot gas desulfurization) .

The best known scheme that has been the subject of many inves-

tigations utilizes a fixed-bed system of iron oxide

a). Desulfurization (or acceptation),

o
+ H ol\‘oo g 2R HE S + 3 H,O
(E50) 2

el (g) 2(g) (g)

203(s) + 2 INm

b) . Regeneration,

ooow . 4

AssBe S S iy =0 ———> 2 Fe,0 .+Lvo
(s) 2(g) goo ‘¢ 2oty

Examples of iron-oxide-based processes are the MERC (Morgan-

town Energy Research Center) process(75/), the Battelle Colum-

bus process(76/, and the IMMR (Institute of Mining and Mineral

Research) process(77/.

An economic comparison study on coal gasification
combined cycle power generation plants has, however, halted
most of the work based on iron oxide. This study, again per-

formed by Stone and Webster Engineering Corp. for EPRI, com-

pared the use of the MERC process to that of the Benfield pro-

cess (see Table 1.4 P abhllest L 05 . ;0 1.6, sandalsifos summarizes

the most important results of this study(7&8/. It is clear from

these tables that, except for the plants utilizing the Lurgi

gasification processes, the use of the MERC process only

(2)

Table 1.4. Examples of commercial processes for the removal of HZS from gasesf.

product

Operating Regeneration
°C

temp.,

Sorbent P?ocess
designation

Class of process

Girbotol

(MEA)

Solution of monoethanolamine

SNPA-DEA

(DEA)

Solution of diethnolamine

40 - 80

Econamine

(DGA)

Solution of diglycolamine

Neutralisation

ADIP

(DIPA)

Solution of diisopropanolamine

processes

120

80

Benfield

Activated solution of KZCO3

120

80

Catacarb

co
7 3

Activated solution of K

40

20

Anthra
dic acid

Stretford

co
2553
vana

Solution of Na-salts of H
quinone 2-sulfonic acid,

(%)

40

20

Takahax

and
acid

co

Oxidation pro-

Solution of Na-salts of H

3

2

1l,4-naphtoquinone 2-sulfonic

cesses

140

40

Vetrocoke

A 0 - i i <
203 activated solution of I\ZCO3

m

N oo
- o m =

30

Selexol

Dimethylether of polyethyleneglycol

Physical or phy-

v »

40
=20

Purisol
Rectisol

Solution of n-methyl-2-pyrolidone
Methanol

sical-chemical
solvent

60

20

Solution of diisopropanolamine + sul-
folane

Pxocesses

Sulfinol

(tetrahydrothiophene dioxide)

80

i
250

Iron oxide (Fe_O
(Fe,0,)

Dry purifica-

400

(Zn0)

Zinc oxide

tion processes

guand bed"

"

Not negenenated; usded as

fcondensed Lrom Refs. 12, 13, and 14

resulted in marginal improvements in thermal efficiency, capi-

tal requirements, and electric power cost. The significant im-



ification

Table 1.5. Estimated thermal efficiencies of

combined cycle power plants(78/,

Puriticdticns process: —= Benfield MERC Benfield MERC
SasSuirbinciin lety e, 1066 1066 1316 1316
temperature, G
e Al

Gasification process Thermal Efficiency, %
Lurgi (02) 29.4 35.4 2. 3979
Luranss(a 1r ) S0 SEISC 34.5 41.2
BGC Slagging (02) Bhas SiET 29.6 40.6
Foster-Wheeler (02) aifgy 36.6 378 B9e5
Foster-Wheeler (air) p il 38.4 40.8 4156
it (Delivered kW) (3412.75) (1G0)

LoSnnalse s g eney NS e oo R L) (RS iBEU/Lb codL)

Table 1.6. Estimated capital requirements of 1000 MW gasifi-

cation combined cycle power plants(78/.

Purification process —= Benfield MERC Benfield MERC

Gas turbine inlet s
Genpera tiire s == 1066 1066 1316 1316

7 i
Gasification process Capital requirements, $/kW

Lurgi (02) JEakaby 739 1046 i 02
Lurgi (air) 1000 667 936 642
BGC Slagging (02) 643 629 629 606
Foster~Wheeler (02) 670 679 658 657
Boster=wheelers (air) 619 616 604 597
f

Mid-1975 dollars.

Table 1.7. Estimated cost of electricity for 1000 MW gasifi-

cation combined cycle power plants(78/.

Purification process —= Benfield MERC Benfield MERC
Gas turbine inlet o 1066 1066 1316 1316
temperature, C

Gasification process Power costs, Mills/kwhf

Lurgi (02) 602, 430, 7 Bt 40.4
Lurgi (air) 8550 4025 50 57 B s
BGC Slagging (02) 3949 39.0 380 36.8
Foster-Wheeler (02) 41.4 431 39.8 Al At
Foster-Wheeler (air) 38.4 38.1 Gt 36«1
fBased on : Delivered coal cost of $2.00/MMbtu. Mid-1975

dollars with no escalation included and operating load fac-

toxr of 700%.

provement 1in the case of plants using Lurgi process is due to

the fact that gas from this gasifier contains a large amount

of tar, the heating value of which is ultimately converted to
electricity in the combined cycle system when the gas purj fa—
cation steps are carried out at a high temperature. If a low
temperature desulfurization is used, this tar is removed du-
ring the purification process.

The reasons that only modest improvements are ob-
tained by using the MERC process are(78)

1. The regeneration reaction of the MERC process, i.e. reac-
tion (2), 1s highly exothermic and, if not controlled care-
fully, can cause the fusion of the adsorbent bed. To avoid
this danger, the MERC process uses nitrogen-enriched air
for regeneration. As a consequence of this, the off-gas
from the regeneration stage tends to be low in 502 content

and 1ts treatment resembles that of stack gas.

2. The conversion of the regeneration product (502) into ele-

mental sulfur in the Claus plant requires the valuable com-

bPonent of the fuel gas (hydrogen).



3. The unnecessary reduction of iron oxide during the accep-
tation stage, i.e. reaction (1), represents an extra penal-
ty because it consumes H2 and/or CO.

The single cause of these drawbacks is the oxidative regenera-

tion used by the MERC process. It is thus clear that an alter-

native, and better, method of acceptor regeneration is desira-
ble.
In the above discussion, the need for removing H25

at high temperature has been presented in the context of the

treatment of coal gasification products. The potential appli-

cability of hot gas desulfurization processes is, however, not
limited to this industrial sector. Examples of other possible
applications are

- Desulfurization of steam reformer feedstocks(6,79/. Because
sulfur compounds strongly poison the reforming catalyst,
the sulfur content of natural gas or naphtha feedstock to a
steam reformer must be reduced to less than 1 ppmv. Desulfu-
rization temperatures as high as 500 gC (the inlet tempera-
ture of the reformer) are possible. Presently, a zinc oxide
guard bed is used for this purpose.

- Desulfurization of recycle/make-up hydrogen in the petroleum
refineries(20-22/. In many hydrcgenative conversion processes
applied to petroleum fractions, e.g. hydrocracking, heavy
gas-oil hydrogenation and catalytic reforming, the excess hy-
drogen separated from the product stream and recycled to the
reactor usually contains HZS' which results from the reaction
of hydrogen with the sulfur compounds in the oil. To prevent
accumulation of HZS in the recycle gas, this must be removed.

- Desulfurization of coke oven gas(23/. The fluidized-bed
Appleby-Frodingham process, which operates at about 400 DC,
is an example of this application. It reduces the sulfur con-

tent of coke oven gas from 1 - 2 %v down to less than 1 ppm.

1.3. Aim of the present study.

During his study on the use of manganese oxide on

Y—A1203 as an acceptor for 502 removal from flue gas, Van der

Linde(24) came to the conclusion, and provided evidence,that

MnO on y~A1203 can remove HZS from gases at 400 - 550 0C and
that the sulfided product formed can be hydrolized back to
MnO on 7—A1203 at the same temperature using a gas containing

50 % steam. In other words, the reaction

+ H,0 (3)

Mn0/y-A1,0 *H,S () = MnS/y—Alzog(s) 2%(e)

2:208)

is reversible. This finding is interesting, because it implies
that MnO on y-A1203 might be used as an acceptor in a high
temperature regenerative HZS removal process which does not
have the weaknesses of the iron oxide process mentioned in

the previous section. Moreover, Van der Linde also reported
that unsupported MnO, silica-supported MnO, and molecular
sieve 5A supported MnO react rapidly with HZS but ‘their pro=

ducts, unlike the sulfided product of MnO on Y‘Al20 do not

,

hydrolise with steam, at least up to 600 oC. The beiaviour of

MnO on Y’A1203 is thus peculiar and deserves an explanation.
The aim of the present study is therefore

- to investigate whether other metal oxides, such as iron and
zinc oxide, can behave like manganese oxide when supported
by YVAIZOB. The results of this work may also help in ex-
plaining the behaviour of MnO on Y_AIZOB'

- to study the relation between the method of preparation and
the properties of MnO on Y'A1203 acceptors.

- to test and compare the desulfurization and regeneration
performance of the various acceptors prepared and to select
the best acceptor(s) in terms of sulfur removal capacity
and regenerability.

-~ to study the dynamic performance of the selected acceptor(s)

during the sulfur acceptation-regeneration cycles and the

influence of process conditions (temperature, gas composi-
tion) on acceptor performance.

to make a preliminary estimate of the feasibility of high

temperature removal of hydrogen sulfide on the basis of the

experimental data obtained.
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In chapter 2, general information is provided about
the use of supported and unsupported metal oxides as sulfur
removal acceptors. The interaction between a support and a
metal oxide dispersed on 1t is also discussed. Chapter 3 des-
cribes the equipment and experimental techniques used to stu-
dy acceptor performance as well as the method of acceptor
preparation, analysis, and characterization. In chapter 4,
data on the sulfur removal capacity and steam-regenerability
of a variety of acceptors are presented, together with some
discussion about the relation of these performance data with
the composition and/or structure of the acceptors.

Chapter 5 contains data and discussion on how pro-
cess variables such as temperature and composition of the
treated gas affects the sulfur breakthrough capacity of the
acceptors. The quantitaive modelling of the breakthrough
curves to extract the process parameters is the subject of
chapter 6. Finally, chapter 7 presents a brief evaluation,
comparing the process studied here with those described in

the“literature.
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METAL OXIDES AS SULFUR REMOVAL ACCEPTORS

2.4 dIntroduction

Although the use of metal oxides as sorbents (or
acceptors) for HZS removal dates back to the middle of the
nineteenth century (7/, most of the high temperature HZS re=
moval processes based on metal oxides were developed in the
last decade and, in fact, all of them are still in an early
stage of development. Section 2.2. reviews recent work in
this area of application.

A possible explanation of the peculiar behaviour of
MnO on Y—A1203 with respect to.sulfidation (cfilsectional 30
is based on the assumption that the MnO reacts with the
Y—A1203 support to form aluminate. In section 2.3. the struc-
ture and sulfidation thermodynamics of this compound is con-
sidered. Finally, section 2.4. discusses the possibility and
the consequences of aluminate formation on the surface of
gamma-alumina,with the aid of some data taken from the lite-

rature.

2.2. Single metal oxides.
2.2.1. Theamodynamics.

Thermodynamic evaluation of metal oxide for use in
high temperature removal of HZS has been carried out by seve-
ral investigators (2,3,4). The most extensive study is that
of Westmoreland and Harrison (2/. Using a free energy minimi-
zation technique (5/) they investigated the desulfurization
potential of the oxides of 28 elements under the conditions
listed in Table 2.1.. They assumed all gases to be ideal and
condensed species to form pure phases. An element is consi-
dered as a thermodynamically feasible acceptor if, after

being contacted with the sulfur-containing gases and allowed
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Table 2.1. Conditions used in the thermodynamic screening

study of Westmoreland and Harrison (2/.

o
1. Temperature range A0 OESRIEZ 008N C
2. Pressure : 2.0 MPa

3. Gas composition

N2 35 - 44 mol-% HZS 0.7 el )
co 88 = 833 cos .02 =008
& = 6
H2 5 39 CH4 0 1
= N = 0
HZO 4 9 H3 0 0 4
© S 0
02 2

tc reach equilibrium, it removes at least 95 % of the sulfur

initially present in the gas phase. According to this study

the elements can be divided in the following groups

1. Elements rejected because their oxides or carbonatcs are
stable relative to the element and unreactive throughout
the temperature range include DG SES @ ry ST 1 SIMor N a
Ti, Zr. Note that the oxides of some of these elements, 1n
particular aluminum oxide, are normally used as high area
supports for adsorbents and catalysts.

2. Elements rejected because their excess metal oxide can be
reduced to a low-melting metal : Bi, cd, Pb, Sn.

3. Elements rejected because inadequate desulfurization poten-
tial ( < 95 % ) even though their equilibrium is in favour
of the sulfided state : Ag, La, Ni, Sbe.

4. Thermodynamically feasible candidates : Ba, Ca, ColLmCuys Key
Mn, Mo, Sr, W, Ve Zne

The results of the thermodynamic studies by other investiga-

tors (3,4), who used different gas compositions, are generally

in aggreement with the above results of Westmoreland and

Harrison.

Two of the 11 thermodynamically feasible elements give

145

Barium Bas + BaCO,
calcium caco, CaS i va0

Cobalt cos + Cd

C T
Copper S &

o Fes + Fe 0,

i
i

Manganese MnS + MnO

Molybdenum MoO, + Mos,
ErsaT
srco, sr

Strontium

o

Ws_ +

Tungsten
Wo — wh_—
5 ABZ WC:

Vanadium vV, 0.+
2RaioR

zZinc zZn0 + 2nS

1 1 1
400 600 800 1000 1200

——@— Temp. ot

Eig. 2.1, The mostipromising range: of

operating temperature of H S-acceptors.

2
Chemicald foamulae indicate stable s0-
lid phases unden desulfurization con-

ditionas.

essentially 100 % desulfurization. These are vanadium (V) and
zinc (Zn). Their possible operating temperatures are, however,
limited. Vanadium oxide can only be used below 650 OC because
above this temperature vanadium sulfide (i.e. the sulfidation
product) ii a liguid. The appreciable vapour pressure of zinc
above 700 C prevents the use of zinc oxide above this tempe-
rature.
Fig. 2.1. shows the possible operating temperature

and the stable solid phases of the thermodynamically feasible

acceptors.

2.2.2. Kinetics.

Another important factor in the selection of accep-


http://unde.fi
http://Kj_n.e_t.LC-6

16

tors is the rate of HZS capture. The result ofiia comparatife
study on the sulfidation rates of several metal oxides(3) is
shown in Fig. 2.2.. This result is derived from measurements
of initial rates of sulfidation; the order of the reaction
with respect to the st and the solid oxide were assumed to
be one.

It can be seen from Fig. 2.2. that Fe203 and MnO
are superior to other oxides. Sulfidation of MnO is 5=10 ti=
mes faster than that of CaO or ZnO, but 10-50 times slower
than that of Fe 03. Activation energies of sulfidation vary

2
from 12 kJ/mol for F6203 to 37 kd/mol for V203.

nstant of
cmb
mol.min

Fe,03

Initial rate co
sulfidation,

\observed
\to boil
\
N

10 -

2
| 1 | | 1
s =05 10 15 20525

e 10T K

Fig. 2.2. Sulfidation rate constants of selected
metal oxides(3/. Solid curves represent experi-
mental data; broken lines represent extrapolati-
ons of Arrhenius plots for reaction-controlled
sulfidation. Deviations from linearity indicate

the onset of diffusion control.
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2.2.3. Processes

As has been pointed out in the beginning of this
chapter, all high temperature HZS removal processes are still
in the development phase. Table 2.2. lists some examples.

The calcium-based processes use calcined dolomite
instead of limestone. Due to its more porous structure, cal-
cined dolomite sulfide faster than (calcined) limestone. The
acceptation reaction of the Conoco process, which uses semi
calcined dolomite, is

st(g) + CaCOS.MgO(S) == CaS.Mg0 + H,0

e

2(g) SR

The regeneration reaction is the reverse of this reaction.
Acceptation is carried out at 900 oC where equilibrium fa-
vours the formation of MgO.cCaS$s, COZ' and H_O from H_S and
MgO.CaCOa. Regeneration is done at lower temperature where
the reverse is true.

The problems facing calcium based processes are(6/
18

coke formation and deposition in the acceptor bed,
2. corrosion and
3. sintering/deactivation of acceptor.
The main cause of the last two problems is the acceptation
temperature, which is quite high.

The acceptation step of the processes based on the
oxides of a transition metal can be represented by the

following irreversible reaction

Wote) 1) By ) s T S e e s | R xe 06 (2

where M =z metal and x > y. The regeneration step is :

X
Msy(s) + (y+§) 0

—s= MO

2(2) x(s) T 500y (2

; 4 : o o
This oxidation reaction is<highly exothermic (AH = AG =

=420 R T o kJ/mol SO formed) and, as has been pointed out

2
in chapter 1, is the main cause of problems associated with
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. i
Table 2.2. Examples of dry processes for the removal of HQS at high temperatures(6,7
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the use of transition metal oxides as regenerable acceptors
for HZS removal. These problems are discussed further in the

next paragraph'.

2.2.4. Discussion.

The elements that pass thermodynamic screening can
be classified into two groups : the alkaline earth metals and
the transition metals. The thermodynamic limitation that al-
kaline earth metals are applicable only above 800 oC B o at
haps, the major drawback of this group. The ability of the
transition metals to desulfurize effectively at 400 - 700 eC
is advantageous for two reasons :
1. Many applications, especially those in the petroleum re-
fining and petrochemical industries, requires a desulfuri-
zation temperature not higher than 500 - 600 0c. {cf. exanm-
ples at the end of section 1.2.)

Even though a desulfurization temperature as high as 1000
°C will be possible i1n modern coal gasification combined
cycle power plant, the optimum operating temperature of

hot purification units in such plants would probably not

be higher than 600 - 700 °C. This is because, at high tem-
perature, the loss due to material of construction problems
can outweigh the saving due to operating at higher thermal
efficiency.

The regeneration method presently applied with the
transition metals is, in turn, the major drawback of this
group. Its highly exothermic nature makes temperature very
difficult to control, while its oxidative nature results in a
regeneration product (i.e. 3021 which is less attractive than
that of the alkaline earth-based processes (i.e. st)' More-
over, during this regeneration process the transition metal
is unnecessarily oxidized to a higher valence.

It should be clear from the above that a more ideal
situation will result if an alternative, and better, regenera-
tion method is found for transition metal acceptors. One of

the most popularly cited alternative regeneration procedure
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is the use of steam to remove sulfur from the acceptor bed in 203 2. Stalctiuiie. AG=12)

the form of H2S/3). However, steam-regeneration is simply the
The unit cell of a spi =5
reverse of the original sulfidation and the thermodynamics of i Pl MAl,0, contains 32 oxygen
ions in cubic close packin see F 2
sulfidation of single metal oxides (cf. paragraph 2.2.1) pre- g 1g9. 2.3., and corresponds
to the formula M8A116032

tains 32 octahedral holes and 64 tetrahedral holes,

(or A8816032)' This unit cell con-

dicts that regeneration with steam is virtually impossible(3/.
It is with respect to this problem that the 5 M2+ : G in which
findings of Van der Linde(&8/) are important and interesting. 1on% s 16'A1 1ons @re arranged.iTInione limiting
As has been discussed in section 1.3., he noticed that, in m?fe OfddlStrzfuflon' 8 out of the 64 tetrahedral holes are
contrast with pure manganese oxide, the y—AlZOB—supported Mno ::;u::jupfszby ;j?i :ZjSIGSozipjz th:h32 ?Ctahedral h?les
used in his investigation can remove HZS and is capable of Bt e e e % = L this tY?e of "disitric
being regenerated with steam. The next two sections represent > E xamples of normal spinels are(77,
an attempt to explain this observation of Van der Linde. S sy G s ane ZnA1204, In the other limiting
mode of cation distribution, 8 tetrahedral holes are occupied

by trivalent cations. The remaining 8 trivalent cations and

all 8 divalent cations occu
s : . Py 16 octahed s s
2.3. Complex oxides : the aluminate spinels. Y ral holes. Such a spi

nel is called inverse. Between these two limiting cases (nor-

mal and inverse spinels) vario degrees o lnversion are ob-

us b

2SR T enenal. served. 1 I P o a pa ¥ EVE : P : =
rved

( Nial_ o 1s an example £ Lt inverted spinel (a

bout 76 % of the NiZ'

Under favourable conditions, two metal oxides can ions occupy octahedral holes(77)).

react to form a distinct compound. Examples of the resulting 1t is worthy of notel that the position of the M2

ion in the al i i i
uminate spinel MA120 is different from that in

complex oxides are ZnCr2O4, TngZOA' and WNa204. A complex

oxide may be called a spinel when

="itsi formula can'be written as AE204 and

- its structure is isomorphous with the natural spinel (mag-
nesium aluminate, MgA1204).

For an oxide of the formula AE204‘ there are eight negative

charges. The three combinations of the cation charges of A

A2+

and B which can balance these negative charges are: ( +

= + 6+ + _
A4 H2 BZ Y eanad (A FE20 B These=result in

3+
2R
a 2-3 spinel, a 4-2 spinel, and a 6-1 spinel. The three exam-
ples of a complex oxide given above are in fact a 2-3 spinel,

a 4-2 spinel, and a 6-1 spinel. The 2-3 spinel is by far the

most numerous(9-72).

; : 3+ 3+
The aluminate spinels are 2-3 spinels (B =S Fi 2.3. The struct £
g. sl structure of spinels.
s d i . 0
ome of them are found in nature; these are(72) MgA1204 (the Large cincle : oxygen ion
spinel itself), FeAl O, (Hercynite), Mnal O, (Galaxite), and Smald cincle,
znAlzo4 (Gahnite) . black octahedral caiion

white ¢ teitnahedral cation
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its simple oxide MO (except for M = 2Zn). In the simple oxide
2+
MO e alisthe ML ions occupy octahedral holes {70/, Eor M =

transition metal, this difference of environment result in
difference in behaviour with respect to light absorption
and/or reflection. Thus, the colour of MnO, FeO, and CoO is,

respectively, greern, black, and olive green, whereas the co-
lour of MnA1204, FEAlZOA' and COA1204 is, respectively, dark

cream, grey-green, and ultramarine blue(72/.

2.3.3. Theamodynamic of sulfidation.

Using available thermodynamic datalli %), equili=

brium constants and enthalpy changes were calculated for the

following reaction scheme

= MS + Y-Al,0 0 4)
MA1204(S) + st(g) — ‘S(S) 5 293(s) i H2 ) (
ams'ay—A1203‘pH20
S e e &
1 >
MA 204 H2S
where M = Mn, Fe, or Ni; a ig actiwity; p 18 partial pressure.

The results are shown in Figs. 2.4. and 2.5.. For the purpose
of comparison, the equilibrium constants and enthalpy changes
of sulfidation of MnO and FeO, reaction (6) and eg. (7), are

also shown in these figures.

MO HZS = MS + H,0 6)
(s)es e ondE) (s) 2°(g) ‘
2us Pu_ o

St ¥ e (7)
Mo Pu_s
As can be seen in Fig. 2.4., the thermodynamic equilibrium

constants for the sulfidation of Mn- and FeA1204 in the tem=
o
perature range of 700 to 1000 C are close to unity (log K

about zeroc), while those of MnO, FeO, and NiA1204 are large

MnAL,0,

]

B
1100
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|
900

1
700
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300 500
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20

o

(10w /)
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o
~

)
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900 1100
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300 500

1o
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Fig. 2.5. Enthalpy changes accompa-

Fig. 2.4. Thermodynamic equilibrium

nying sulfidation of several metal

constants of sulfidation of several
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oxides.

metal oxides.
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(greater than 100). This means that the sulfidation of MnAlzo4

and FeAlzo is reversible, whereas that of NiA1204, Mno, and

4
FeQ is irreversible (the equilibrium positions are much in
favour of the sulfided state). Thus, if MnS or FeS is in a

good contact with y-AlZO the presence of steam will remove

3!
sulfur from the solid phase in the form of HZS, a phenomenon
which does not occur when only MnS or FeS is present.

Fig. 2.5. shows that, whereas the sulfidation of
MnO, FeO, and NiAlZO4 is somewhat exothermic, the sulfidation
of Mn- or FeA1204 involves a negligible heat effect; it is
slightly endothermic.

Due to lack of data, the thermodynamics of the sul-
fidation of ZnA1204 and CoA1204 were not calculated. The use
of ZnA1204 as an acceptor for the removal of HZS at high tem-
perature is presently being investigated by Institute of Gas
Technology in Chicago, U.S.A.. However, the regeneration me-

thod is reported to be oxidative(76/.

2.4, Metal oxides supported by high-area aluminas.

2.4.1. Advantages of using a suppori.

As can be seen from Table 2.2., metal oxide accep-
tors are usually applied in the supported form. The main ad-
vantages of using a support are
1. The acceptor has a large surface area and the active com-

ponent is spread out on this surface. Since gas-solid in-
teraction can only happen at the surface, this results in
the most effective use of the active component.

2. The acceptor has more desirable mechanical properties, in-
cluding attrition resistance, hardness, and compressive
strength.

Various modifications of alumina, known as transition alumi-

nas, have good mechanical strength as well as a high surface

area and, therefore, find wide use as support material.

iz
2.4.2. Types and theamal propeaties of high-area aluminas.

The most important aluminas for use as support are

y-AlZO3 and n—AlZOE' whlchohave high surface area and are re-
latively stable up to 800 C. Both are very similar in struc-
ture and sometimes difficult to distinguish. Their structure
is almost identical with that of the spinels discussed in pa-
ragraph 2.3.2. As compared with spinel, however, one-ninth of
the positions normally occupied by cations are unoccupied
(this can be more clearly seen by writing A1203 as A18/304).
These cation vacancies may be distributed in different ways
among the tetrahedral and the octahedral holes. According to
Pott and Stork(77), the formula of Y—Alzo3 and n—A1203 can be
written as

Bl D1/3 _X[Alz Lo 04]

wheresOf <Sx S < SIT/ 30 O represents a cation vacancy, and the
bracketed term represents octahedral sites. Stone(70/) sugges-
ted that r,—AlZO3 has more tetrahedral A13+ than y-A1203‘

When y- or n—AlZO3 is heated,otheir surface area
remains essentially constant up to 600 C (the value of this
surface area varies with the mode of preparation but is usual-
ly between 200 and 350 mz/g)‘ Above 600 °C the surface area
decreases with temperature, but still amounts to about 100 -
140 m2/g at 800 0CI78,79). Further heating transform y-A1203

into &- - i = : i - . =
§ A1203 and n A1203 into ©-A1,0,. Gauguin et.al (19) po

inted out that the addition of a small amount of a divalent
ion such as Mg or Zn to y- or n—Alzoa,
nation, improves the thermal stability and mechanical proper-

introduced by impreg-

ties at high temperatures. These divalent ions occupy tetra-

hedral positions in the alumina lattice.

2.4.3. The forms of metad oxide on the surnface of y- oz
“_41203'

A metal oxide dispersed on a support may end up in
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three different forms(77)

2.

3

it may retain its chemical identity; the carrier acts only
as a dispersing agent.
it may form a new stoichiometric compound with the support.

it may dissolve in the carrier to give a solid solution.

solid solutions are less stable than compounds(20/. Thus, 1f

conditions make its formation possible, a compound is the

preferred state.

The literature describes y- and n-A1203 as supports

which exhibit strong interaction with a metal oxide dispersed

on their surface. Pott and Stork(77) pointed out that y- and

=A1 80
n-Al,

3 readily enter into reaction with many oxides for the

following reasons

a.

since many inorganic oxidic compounds have structures
based on densely packed oxygen lattice, compound formation
with aluminas generally only involves diffusion of the re-
latively small cations. The oxygen lattice undergoes but
minor rearrangement.

cation diffusion in aluminas is favoured because the struc-
ture of the aluminas contains many vacancies.

The transition aluminas are thermodynamically metastable
and therefore have a stronger tendency to undergo compound
formation than a stable phase such as a—A1203 (the most
stable form of alumina) .

selwood et.al. (27 ). studied the formation of manga-

nese oxide on y—AlZO3 by impregnating this support with a so-

lution of MntNOB)Z, followed by drying and calcination in air

o o
at 200 C and 600 C. They concluded that

- the dispersion of manganese oxide is poor. The manganese

oxide appears in patches which leave much of the Y’A1203
surface bare. These patches become smaller when less manga-
nese is present in the sample. The thermal decomposition
behaviour of manganese nitrate solutions may be the cause
of the poor dispersion; it is known(75/ that manganese ni=
trate can decompose in the solution phase (before much of
the water has evaporated). This will prevent the proper ad-

hesion of manganese oxide on the alumina surface.

2

- the layer of manganese oxide in actual contact with the
alumina is always subject to the inductive action of the a-
lumina and c- a s s Y- i i

e 1 rystallises asy ano3 which is isomorphous
wi the =A 1
% “lZUB' The layers not in direct contact with the
Al 0 ise -M s
Y 293 crystallise as a hnzo3 (600 &) or B-Mno2 (200 QC),
depending on the calcination temperature.
Lo Jacono et.al.(22) established the formation of

surface spinel MnA < O i

P nHlZO4 on ¥y A1203 and n—Alzu3 by using hydro-
gen, instead of air, as the medium of calcination. The calci-
-~ o

nation temperature was 600 C and, similar to the experiments

done by Selwood et.al., the manganese was initially deposited

by impregnating the supports with manganese nitrate solution.

Further observations of Lo Jacono et.al. are

1. at lower concentrations of manganese (less than 3 to 4 %w

Mn) all the manganese is in the form of surface spinel
MnAl_O .
el

2. at higher Mn content, any manganese in excess of 3 to 4 %w

is present as MnO.

samples based on =

Y Al:O3 and those based on n—Alej behave

similarly. i

Lo Jacono and Schiavello(23) observed that Co, Cu, and Ni be-

have similarl 1

y to Mn when deposit = =
iy : P Itedioni y = oxriy AIZOB' Thus,
ower transition metal contents only surface spinels are
formed, while at higher concentrations surface spinel and
free oxide are present simultaneously. It should be noted
that the medium of calcination used by Lo Jacono and Schia-
vello to obtain the surface spinel of Co, Cu, and Ni was air

2+ 2+
» Cu and

and not hydrogen. This is gquite logical since Co
Ni are unstable in a reducing atmosphere, being reduced to
meta IS TSt urny, an is unstable in an oxidizing atmosphere
such as air.

It appears probable from the above factssthat,spro=
vided the conditions are favourable, a surface spinel will be
formed on alumina surface as a result of the reaction between
a dispersed metal oxide and the alumina support. Furthermore,
the structure of the alumina support, which is quite similar
to that of spinel, presumably acts as a nucleus favouring the

formation of the surface spinel.
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2.2.4. Discussdion.

The evidence that surface MnA1204 can be formed on
y'Alzo3 and that, as shown thermodynamically, the sulfidation
of MnAlZO is a reversible reaction, provides an indication
that the active component of ~the MnO/-y-AlZD3 acceptor used by
yan der Linde(&8) was the surface spinel MnA1204. However, one
should keep in mind that the bulk thermodynamics of spinels
discussed in paragraph 2.3.3. provides not more than a rough
guide for predicting the sulfidation behaviour of surface
spinels. Differences in properties always exist between bulk
compound and surface compound. Pure, high surface area
COA1204, for example, does not posses catalytic activity for
the oxidation of CO, whereas surface C0A1204 does show such
an activity(24/.

Examination of the results of Selwood et.al.(27)
and Lo Jacono et.al.[(22/ presented above leads to the conclu-
sion that one will obtain more manganese in the form of sur-
face spinel than just 3 to 4 %w Mn if the dispersion of ma-
nganese oxide on the alumina surface is improved. In fact,
the steam regenerable acceptor used by Van der Linde(8) con-
tained about 8 %w Mn. He obtained it by repeatedly impreg-
nating y—A1203 with 0.5 molar solution of Mn504 (up to three
times,each impregnation being followed by drying and calcina=
tion in H2 stream at 500 - 600 oC). This method of prepara-
tioni, i.€. multiple impregnation with a dilute solution, is
known to give a good dispersion of the active component on
the support Surnfacel 295206 . It owillsbe Sshown in chapter 4
that by this method a steam-regenerable acceptor containing
about 8 %w manganese can be obtained when impregnating with
manganese nitrate solution.

Based on the fact that the sulfidation behaviour of
iron aluminate is similar to manganese aluminate (see Figs.
OGIAE Gandm2 .5 it was expected that a steam-regenerable
acceptor can also contain iron, in the form of surface
FeAl O

2uia
iron was also examined in the investigation reported in this

as the active component. Therefore, beside manganese,

2.9

thesis. Commercial gamma-alumina was chosen as support mate-
rial. No attempt was made to test the use of n=AlL_0O° as

2
support material, since the work of Lo Jacono et.al.(22) has

shown that Y—Alzo and q—AlZO3 are similar with respect to

3
surface spinel formation.
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CIHEARE ST R 3

EQUIPMENT AND METHODS

ai s Introduction.

In this chapter, the equipment and experimental
techniguessused™in the work for this thesls are \desScribed. ¢The
next section contains descriptions of bench-scale experimehtal
units used to study the performance and behaviour of some sul-
fur removal acceptors based on metal oxides, the experimental
procedures, and the method of treatment and/or interpretation
of the data obtained. The materials and technigques used to
prepare and characterize the acceptors are reported in secti-
(elib S5 3]

3.2. Bench-scale sunit.

Two basically similar fixed-bed experimental units

were used in this investigation, one being fully automated and

the other manually operated. The flow diagram of the automated

un it siEshownyiin spi g-t3itie

(:), reactor section

operation of this unit in carrying out acceptation-regenerati-

It consists of gas dosage section

, and analysis section Automatic

on cycles was effected by an Omron seguence controller which
actuated sclenoid valve in the gas dosage section and so-
lenoid valve system dnStheBsreactoricection P ool el oW it =
gram of the manually operated unit is similar to that in Fig.

3.1., except for the following differences

- valves <:> (:) and

of solenoid valves.

are hand operated valves instead

the unit did not contain gas chromatograph (:) and photo-

ionization detector .

3.2.1. Gas dosage.

The required gas were supplied from bottles. They


http://9n.Open.tLeA
http://rh.estmochemZc.aJ
http://Ca.taly.At

32

Ny Hp CO/CO,
10%H,S in N

carrier
gas

Fige g, I Nsimpiiifiled

flowsheet of the bench

scale unit.

entered the unit via solenoid valves (:) at a pressure of abo-
ut 0.4 MPa and (except for the H2S/N2 mixture) were passed
through purification trains to remove traces oxygen and
water. Each gas then passed a pressure regulator (:), which
reduced its pressure to 0.2 MPa, and a mass flow controller
(:) (PED 112, Precision Flow Devices, Inc.). The metered gas
flows were then mixed and sent to reactor section B

When the gas mixture should contain up to 5 3v water
vapour, the N2 stream leaving the mass flow controller was
passed through water vapour generator @ by correctly positi-
oning solenoid valve In the generator, the gas flowed
through a fixed-bed of FeSOA.7H20 which produces water vapour

according to dehydration reaction(7)

38

FeS0,.7H,0 = FeSO, .4H 0\ + 3 Hy0( (50))

green white

The temperature of the iron sulfate bed was kept constant by
placing the bed in a thermostat bath. More details about this
water vapour generator are given in Appendix A at the end of

this chapter.

e 2 Reackon e it

Fixed-bed reactor (:) was a quartz tube, 9 mm in
diameter. The acceptor particles (size 0.25 - 0.85 mm) were
packed to a height of 50 - 150 mm. The ratios of length and
diameter of the bed to the size of the acceptor particle were
such that plug flow of the gas through the bed could be
assumed/2/.

The reactor was immersed in a bed of carborundum

particles , which acted as a heat sink and source. This
carpborundum bed was placed in an electrically heated air
fluidized sand bed thermostat (:). The reactor temperature
was kept constant (range : 300 - 700 oC) by controlling the
temperature of the fluid-bed thermostat with an Eurotherm
temperature controller. To prevent contact of hydrogen and
air in the case of reactor breakage, the carborundum chamber
was continuously flushed with nitrogen. Steam needed for the
regeneration of the acceptor was generated at the reactor in-

let by injecting water from motorized burette

through a
stainless steel capillarry.

Solenoid valves system @ in the reactor section
allowed the feed gas to bypass the reactor for determination

of the inlet concentration of H,5.

3.2.3. Analysis section.

By means of three four-way valves, (:), the gas

flow leaving the reactor section could be passed through one
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or all of the following analytical instruments
a). gas chromatograph <:>A
b) . photoionization detector (:).
c). continuous titration system <:>

The gas chromatograph was equipped with a 1 ml sam-
pling loop and a 1.70 m column filled with Porapak ¢S 80-100
pretreated thermally at 250 GC for 3 hours. The column tempe-
rature was 100 °C and the hydrogen carrier gas flow 30 ml/min.
co

At these conditions N HZS’ CcO0Ss, and H7O could be sepa-

2 .
rated within 7 minutes. Deiectlon was accomplished by a ka-
tharometer maintained at 150 OC, the bridge current heing

200 mA. The peak surfaces were electronically integrated, re-
corded, and printed.

The photoionization detector (HNU System, Inc.) was
installed to measure low concentrations of HZS (less than 200
ppmv) in the reactor effluent during acceptation stage. In
this instrument, the gas passed through an ionization chamber
irradiated by a 10.2 eV ultraviolet lamp specially selected
(e st. The radiation was of such strength that only st
would be ionized. The extent of ionization was determined by
a normal ionization detector (comparable to a flame ionizati-
on detector). Thus, a continuous analysis of low concentrati-
ons of HZS could be obtained.

The titration system 1s based on the well es-
tablished fact that a cadmium salt solution can remove HZS
completely from a gas phase intimately contacted with a8 ()
The HZS reacts with the cadmium ion producing cadmium sulfaide
precipitate and hydrogen ion

G e R A (2)

HoSSE 5 =6
The HZS content of the gas can be determined by titrating the
H+ formed according to reaction (2) with a standard base so-
lution. Accordingly, the gas stream leaving the reactor sec-
tion entered the baffled titration vessel (see Fig. 3.2.) of
continuous titration system <:> ; the gas was dispersed by

stirring in solution of CdSO4 (081 =R0 3EM) Sa tvalSpHiso £t 4. - th e
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Big. 8o 2hmiisbratiion
vessel.

pH electrode

magnetic stirrer

overflow tube

A N

baffle

to waste-chemical
barrel

decrease of the solution pH due to reaction (2) was sensed by

a combined glass-calomel electrode, which caused a pH con-
troller (Titrator E526, Metrohm AG) to actuate a motor bu-
rette filled with a 0.1 M NaOH titrant in order to keep the
PH of the solution in the titration vessel at 4. During ope-
ration, an analog signal (0 - 1000 mV) proportional to the
position of the burette was continuously recorded on a strap
chart recorder. This signal was also scanned at a freguency
()5 (0 s s-l by a data acquisition interface and stored as raw
data in the computer facility of the department.

The titration system was on line during all runs,

but not when testing the equipment or calibrating gas flows.

3.2.4. Procedune.

The fluid bed was first set at the desired tempera-
ture, usually between 400 and 600 uC. The reactor was filled
with the desired amount of acceptor, flushed with nitrogen,
and then dipped in the gently fluidizing carborundum in the
bed chamber. After tightening the connection of the reactor
to the rest of the unit, nitrogen was passed through the re-

actor. Ten minutes later this was replaced by a stream of ni-



36

trogen/hydrogen mixture to keep the acceptor under reducing
conditions.

One hour after the reactor had been installed, the
first acceptation-regeneration cycle could be started. To
prevent the decomposition of HZS to hydrogen and elemental

°
sulfur, at least 7 ml/min H (25 C) was always included 1in

2
the stream of gas mixture fed to the reactor. The absorption
mixture in the titration vessel was replaced daily with a
fresh charge of 125 ml cadmium sulfate solution.

Several deliberate comparison tests with an accep-
tor containing 8 %w Mn and daily observation indicated that
the automated unit and the manual unit performed similarly

and produced comparable results, also in terms of acceptor

deactivation.

3.2.5. Jntenpnretation of nesudz.

Every acceptation-regeneration cycle of the present
study consisted of four steps

1. Measurement of the molar inlet flow of st; oS Ehat Sendsy
the st—contalning feed gas was fed directly to the analy-
sis section, bypassing the reactor.

2. Acceptation : the feed gas was switched to pass through
the reactor and the HZS content of the reactor effluent
was monitored.

3. Regeneration : the sulfur-loaded acceptor was treated with
a steam-containing gas and the amount of HZS released was
monitored.

4. "Drying" : the regenerated acceptor was flushed (usually
for a period of one hour) with nitrogen/hydrogen mixture.

Before steps 2 and 3 were carried out, the tubing in the re-

actor and analysis sections was flushed with a dry, st—free

gas.

A schematic representation of the continuous titra-

tion data obtained from a complete cycle is shown in Fig. 3.3..

When measuring the feed gas concentration, the cumulative

cumulative s
amount of
HapS
& u
A B JLD
0 L=l = 1
0 tb fc 0 tr

S/

st inlet flow negene-

measurement c
l/flush ‘atljn

F—~—-—4<»+«———acceytation——————*ll—*#———vﬁ‘drying“———4

el

——— = }ime

Fig. 3.3. A sketch of continuous titration data obtained from

a complete acceptation-regeneration cycle.

amount of HZS absorbed in the titrator increases linearly
with time, indicating constancy of the HZS feed rate. The
slope of this line, tan a, represents the molar feed rate of
HZS' When the stream of st is switched to pass it through
the reactor, the effluent from the acceptor bed is initially
free of H_S. As time proceeds, however, this effluent stream

2

contains an increasing amount of HZS and, if the acceptation

is carried out long enough, say until tc minutes, the outlet
concentration of HZS finally reaches the inlet value. The
curve ABC in Fig. 3.3. is the cwnulaiive (or inzegrated)

breakthrough cuave of the acceptor bed. The slope of this
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curve is proportional to the concentration of HZS in the \re=
actor effluent.

Although the cadmium salt solution in the titration
vessel completely removes even minute amounts of HZS present
in the gas passed through 1t, under the conditions applied 1in
the present work (i.e. gas flow rates of less than 300 ml/min
STe2.5 °C) the lower sensitivity limit of the whole titration
system is about 100 ppnmv HZS. Thus, during acceptation, the
titration data indicate practically zero cumulative amount of
HZS until point B is reached. At this point, the outlet con-
centration of HZS is about 100 ppmv.

Because it 1s easy to observe in the continuous
titration data, the outlet concentration of 100 ppmv st was
chosen as the breakthrough concentraZion (or breakihnough po-
int). Comparison of this value with the various values listed
in Table 1.3. indicates that this 1s low enough for desulfu-
rization of fuel gas in the coal gasification/combined-cycle
power plants, supposedly the most important application of
high temperature desulfurization.

The breakthrough capacity ib of the acceptor was

calculated from the breakthrough Zime t and the inlet flow

b
raEeso £ HZS' tan a, using the formula
= b.tan a =
a P .
b W

where w is the weight of acceptor in the reactor. It should

be understood that the gquantities t R aand tr shown in

b’
Fig. 3.3. are “true!' values (i.e. they have been corrected
for the various dead times of the system). The sulfur load of

the acceptor at the end of the acceptation stage ic 1S

a = — (4)

U being the cumulative amount of H2S found in the reactor off

e

gas during the cycle. During regeneration, the sulfur re-
leased by the acceptor produced the negenenation (or edution)

cunve DE. The percentage of completion of regeneration is :

%— = —_—
Rl P9 el ok = 0] o)

where R is the amount of sulfur recovered from the acceptor
by the regeneration. These calculations were routinely
carried out by a computer programme which treated the raw
data stored in the computer. In addition, the programme also
computed the conversions (or degree of utilization) of the
active component of the acceptor (i.e. manganese or iron) at
breakthrough and at the end of acceptation stage, and the

slope of the cumulative breakthrough as well as elution curve.

3.3. Acceptor preparation and characterization.

3.3.7. Materials

The characteristics of supports used in this study
are listed in Table 3.1.. Nearly all experiments were carried
out with acceptors containing standard y—Alzo3 as support.
The other carriers were only used in several comparative
tests. The aluminas, silica gel, and silica-alumina were
supplied by Ketjen Catalyst Department of Akzo Chemie Neder-
land BV. The pure MgAlzo4 spinel sample was received from De
Korte(5) who described its method of preparation.

All solutions used to impregnate the supports were
freshly made from analytical grade chemicals and distilled

water.

3.3.2. Methods of accepton preparation.

Most of the acceptors used were prepared via the wet

impaegnat{on route outlined in Fig. 3.4.. 15 g of support ma-
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Table 3.1. Support characteristics.
Surface Pore Analytical
Support area, volume, data
2
n”/g nl/g

SiC2 0.76 s%w
Standard *{“AlZO3 263 [OEATRi 7/ NaZO 0.05 szw
(Alumina 001 - 1.5E) SO4 126 EW
Fe 0.02 sw
(et 0.02 3w
High purity y—-Al2O3 167 (015520 S 67 ppmw
(Alumina 000 - 1/10"E) Na 45 ppmw
Re 203 ppmw

Sio L3 15
10, W
High porosity Y—A1203 262 1509 NaZO 0.24 sw
(Alumina 001 - 5P) SO Al W
Be 0.03 s'w
SiC2 5.4 W
High silica Y—Alzo3 321 0.66 NaZO 0.05 3w
(Alumina 007 - 1.5E) SO4 Sl D Gy
Fe 0.03 szw
Al 0.20 szw
Silicagel AT23 385 0.90 Ca 0.09 s%w
Na 0.03 s%w
AlZO i3 W
Silica-alumina 400 0556 NaZO Bt = £
(Low alumina grade, 504 eSO 3%
DAl 008 =8 31} Fe 0.03 3w

136 0.4 =

it MgAl
Synthetic Mg 2O4
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°
5 1ie =1 /S hy e 2GR E

—————>wWet impre £
> Brediias o ' 3.3 ml soln./g support

on Buchner funnel

filtration . 5
with suction

room ten at
temperature f e e
drying 1
°
IL(et e ALiL0) (c
drying/precalci- (nitrate, sulfate)
nation

o
6 O iR OO C
(acetate, oxalate)

stream

to the next impregnation cycle

reductive calci- e Hz
nation &

600 cC

acceptor

Fig. 3.4. The wet impregnation method of acceptor

preparation

terial was soaked in 50 ml aqueous solution of the salt of
the desired metal for 16-17 houxrs.After filtration the im=
Pregnated support was dried by leaving it on the Buchner
funnel with suction for 5-6 hours. When salts of an organic
acid were used as impregnant the dried acceptor was precalci-
ned in air, because direct reductive calcination resulted in
black acceptors due to carbon deposition. However, as was
found late in the investigation, this precalcination step is
not fully effective in completely removing carbon from the
acceptor (cf. chapter 4, page 61).

When the supported oxide was that of manganese or

iron, the acceptor was oxidized to some extent as soon as it
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came into contact with air, even at room temperature. In the
case of manganese-containing acceptors this phenomenon was
readily observed because it was accompanied by a colour
change of the acceptors from cream or green (reduced state)
to brown (oxidized state) .

Two acceptors, Mquzoq—supported manganese and iron
aluminates, were prepared by the dry impregnation route. The
MgAl2O4 support was titrated to incipient wetness with a sa-
turated solution of nitrates of aluminum and manganese/iron
(Me : A1 = 1 : 2, Me = Mn or Fe) and left at room temperature
until it appeared dry. Further drying and reduction of this
acceptor was done in the same way as the acceptors prepared
by wet impregnation (see Fig. 3.4.).

A sample of MnAlzo .spinel was prepared as follows.

4
A mixture of Mn(NO3)2.4H20 and Ai(NO3)3.9H20 (molar ratio
1l : 2) was heated slowly to 300 C in a nitrogen atmosphere.

During this heating the mixture first melted and then decom-
posed. After evolution of nitrogen oxides was complete, the
black solid residue obtained was heated under a stream of H2
to 1000 °C and kept at this temperature for about 7 hours.
The structure of the resulting spinel was determined by X-ray

diffraction.

3.3.3. Analysis and charactenizaZion of acceptons.

Six analytical techniques were used to characterize
acceptors : atomic absorption spectroscopy, X-ray diffraction,
diffuse reflectance spectroscopy, MOssbauer spectroscopy,
Electron Spectroscopy for Chemical Analysis (ESCA), and sur-
face area measurements.

The active metal content of the acceptors was deter-
mined by atomic absorption spectroscopy (AAS). For this pur-
pose, 200 mg acceptor sample was dissolved in 15 ml aqua regia
at 80 °c and then diluted with water to a concentration range
suitable for the determination of the desired metal.

X-ray diffraction was applied to determine the

structure of the acceptors, using the Guinier-de Wolff method
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with CuKoe radiation. One acceptor sample was heated to 600°c
under a stream of 5 %v H2 in nitrogen and kept at this tem-
perature for dbout 15 hours. The diffraction pattern of this
sample was recorded by a Guinier-Lenne camera. The radiation
used was also CuKa.

Diffuse reflectance spectroscopy was used to deter-
mine the site occupied by Mn2+ ion in manganese-based accep-
tors. The instrument used to obtain the spectra was a Beck-
man DK-2 spectroreflectometer. The standard white material
used was BaSO4. Because the sample should be in its reduced
state during measurement, care was taken to avoid contact
with air, which would result in its immediate oxidation. To
that end, the special sample holder of Fig. 3.5. was con-
structed. This sample holder, which fits the sample chamber
of the Beckman DK-2 spectroreflectometer, allows the accep-

tor sample to be reduced and then isolated from air for the

SIDE VIEW

\quartz
GL 14 NS 12/21 filter

1
|
connection ground connection l
|
|
|

FOCT
Has o NS 12.5

glass cock
=N

prven
= (s | V4
S

it
, in

TOP VIEW

Fig. 3.5. Sample holder used for diffuse

reflectance measurements.
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measurement of its reflectance spectrum. The sample was re- APPENDIX A
o
duced at 500 C for 1.5 hours. During this treatment, a H2

stream was passed through the sample. Subseguently the quartz

) Since the iron sulfate water =
part of the cell was dipped into a Muller oven while the py- SRR TSRS

Eilon e Sainiis e ¢ BHRONE 882 ST sl s celir et t
rex part was kept cool by a stream of cold air. e system for producing

) a gas stream containin low, constant conce i
The BET technique using N_ as adsorbate was 5 & PEET T s e

vapour (which is usually difficult in
applied to measure the surface area of the acceptors. Prior . s Sl R

= details about the generator are iven here
to measurement, the sample was evacuated down to 10 mmHg E S

o The dew point of the s i
and heated up to 400 C. Electron Spectroscopy for Chemical P S IR AN N e N

bed is related to bath temperat b 1 i
Analysis (ESCA) and MOssbauer spectroscopy were used to mea- 1 i pcilinea sl nons

sure, respectively, the surface chemical composition of the

acceptors and the valence of iron in the iron-based acceptors. Td % 1134 Tb - 11.6 (al)
where z Td = dew point of the outgoing gas, :C4
Tb = bath temperature, DC (08 =250 OC).
et ans The standard error of each coefficient in eg. (Al) is
06 e 1 Thus, the volume fraction of water vapour in the

1. K.J. Parkinson and W. Day, . &xp. Bodany 32(127) 411-418 outgoing gas is

(1o8a

2. R.B. Anderson (editor), "Expeanwmentad Methods in Cataly-
)2
Zic Reseanch', volume 1, Academic Press, New York, 1968, H,0
page 8. 2 = P (a2)
I S ; - ; 7 o > tot

3. V.J. Altieri, "Gas Analysis and Testing of Gaseous Mate-

aLala”, American Gas Association, New York, 1944.
4. J.H. Karchmer, "The Analytical Chemisiny of Sulfur and )

InSwhichsp is the vapour pressure of water at T is

Jts Compounds”, Part I, Wiley-Interscience, New York, H, O ai Fras

2
o the total pressure at the end of the bed. If the volumetric

= flow rate ¢_of the dr as passed th i
N L o T e et v Y g p rough the iron sulfate

bed is known, the volumetri 21l
logy (in preparation). g ic ow rate va of the water vapour

[} ST =l (A3)

The design of the iron sulfate bed used in this work
follows that of Parkinson and Day (7) who recently invented

and developed this technigue. The diameter of the bed is 33 mm
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and the gas residence time is 70 s. During the calibration
tests done in this work, the constancy of the humidity of the
outgoing gas was established by monitoring its dew point with
a continuous dew point meter. A few gravimetric measurements
of the water vapour content of the gas leaving the bed (by
absorbing the water vapour with magnesium perchlorate and
weighing) confirmed the result of Parkinson and Day (7/ that
the overall accuracy of this technique (including the accu-
racy of the gas flow) is 2.5 %. Depletion tests indicated
that the iron sulfate should be replaced by a fresh charge
when half of the bed has been converted to FeSOq.éHzo, which
can be seen from the white colour of the tetrahydrate. If
higher conversions are allowed the water vapour content of
the bed effluent is no longer constant. The FeSO4.7H20 used
in this work was of analytical grade.

A water vapour generator based on this technique
and Parkinson and Day's design has been introduced on the

market recently by Analytical Development Corp..

Reference.

1. K.J. Parkinson and W. Day, J. &xp. Botany 32(127
411-418 (1981) .
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ACCEPTOR PERFORMANCE IN RELATION TO ITS COMPOSITION AND
STRUCTURE

4.1. Introduction

It has pointed out in chapter 1 that the objectives
of the present work are, among others,

- to study the relation between the method of preparation and
the properties of MnO on Y>A1203 acceptors, especially the
desulfurization and steam-regeneration performance

- to investigate whether other metal oxides can behave like
manganese oxide when supported on Y—Alzoa.

- to test and compare the desulfurization and regeneration
performance of various acceptors and to select the best in
terms of its sulfur removal capacity and regenerability.

This chapter deals with these objectives. It presents and dis-

cusses the results of comparative tests on the desulfurization

and regeneration behaviour of a number of acceptors containing
manganese or other transition metal oxides, as well as the re-
lation between acceptor behaviour, composition, structure, and

method of preparation.

4.2. Desulfurization-regeneration test.

4.2.7. Expenimental.
4.2.1.7. Acceptonas.

The acceptors subjected to the comparative test are
listed in Table 4.1.. With the exception of acceptor # 7
(MnAlzoq), they were prepared via the wet impregnation tech-
Nique described in section 3.3.2.; therefore only preparation
conditions specific to each acceptor are shown in the table.
The last column, which indicates whether in an actual process

€ycle an acceptor can be considered "technically regenerable"
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Table 4.1. Characteristics of acceptors subjected to compara-

tive desulfurization-regeneration tests.

Accep- s r - Prepanation TechnLcaf
. Suppont Me %w Codoun S eyl qi%jiiza
1 Sites A1203 Mn 7 L% green I8 e (Y No
2 ditto Mn 8.0 cream A 05 N Yes
3 ditto Mn S OISSnal e p o N S 0K 7S No
4 ditto Mn 7.2 cream B TG A8S Yes
5 ditto Mn 7.6 cream isEre= 20 0 S ¥ A Yes
6 ditto Mn 13.0 cream e WATEO) N* Yes
7 MnA1204 Mn 27.6 cream * Yes
8 SiO2 Mn 3.0 white 1oeRlneh. - WA No
9 B0N0 Mn 6.9 green T L Y No
10 SiOZ.A1;03 Mn 4.9 white 1805 B et No
11 st. Alz()3 Mn 6.1 cream {10 7% al iGN Yes
1157 ditto Mn 4.4 cream i B O Yes
ity ditto Mn B} cream R O A Yes
14 ditto Mn 12.2 pale green 2 x 1.5 A No
15 po. A1203 Mn 8.7 cream B sealin sy Yes
16 ditto Ma 10.4 cream % 2.0 A No
17 pu. Alzo3 Mn 5.1 cream IS =1 0 S A Yes
18 ditto jiovi A0k green i 5 B No
19 S1. Ale3 Mn 72 cream = 0= 0 =N Yes
20 st. A1203 Zn R white [Tk R Yes
21 ditto Ni 4.2 turquoise it sle (ef by =i No
22! ditto Co 3.2 deep blue T O SA Yes
23 ditto Fe 4Le S pin eyt rie g eSS S .08 () Yies
24 ditto Fe 6.3 grey-green 2 x 1.0 O Yes

$

st = standard, po = high porosity, pu = high purity, si =
high silica. For support characteristics see Table 3.1.

chtive metal. £The colour of Mn-acceptors is only observable
in reduced condition.

+Code : number of impregnatiors x molarity of solution,
followed by the type of salt used (A=acetate, N=nitrate, S=
sulfate, O=ammonium iron(III) oxalate). For further detail

see Fig. 3.4.. The atmosphere of calcination for acceptors
containing Zn, Ni, and Cc¢ was air instead of hydrogen.

o
*This acceptor was reductively calcined at 1000 C for 1 hr.

*
See section 3.3.2. for the procedure of preparation.
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or not, is included to provide a complete overview of accep-
tor characteristics; actually 1t is one of the conclusions
drawn from the results of the test to be described.

Acceptors # 1 to 10 were used to study the effect
of preparation methods on the behaviour of various manganese-
containing sorbents, acceptors # 11 to 13 to investigate the
relation between manganese content and performance of regene-
rable sorbents, acceptors # 14 to 19 to examine whether the
nature of \(—Alzo3 support has any influence on the general
behaviour of the impregnated manganese oxide, and acceptors
#20 to 24 to investigate the desulfurization-regeneration

performance of other transition metal oxides.

4.2.71.2. Test procedune

The st acceptation-regeneration performance of the
acceptors was tested at 600 JC in the manually-operated fixed
bed bench-scale unit (cf. section 3.2.). In each test 3 g
acceptor of size 0.4 - 0.6 mm was used. During acceptation,
a2 gas mixture of 1.2 % HZS' 11 3 H2, and 87.8 % N2 was
passed through the acceptor bed at a flow rate of 100 le/m1n§
Seven minutes after the concentration of HZS in the bed efflu-
ent had reached about 100 ppmv the acceptation was stopped.
The breakthrough capacity of the acceptor, ib (cf. section
3.2.5.), and the breakthrough conversion of the transition me-
cale EMe,b' were the principal data gathered.

The sulfur loaded acceptor was then regenerated with
4 gas stream consisting of steam and nitrogen + hydrogen
(N2 : H2 = 8 : 1). This regeneration was divided into three
stages
- 13 min with a steam flow rate of 15.7 Nml/min (steam content

of regenerating gas = 17 %)
- 13 min with a steam flow rate of 313 Nml/min (steam content

= 78 %)

Nml/min = normal milliliter rer minute, i.e. the flow rate

at 25 C and 100 kPa.
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= "drying! under the N2 3 H2 stream until HZS could no longer

be detected by the titration unit (usually within an hour) .
The degree of completion of regeneration at the end of this
stage, %-reg., was then recorded.

The total amount of steam injected in the regenera-
tion was much larger (50 - 200 x) than the total amount of
sulfur in the acceptor. Thus, it is reasonable to consider an
acceptor which is not completely regenerated by this procedure
as being "technically irregenerable”.

In the test, acceptors #7, 8, and 10 were found to
have zero breakthrough capacity. Therefore, an alternative
procedure to test the regenerability of these acceptors was
adopted. The acceptation stage was prolonged to sulfide the
acceptor until it contained 1 %w sulfur. It was then regenera-

ted using the above procedure.

4.2.2. Resgudts and discussion.

£.2.2.1. Relation between preparation method and acceptor be-

havioun.

The results of the test on acceptors # 1 to 10 are
presented in Table 4.2.. It shows that acceptor #1, prepared
via a single impregnation of y—A1203 with a concentrated ma-
nganese nitrate solution, is irregenerable. Calcination at
higher temperatures can induce regenerability to this type of
sorbent but at the cost of a marked loss in desulfurization
capacity, as exemplified by the performance of acceptor # 6.
The latter was calcined at 1000 aC, a temperature at which
even a macroscopic mixture of MnO and y—AlZO3 reacts suffi-
ciently rapidly to form bulk MnA1204 spinel(7/.

By contrast, the technique of repeated impregnation
with a dilute solution can produce regenerable acceptors
having moderate sulfur removal capacities. A comparison of the
performance of acceptors # 2 and 3, however, indicates that
even if an acceptor is prepared using a suitable technigque, it
will be regenerable only if its manganese content is not higher
than, say, 9 %w. More data and discussion on this latter topic

will be presented in paragraph 4.2.2.3..

5

Table 4.2. Desulfurization capacity and steam-regenerability

of various acceptor containing manganese.

Accep- S Impregnation it ab

tor rx1e-thc>cl“J Fw-S %
i Y—Alzoa A DR O SN Tine 358 82 69
2 ditto 4 e w015 S 8.0 S s 32 100
< ditto LA O, N o0 Bt 5 25
4 ditto s I e el S L2 50 24 100
5 ditto AL ol o) A 74505 1l 05 34 100
6 ditto 1 ) Ns 20l ) 7 100
7 MnAlZO4 = AT 0 100£
8 5i02 Ak oAl alests 8.0 0 0 64£
9 SiO2 18 AR DS 680 P ) 75 24
10 SiOZ.A1203 I x0Ty A 49 0 0 70£

I4ee the fooztnote of Table #4#.1.
$aeductLvely calcined at 1000 C for 1 ha.

i
resudits from the alzennative Zest procedune.

Repeated impregnation using dilute manganese sulfate
solutions was used extensively by Van der Linde(2/) to produce
regenerable sulfur removal acceptors containing up to 8 %$w-Mn;
acceptor # 4 is an example. Note that Van der Linde found
that single impregnations with concentrated manganese sulfate
solutions produced acceptors having low reactivities and capa-
cities.

Although it is a useful technique for preparing
steam-regenerable acceptors, the repeated impregnation method
is time consuming and costly. In this connection, the perfor-
mance of acceptor # 5 shows that the use of manganese acetate
is advantageous : a steam-regenerable acceptor can be obtained
by a single impregnation with a concentrated solution. Conse-

quently, acetate solutions were used to prepare most of the
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acceptors studied in this work. The extreme instability of
ferrous acetate solution, however, prevented it to be used
conveniently to prepare similar iron-containing acceptors.
Ammonium iron(III) oxalate solutions gave satisfactory results
and were used instead.

It has been stated in section 2.4.3. that data from
the literature(3,4) indicate acceptors prepared by impregna-
ting Y‘A1203 with a concentrated solution of manganese nitrate
to exhibit a poor degree of dispersion. In such acceptors all
the manganese in excess of 4 %w exists as clusters of MnO. Be-
cause MnO reacts irreversibly with HZS' as has been shown
thermodynamically in section 2.3.3. and proved experimentally
by Van der Linde(2/, it follows that MnO causes this type of
sorbent to be insufficiently regenerable. It explains why
acceptor # 1, derived from a concentrated manganese nitrate
solution, cannot be regenerated completely.

Several investigator(2,5,6/) have reported that the
technique of repeated impregnation with dilute solutions will
result in a fine dispersion of active component on the surface
of the support. Consequently, a&ceptors #20 3. and 4 may be
considered to consist of finely dispersed MnO on the surface
of y-Al_O

P
are relatively easy to regenerate has been proposed in secti-

An explanation of the fact that these acceptors

on 2.4.3.; this fact was ascribed to the formation of surface
MnA1204 spinel as a result of the reaction of the finely dis-

persed MnO and y—AlZO Two observations presented in Tables

40 = and =400 o, respeczively, provide a strong indication that

this proposition is a sound one

- The colour of the regenerable acceptors is similar to that
of MnAlZO4 (indicating a similar environment around the di-
valent manganese ion) , and

= MnA1204 itself reacts reversibly with HZS.

As can be seen from the data in Table 4.2., however, bulk

MnA1204 has a lower reactivity towards HZS than surface spinel

(i.e. both are regenerable but surface spinel has a break-

through capacity whereas bulk spinel does not). This might be

due to the following factors

G}
w

E e MnA1204 sample has a relatively low surface area. This
is inferred from the observation that the bulk density of
the MhAlzoi sample was about four times that of 74A12O3 of
similar particle size.

Sl eSS by nctilyr e ot by T MnA1204 As moresordered SEHain bl ot R oF
surface MnA1304, Thig dstbecause Sthellatterii e T xiait Lyl o
surface compound and, secondly, formed on y—AlZOB, which is
a defective spinel.

Of these two factors, the second one was judged to be more

probable, because an acceptor deactivation study (see section

5.2. and Fig. 5.4.) showed that the main cause of acceptor de-

activation is the recrystallization of the surface spinel to

form a bulk-aluminate-like structure, whereas the acceptor it-
self still has a high surface area.

Since the acceptor derived from impregnation of
y—AlEUB with a manganese acetate solution is easily regenera-
ble, it follows that impregnation of 7—A1703 with manganese
acetate solution also results in a fine dgsperslon of MnO
which then reacts with the support to yield surface MnA1204
spinel. This conclusion is strengthened further by the results
Presented 1in section 4.3. dealing with acceptor characteriza-
tion.

Performance data of acceptors using silica or silica
alumina as support (see Table 4.2.) show that these are tech-
nically irregenerable. There is, however, a significant
difference in reactivity between silica-supported acceptors
derived from nitrate and from acetate. To explain this
difference in behaviour, one can assume that impregnation with
@ manganese nitrate solution, also in the case of silica, re-
sults in clusters of MnO on the surface and that impregnation
with manganese acetate again produces fine dispersion of MnoO.
As silica and silica-alumina are acidic support(7) and since
MnO is a really basic oxide(&/, it is to be expected that these
supports reduce the reactivity of MnO towards HZS' Theextent
of this reduction is small for acceptor #9, which contains
free Mno, and large for acceptors # 8 and # 10, to the extent
that the latter two acceptors have a negligible breakthrough

capacity.
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4.2.2.2. The effect of manganese content on the capaciity of

negenenable accepitons.

Table 4.3. presents the test results on acceptors
#5 and 11 to 13, all of which were prepared by impregnation
of standard y—AlZO3 with manganese acetate solutions of
different concentrations. As was expected, the lower the ma-
nganese content the lower the breakthrough capacity of the
acceptor. Interestingly, however, the breakthrough conversion
of manganese is higher as the manganese content is lower. This
may indicate that an acceptor with a lower manganese content
is more reactive towards st. A more detailed explanation of

this observation can be found in chapter 6.

4.2.2.3. Infduence of the naturne of the alumina.

Table 4.4. summarizes the results of tests on va-
rious acceptors using several types of Y'A1203 as supports. In
general, no significant differences in behaviour were found
between acceptors prepared with different types of Y_AlZOB'
The results listed, however, strengthens the supposition of
paragraph 4.2.2.1. that there exists a certain maximum content

of manganese above which the acceptor cannot be regenerated

Table 4.3. The relation between manganese content
and reactivity of the regenerable MnO on Y—A1203
acceptors.

et rton Zw-Mn 9y EMn, b Fervep.
%w-S 7
5 o i 34 100
11 ! 1.3 36 100
12 .4 1.0 39 100
13 = 0.7 45 100
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Table 4.4. Desulfurization and steam-regeneration behaviour

of MnO on several types of Y~A1203.
3
Type of
Acceptor Y~A1l,0 o - =
2 Zow—M
3 LGLos dp EMn,b %-reg.
support Tow—S %

5 standard 7= 6 ALy s 34 100
14 ditto L2 4.1 ) 2
1’5 high porosity 8.7 1.6 30 100
16 ditto 10.4 28y 49 83
1l high purity Bl = 41 100
18 ditto 12 s 506 78 52
19 high silica Tt ) A48} 24 100

completely. From the performance data of acceptors #15 and 16,

which use high porosity Y—A1203 ( =260 mz/g) as support,

SBET
this upper limit of manganese content is estimated to be bet-
ween 3.3 and 4.0 %w-Mn per 100 m2 support surface. In this
connection, the results obtained by Friedman et.al.(9/) from an
extensive study on the interaction of cupric ions with Y"A1203
supports are of interest. These authors concluded that a numn
ber of transition y-aluminas appear to have a similar treshold
loading for the appearance of crystalline cupric oxide of abo-
ut 4 %w-Cu/100 m2 support surface. If this figure for Cu is
converted to that for Mn by simply using the atomic mass ratio
(55/63.5), the result is 3.5 %w-Mn/100 mz, a value in agree-
ment with the treshold loading of manganese found in the pre-
sent work.

If it is assumed that the deposition of manganese on
the surface of alumina occurs via an exchange reaction :

2+ H Mn +

H
M - =S +
% Lacaid é ?/’ \\? 2R (1)



http://man-g.ane.--ie
http://-n.eg.ene/iab

20 59

one can make a rough estimate of the treshold loading of ma- Pabledads, 8l ulfurization capacity and

nganese from the knowledge of the total number of hydroxyl cfiseveral ‘metal¥oxide s on Al

groups which completely covers the alumina surface. It is N i

known(70,77) that on a completely covered surface each hydro~ Acceptor Active Getds a, . =
xyl group occupies 8 x 10_20 m2. Thus, there are 12.5 x 1020 metal, Me Zw—S ! Eee
OH groups per 100 m2 of completely covered surface. The re-

sults of Peri's classical simulation work(72/ indicate that 5 Mn 7.6 1.6 34 100
only two-thirds of these hydroxyl groups can be removed (by 20 Zn By 0.5 12 100
heating) without disturbing local order (i.e. causing defect 21 Ni 4.2 Ik 59) 61
formation). If it is analogously assumed that only two-thirds 22 Co 3o 0.5 28 100
of the hydrogen atoms of the hydroxyl groups can be replaced 28 Fe Ll 1.0 43 100
by reaction (1) without causing surface reorganization, then 24 Fe 63 Ikt 38 100
the treshold loading of manganese is 0.5 x (gl zain . i BBl 1020

Mn ions per 100 m2 or 3.5 %w-Mn per 100 m2 of support surface,

a value which nicely matches the experimental one given above.

It should be emphasized that the model is somewhat speculative

in nature in that it involves the above assumption. acceptors listed in Table 4.5. leads to the conclusion that

acceptors based on manganese or liron are superior to those

based on zinc and cobalt. Zinc-based acceptors are rather un-=

4.2.2.4. The behavioun of acceptons based on vlhen Zransition
reactive towards H_ S and the cobalt-based acceptor is undoub-

meztadls.
tedly more expensive than those based on manganese or iron; it
The performance of various acceptors containing did not offer any compensation, e.g. in the form of a much

different active metals is compared in Table 4.5.. The regene- higher capacity. Consequently, only acceptors based on manga-

rability of acceptors containing Mn and Fe and the irregenera- nese and iron were studied in more detail in the present work.

bility of Ni-containing acceptor are in agreement with the
prediction based on the bulk thermodynamic properties of the
corresponding aluminate spinels as discussed in section 2.3.3.. 4.3. Acceptor characterization.
Zinc and cobalt behave like manganese and iron in the sense

do 31 Genentl.
that they also form regenerable acceptors. Strohmeier and Her-

7 >
cules(73) recently reported that surface ZnA1204 spinel has a In paragraph 4.2.2.1., variations in the degree of
low reactivity towards sulfidation. Anderson ettal (14 )/ re= dispersion of MnO have been postulated to explain the differen-
ported that the breakthrough conversion of zinc in their accep- ces in behaviour of MnO on y-Al_O. acceptors containing less
22 &
tor (75;9 % ZHA1204: 24.1 % A1203) is about 15 % when tested than 9 $w-Mn. Irregenerable acceptors are described as con-
at 760 C. The performance of the zinc-based acceptor studied taining poorly dispersed clusters of MnO whereas the regenera-
in the present work (i.e. acceptor # 20) is in general agree- rable ones are considered to contain finely dispersed Mn in
ment with these literature data. 2 the form of the reaction product with the Y—Alzo3, ek saces S E

Comparison of the performance of the regenerable face MnAlZO4 spinel. In order to conform this propasition, se-
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veral MnO on Y—A1203 acceptors were characterized by X-ray
diffraction anlysis and diffuse reflectance spectroscopy. Fur-
thermore, a Mossbauer spectroscopic study of regenerable accep-
tors containing iron was carried out to gain an understanding
of the behaviour of iron in such a material. Results are re-

ported below.

4.3.2. X-nay diffracztion analysis.

The X-ray diffraction (XRD) patterns of fresh manga-
nese-containing acceptors are shown in Fig. 4.1. together with
the XRD pattern of the y—Alzo3 support. The latter gives broad,
diffuse diffraction lines (Fig. 4.1.B) indicating poor crys-
tallinity. The XRD patterns of regenerable acceptors (Fig.
4.1.C and D) are virtually identical to the Y—AIZO3 pattern.
This is interpreted as an indication that the manganese 1in
such acceptors is too highly dispersed to cause any noticeable
change in the alumina structure. On the other hand, the XRD
pattern of an irregenerable acceptor (Fig. 4.1.E) shows seve-
Yal sharp diffraction lines in addition to the diffuse pattern

of the y—AlZO3 support. Comparison with Fig. 4.1.A clearly in-

gL A S X n Ay diffraction photograph of :
A. MnA1204 (acceptor # 7) B. Standard Y—AlZO
C. Acceptor 4 4
E. Acceptor 41

3
D. Acceptor 4# 5

(For acceptor characteristics see Table 4.1.)
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dicates that these sharp lines do not come from bulk MnA1204.
They were identified as the characteristic diffraction lines
of MnO. This confirms the supposition that the irregenerable
acceptor contains poorly dispersed clusters of manganese mo-
noxide (MnoO).

In an attempt to characterize the property of the
acceptor at process conditions, an X-ray diffraction analysis
was also carried out on acceptor 4 5 at 600 DC under a stream
of *5 v HZ in mitrogen. No change in the XRD pattern, as com-
pared to that of Fig. 4.1.D, was observed. Therefore, 1t was
concluded that the XRD patterns obtained at room temperature
(and in air) represent the true character of the acceptor un-

der process conditions.

4.3.3. Diffuse neflectance spectroscopy.

Diffuse reflectance (DR) spectra of a number of
acceptors were obtained using a Beckman DK2 spectroreflectome-
ter. The sample pretreatment for this measurement has been
described intsectioniia SB3ue

The DR spectra of several acceptor samples are shown
in Fig. 4.2. together with the spectra of MnO (octahedral
Mn2+), MnA1204 (tetrahedral Mn2+), and Y—A1203. The spectrum
of Y—A1203 is almost flat and does not contain any noticeable
peak. This means that the peaks appearing in the spectra of
acceptor samples are attributable to manganese compounds.

The of MnO shows a large absorption peak with a maxi-
mum at about 620 nm. This peak is also present in the spectra
of acceptors # 1 and 3 which are irregenerable but absent in
the spectra of regenerable acceptors (# 2 and 4). Because the
result of X-ray diffraction analysis presented in the pre-
ceding section shows that acceptors # 2 and 4 do not contain
MnO and that acceptor # 1 does contain this oxide, it is rea-
sonable to consider this peak as the characteristic peak of
MnO (or octahedral Mn2+). This is in line with the observation
that acceptor # 3 (10.1 %w-Mn) has a smaller "MnO peak" than
acceptor # 1 (7.9 %w-Mn), i.e. the former contain less free

MnO than the latter. Accordingly, acceptor # 3 should be easier
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# L (fresh)
¥-Alpy03
’/\—/MnAlzm,
#L4
#2(fresh)
#2
fg? #b4(used)
[} MnO
é #2(used)
3
&

400 500 600 700 400 500 600 700

———==— \Wavelength,nanometer

Fig. 4.2. Diffuse reflectance Fig. 4.3. DR spectra o Sacep~
spectra of manganese-con- tors # 2 and 4, fresh and af-
taining acceptors and some ter 5 acceptation-regeneration

standard materials. cyclest

(For details of acceptor characteristics see Table 4.1. )

to regenerate; inspection of performance data listed in Table
4.2. indicates that this is so. This points to the conclusion
that the relative size of the absorption peak with a maximum
at 620 nm is a measure of acceptor regenerability : the smaller
the peak, the easier the regeneration.

Fresh regenerable acceptors made by repeated impreg-
nation with different salts seem to show a slight variation in

surface composition (or structure). This is exemplified by the
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a
b
Fig. 4.4. Diffuse reflectance
spectra of MnA1204 (a) com~
c pared with acceptor # 5 after
(/f\///////////// (b) and before (c) treatment
o

wi th e limiat S6 00MEES

1 1 1 1
400 500 600 700

——w== Reflectance

———e=— Wavelength,
nanometer

slightly different spectra of acceptors # 2 and 4; the former
is derived from nitrate and the latter from sulfate. Their use
in an acceptation-regeneration process tends to smooth this
variation : as shown in Fig. 4.3., the DR spectra of acceptors
used in 5 acceptation-regeneration cycles have become com-
Pletely similar.

The DR spectra of regenerable acceptors derivea from
acetates show a similar absence of the "MnO peak"; Fig. 4.4 (c)
gives an example of them. It was observed, however, that this
type of acceptor gives considerably less reflectance than
dcceptors derived from nitrate or sulfate (this observation
Was made by comparing the absolute reflectance values of the
Spectra produced). Because it was suspected that this was due
to traces of carbon not completely removed by the reductive
Calcination procedure, several samples of an acetate-derived
dcceptor were calcined in air at 600 DC for 16 hours. The
dcceptation-regeneration performance of the acceptors was not

affected by this treatment but their reflectance was improved
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considerably. Moreover, the DR spectra of the acceptors so
treated almost completely resemble that of MnA1204 and, there-
fore, provide a strong indication that the active component of
regenerable acceptors, at least those derived from acetate, is
surface MnAlZO4 spinel (or tetrahedral Mn2*). Fig. 4.4 (b)

gives an example of the DR spectra of acetate-derived accep-

tors that have been treated in the manner described.

4.3.4. Méssbauen spectroscopy.
4.3.4.71. Introducition.

In contrast to the preceding paragraphs, this one
does not deal with manganese-containing acceptors but with
those based on iron. The reason is that manganese is, unfortu-
nately, not a Mdssbauer-active element, in contrast to iron.
The iron-containing acceptors studied, however, show desul-
furization-regeneration behaviour comparable to a manganese
containing acceptor with a similar metal content. Acceptation-
regeneration experiments on these Fe~containing acceptors are

discussed in the next chapter.

ho3. 4.2, fxpeaLmental?

M&ssbauer spectroscopy was used to study the beha-
viour of iron during the various stages of preparation of a
regenerable acceptor containing 3.6 %w-Fe. It was prepared
via impregnation of standard Y—AlZO3 with an 0.5 M solution of
ferrous sulfate. In the study, uncalcined sample of dry, im-

pregnated y—AIZO was placed in a reactor fitted to the M3ss-

3
bauer spectrometer, reductively calcined and, after cooling to

room temperature, exposed to air. The MOssbauer spectra were

3

The nesults presented were obtained in cooperation with Dn.
A.M. van den Kraan, Intenunivensity Reactor Institute, Delft,
who also coniributed to the interpretation of the data. This

substantial contaibution is gratefully aknowledged.
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taken from the sample before and after the reduction as well
as after exposure to air. The reduction was accomplished at
600 DC for about 6 hours using a flow of 150 nml/min hydrogen,
humidified by passing it through a water-filled washing-flask.
The reactor-spectrometer system has been described in detail
by Niemantsverdriet(75/. All spectra were obtained using a
constant acceleration spectrometer with a 57-Co in Rh source
at room temperature. The spectra were not corrected for the
varying distance between source and detector. Hence, the
curved background in the spectra to be presented is of instru-
mental origin.

In addition, M&ssbauer spectra were also taken from
a number of acceptors prepared by impregnation of various alu-

minas with a 1.0 M solution of ammonium iron(III) oxalate.

4.3.4.3. Method of intespretation.

To obtain the MOssbauer parameters (isomer shift,
quadrupole splitting, line width, and spectral area), each
spectrum was modelled by a combination of subspectra consis-
ting of Lorentzian-shaped lines and a parabola accounting the
curved background. The parameters and the coefficients of the
parabola were then determined by fitting the model to the
spectrum using an iterative non-linear minimization routine.
In the case of spectral doublets, the line widths and the ab-
sorption areas of the two peaks were considered to be eqgual.
Isomer shifts (I.S.) are reported relative to the NBS standard

sodium nitropruside (SNP) at room temperature.

4.3.4.4. Resudts and discusaion.

The spectra of the uncalcined, reduced, and
air-exposed forms of the sulfate~derived acceptor are shown
in Fig. 4.5.. The spectrum of the uncalcined material only
shows an electric quadrupole doublet of a Fe3+—compound; there

; : ? . +
1s no indication of the presence of Fez

Reduction with humid
Hz drastically changes this doublet. It follows from the va-

lues of isomer shift (I.S.) as well as quadrupole splitting
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3.6 % Fe on -Aly03
15651 = uncalcined

= s

E

Si. .63 reduced
o)

(=]

260

= =

[ =

U000

= air-exposed

880

T=300 K

——==— [Doppler velocity (mm/s)

Fig. 4.5. Mossbauer spectra of a regenerable acceptor during

the various stages of its preparation.

Table 4.6. The isomer shift (I.S.), quadrupole
splitting (Q.S5.) and spectral contribution corres-

ponding to the spectra in Fig. 4.5..

Fe3Jr Fe2+
Sample form B[P S ) (5 % e SEME 0SS %
mm/s mm/s mm/s mm/s
uncalcined 05 64880 75 S150.0 - - 0
1% e 60
reduced - - 0 39 5

gtk SR il 40
air exposed 0:62 20704 70 il PhE i) 30
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(Q.8.) presented in Table 4.6. that all F93+ion5 are reduced
Eicl Fez+. This 1s in comtrast to the normal behaviour of 1ron
oxide which at 600 OC is reduced to metal. Table 4.6. also
shows that exposure to air only oxidizes two-thirds of the
Fe2+ ions to the trivalent state. Note that finely dispersed
iron would be oxidized easily and completely to the trivalent
state. The air-exposed sample can be reduced in 2 hours at
600 cC, again yielding Fez+ ions.

In order to get some 1dea about the dispersion of
the iron (in the trivalent as well as the divalent state) on
the alumina support, measurements were done on the air-exposed
sample at 295, 77, and 4.2 K. The spectra obtained are shown
in Fig. 4.6. and the corresponding M8ssbauer parameters given
in Table 4.7.. Although the shape of the spectra remain the
same, a diffuse, broadened background superimposed upon the
Fez1L and Fe3+ gquadrupole splittings was observed at 4.2 K (see
Fig. 4.6.). This broadened background was neglected in the
computer analysis of the spectrum to yield the parameters in
Aol e A e

It follows from Table 4.7. that the ratio of specr
tral contributions of F82+ and Fe3+ is almost constant with
temperature. The appearance of the diffuse broadened back-
ground instead of a well resolved sextupplet (which may still
be broadened due to a distribution of particle size) indicates
that the iron ions are highly dispersed on the alumina
support. Furthermore, the spectrum of the reduced sample,
which shows an asymmetrical quadrupole splitting, was found
to be identical with the spectrum of coal slags after gasifi-
cation(76/). It is likely that the asymmetry of the doublet is
due to the occurence of different environments of Fe2+, such
as is found in amorphous iron silicates. The indication that
the system contains highly dispersed iron ions and the simila-
rity of its spectra with those of coal slags may mean that
the iron ions are built-in into the alumina support. However,
in contrast to the slags samples, the iron ions are so near
to the surface that they can react with hydrogen and oxygen,

as follows from Fig. 4.5..
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5.80

295K

5.70
480
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270 —

Intensity ( 106 counts)

4.2 K

261/ =
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Fig. 4.6. M&ssbauer spectra of an air-exposed 3.6 %w—-Fe on

Y—A1203 acceptor at various temperatures.

Table 4.7. Mdssbauer parameter values derived from

the spectra of Fig. 4.6..

Fe3+ Fez+

Temperature (SIS TR S 2 % IS QTS %
K mm/s mm/s mm/s mm/s

295 (0] Bk g a8 56 Ik gL 44

717 0.64 sk o 56 Le31 2813 44

4.2 0.65 o 61 1.48 2.50 39
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The observed behaviour of iron in the acceptor can
be explained by assuming that the iron is present in the re-

duced sample ih the form of surface FeAlZO Spaaell S iTes ey

4
green colour of the reduced acceptor is an additional obser-
vation that suppcrt this assumption. Moreover, this also ex-
plains why the iron ions built-in into the alumina support
can still be reached by reactants such as Hz or OZ. HEgs i
likely that the thermodynamic properties of surface spinel
do not differ appreciably from those of bulk Feh1204 spinel.
Using thermodynamic data for the bulk spinel tabulated in the
literature(77,78) it is found that the reaction
FeA1204(S) t Mo te) —_ Fefs) ¢ Y-Alzoz(s) + HZO(g)
° o

has AG values of +68 to +48 kJ/mol at 25 to 800 CESThusy,
reduction of F‘eAle4 to metallic iron 1s impossible. This is
in line with the observation from the MOssbauer spectrum that
at a reduction temperature of 600 QC the iron stays in the
divalent state and cannot be reduced to metal.

Thermodynamic calculation also shows that the reac-

tion

FeAl O 5 + O2[g) — i F8304‘S) + Y_A1203(s) 5]
has AGc values of -40 to -16 kJ/mol at 25 to 900 0C, which in-
dicates that even bulk FeAlZO4 is thermodynamically unstable
in air. The tendency of the surface spinel to oxidize 1in air
must be quite high because of i1ts highly dispersed nature.
This is the explanation of the observation that the reduced
sample is oxidized on exposure to air. The results further
show that the percentage ratio of divalent to trivalent iron
in the air exposed sample (Table 4.6.) agrees nicely with

that in Fe]o4 (Fe2+Fe23+0;2;. Thus, 1t can be concluded that
the assumption of surface spinel formation provides a ratio-
nal explanation for the behaviour of regenerable acceptors
containing iron.

Finally, Fig. 4.7. presents the spectra of various

iron-based acceptors prepared by impregnation of aluminas with
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Fig. 4.7. M&ssbauer spectra of air-exposed samples of iron on
various Y—A1203.

a. 4.7 %w-Fe on standard YvAIZO3 (acceptor # 2:39)

b. 4.5 %w-Fe on high purity Y—AlZO

3
c. 6.2 %w-Fe on high porosity Y—Alzo3
d. 6.7 %w-Fe on high silica Y—A120,2
e. 5.9 %Zw-Fe on high silica y—AlZO3
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Table 4.8. MOssbauer parameters derived from the spectra of

Fig., 4.7..
Fe3+ Fe2+
TSRO oY A TSm0 S %
Acceptor mm/s mm/ s mm/s mm/s
» % F y o -
dolabaieions et 0.59 0.98 58 NI T 42
dard y-Al_O
201
G2t D TR IR 0.58 0.94 40 500 e 60
purity Y‘A1203
Gock BT Rl WolEa L 46 198 s 54
porosity y—AlZO3
Gl ot gES ol il Oh 62 O 60 RS0 g 40
silica y-—AlZO3
» % i
Sl Uy 0.62 0.98 62 8m . P 38

sillica y—A1203

1.0 M solution of ammonium iron(III) oxalate. The spectra were
taken from air-exposed samples. The corresponding Mdssbauer
parameters are given in Table 4.8.. It follows from the simi-
larity of the spectra in Fig. 4.7. and the M3ssbauer parame-
ters in Table 4.8. that the type of V_A1203,“566 as support
does not have a significant influence on the behaviour of the
dispersed iron, provided that the acceptors are prepared in a
similar manner. Furthermore, comparison of the spectra in

Fig. 4.7. with that of an air-exposed sample in Fig. 4.5. in-
dicates that only minor differences in behaviour exist between

the sulfate-derived and the oxalate-derived acceptors studied

here.

4.4. Conclusions.

Based on the experimental results and the discussion
Presented in the foregoing sections, the following conclusions

are drawn :
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1. There are two types of manganese oxide on Y‘A1203 accep- 4. M. Lo Jacono, M. Schiavello, D. Cordishi, and G. Mercati,

tors. The first consists of clusters of MnO on the surface Gazzo B Chim R Eo e () SeG renrie (L975)%

5. N. Wakao, J.M. Smith, and P.W. Selwood, 7. Cazad. 7
6273 (196 D)

of the support, whereas the second 1s composed of finely
dispersed MnO which interacts strongly with the Y—A1203.
6. R.Burlamachi and T.L. Villa, React. Kinet. Catal, Let. 3

forming surface MnA1204 spinel.
(2) = 199-204 (1995

2. Of these two types of manganese-based acceptors only the
7. K.Tanabe, "Solid Acid and Bases", academic Press, New York,

1970.

second type, i.e. acceptors containing highly dispersed

manganese, can be used as an acceptor in cyclic steam-rege-

nerative, high temperature removal of HZS. An efficient way 8. Gmeldin Handbuch denxn Anonganischen Chemie, Band 56, Teil c1

to prepare this acceptor is by wet impregnation of y-al,0, Verlag Chemie, Weinheim, 1973.

9. R. Friedman, J.J. Freeman, and F.W. Lait tlle oo NG o s
10-28 (1978).

with a concentrated solution of manganese acetate.

3. The surface of Y—Alzo3 appears to have a maximum capacity

2 ¢
of about 3.5 $w-Mn/100 m“ to accomodate the manganese in 10. J.B. Peri and R.B. Hannan, J. Phys. Chem. 64 1526-1530

the form of surface Mnal, O, spinel. (1960) .
4. Zinc, iron, and cobalt behave similarly to manganese in 11. B.C. Lippens, "Active Alumina", chapter 4 in B.G. Linsen,
the sense that they also form steam-regenerable acceptors B-C. Lippens, and J.J. Steggerda (eds.), "Physical and

when dispersed on Y—A1203. However, only iron shows compa- Chemical Aspects of Adsonbents and Catadlysts”, Academic

rable performance to manganese and therefore merits of Press, New York, 1970.

further investigation. 12. J.B. Peri, 7. Physa. Chem. 69 (1) 220-230Q (1965).

13. B.R. Strohmeier and D.M. Hercules, J. Catal. 86 266-279
(1984) .

5. Visual observation, desulfurization-regeneration tests and

MOssbauer spectroscopy provide sufficient indication that
l4. G.L. Anderson, P.C. Garrigan, and F.O. Berry = Proc s n=

tersoc. &nen. Convens. Conf. 17th (7982), pp. 869-873.

the iron in a steam-regenerable acceptor is bound by the
Y—Alzo3 as surface FeA1204, similar to manganese-containing

acceptors . 15. J.W. Niemantsverdriet, Ph.0. Thesis, Delft University of

6. No significant differences in the behaviour of manganese Technology, Delft, 1983.

or iron containing acceptors were found to result from the 16. A.M. van der Kraan, Interuniversity Reactor Institute,

use of different types of y-Al,O,. Supports with high sur- Delft, Paivate Communication, 1984.

e 17. 3. Barin, 0. Knacke, and 0. Kubachewski, "Thermochemical
Properties of Jnorganic Substances”, Springer Verlag,
Berlin, 1973, Supplement, 1976.
188 0 L 7
Sasgeee 8. D.R. Stull and H. Prophet, "JANAF Theamochemical Tables”,
2nd ed., National Bureau of Standard, Washington D.cC.,

1. H. Krischner, K. Torkar, and D. Donnert, Bex. Deut. Keaam. 1971.
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2. B.J. van der Linde, Ph.0. Thesis Delft University of Tech-
nology, Delft, 1982.

3. P.W. Selwood, T.E. Moore, M. Ellis, and K. Wethington, J.
Am. Chem. Soc. 71 693-697 (1949).
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G INA'PITE'R 5

THE INFLUENCE OF PROCESS VARIABLES ON ACCEPTOR PERFORMANCE

5.1. Introduction.

This chapter presents and discusses the results of a
study on the influence of the most important process variables,
such as temperature and feed gas composition, on the sulfur
breakthrough capacity of the acceptors. The investigation was
carried out on steam-regenerable acceptors applied in the
fixed-bed experimental unit described in chapter 3. General
information concerning the condition under which the data were
obtained are given in section 5.2.. The presentation of the
experimental results themselves begins in section 5.3. dealing
with acceptor deactivation. The effect of various process va-
riables on the performance of stable acceptors is then dis-
cussed in sections 5.4. to 5.8.. Finally, section 5.9. summa-

rizes the main points of this chapter.

5.2. Experimental.

The experimental procedure of the cyclic regenerative
process and the associated method of data interpretation has
been described in sections 3.2.4. and 3.2.5.. Unless otherwise
noted at appropriate places in this chapter, the experimental
conditions are as follows :

- The reactor contained 3 g acceptor of 0.33 mm mean particle
size (0.25 - 0.42 mm sieve fraction). The length of the reac-
tor bed corresponding to this amount of acceptor was usually
about 65 mm. As has been stated in chapter 3, the reactor
diameter was 9 mm.

- The feed rate during acceptation was 100 ml/min (25°c), con-
sisting of 1 %v st, 10 %v H_, and 89 %V N2. When the feed

2

had to contain other gaseous components (e.g. HZO' CO)S S the

flow of N2 was reduced to keep the total flow rate constant.

=NiThe régenerating gas consisted of 35% Hzo, 58 % N2, and 7 %

Hz; it was fed at a rate of 150 ml/min. The regeneration was
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carried out until the titration unit downstream of the

acceptor bed did not detect any more sulfur

5.3. Acceptor deactivation.

ggzgégé. When fresh acceptor were applied in the

cyclic regenerative process investigated, stable performance

could only be obtained after an initial period of deactivati-

on. During this period, the sulfur removal capacity of the

acceptor decreases with time. As shown in 1ate s the de-

activation process bractically ceased after 4 -

Q 5 days at
600 (e

Beyond this period,the acceptor exhibited a stable

performance with breakthrough capacity somewhat less than

5USRSof thetinitial wvalue: After being applied for about

th
ree months in the cyclic process, the breakthrough capacity

= = - :
f the manganese and iron-containing acceptors of Faiq s =l

was about 0.75 and 0.45 sw-S, respectively. The acceptor based

o
N manganese was somewhat more stable than that based on iron

Note that during this three-month period the manganese- and

=
[=a) o, - -
s c;] 20— © 81%wMn ony-Aly03
= o, - =
E ° a 45%w-Fe ony-Aly03
5 - 15
E o
o &
1.0
-000
05 —tt
0 L L | L Ll |

0 1 2 3 b

—®=— Time,day

579 80

Fig. 5.1. Deactivation of manganese- and
iron-containing acceptors at 600 DC.
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iron-containing acceptors were subjected to some 260 and 150

cycles, respectively.

Further experiments and/or observations on the de-
activation are as follows

1. The deactivation was not caused by accumulation of unrege-
nerated sulfur on the acceptor because a sulfur balance
made on every cycle indicated complete regeneration (accu-
racy -ta3 sl i de o sunregenerated i sulfur.

2. At 400 DC, the deactivation was negligibly slow. At this
temperature, the breakthrough capacity of the fresh manga-
nege—containing acceptor (from the same batch as the
acceptor in Fig. 5.1.) decreased from 0.95 %w-S in the
£lrsticyecle ton 000 ew-S s in Ehe bl sticycle (about diweeks
operation) .

3. The deactivation at 600 0C could be imitated by simply
keeping the acceptor under Hz—stream at 600 DC for about
a week. When samples of fresh manganese-containing accep-
tor (again from the same batch as the acceptor in Fig.
5.1.) were treated in this way and subsequently subjected
to a one-week test in the cyclic process, they showed a
virtually constant breakthrough capacity of about 0.85
Bw=Sel(ic iR gl b i)

From these observations it can be concluded that the principal

process variable causing the deactivation is temperature.

Mechanism of deactivation. There are two conceptu-

ally probable mechanisms of the above deactivation :
a. Diffusion of the active component (Mn or Fe) into the bulk
OEEth =
e Ly A1203
for sulfur capture.

support, making it less readily available

b. (Re)crystallization of the surface spinel and/or the
Y-Alzo3 support forming clusters which are less reactive
towards HZS'

It has been pointed out in sction 2.4.3. that cat-
ion diffusion in y—A1203 is favoured because the structure of

alumina contains many vacancies. If these vacancies are filled

the diffusion will be prevented (or, at least, retarded).
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Thus, one way to test if the diffusion of the active component
is the main cause of acceptor deactivation is to replace
Y—Al203 with a 'support having similar structure (i.le.vspinel)
but containing no or very few cation vacancies. Based on this
consideration, the performance of fresh Mgal O4—supported

>
MnAlZO4 and FeAl O, acceptors was examined. The results are

24
ShoWn =N SF ia s u6 oS together with data on a MnO on Y=A10
2

acceptor containing a comparable amount of Mn. ;

It is clear from Fig. 5.2. that the deactivation
trends of MgA12O4— and Y—A1203—supported acceptors are simi-
lar. These results suggest that diffusion of an active compo-
nent into the bulk of the support is not the (main) mechanism
of deactivation because, if it were, the deactivation 6f the
acceptor using MgA1204 as support should be far slower than

that of acceptors based on YAl 0O .
283
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Fig. 5.2. Deactivation of manganese- and
iron-containing acceptors at 600 OC.

o] MnA1204 on MgA1204 (2.2 %w-Mn)

A 2.7 3w-Mn on y—AlZO3

(]
FeAlZO4 on MgA1204 (1.1 %w Fe)
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To verify the supposition that recrystallization of shown the surface of the deactivated acceptor to contain less

the surface spinel and/or the Y‘A1203 support is responsible manganese than that of the fresh one. No ESCA measurements

for the deactivation of the acceptors, the fresh and the deac- were done on iron-containing acceptors because these were ex-

tivated forms of the acceptors of Fig. 5.1. were subjected to pected to behave similarly.

three measurements Thet X-raytdifFfraction patterns of the fresh and the

- BET surface area deactivated acceptors are shown in Eiges 530 L ale sdit £ ractiilon
- surface composition by Electron Spectroscopy for bands of the deactivated acceptors (BPig. '5.3b. 'andtd) ‘are
Chemical Analysis (ESCA) more intense than those of fresh acceptors. This can be more

- X-ray diffraction clearly observed in Fig. 5.4. where the diffractograms of

The results of surface area measurements are shown Mn-acceptors are compared with that of MnA1204. The peaks in
in Table 5.1.. the diffractogram of the deactivated acceptor are sharper
than those of the fresh one; the growth of the peak around
206 = 60 3 1s very obvious. Furthermore, the center of the
Table 5.1. BET surface area of fresh and peaks of the deactivated acceptor have slightly shifted to a
deactivated acceptors. smaller diffraction angle relative to those of the fresh one
and the diffractogram of the former resembles that of MnAlzoq.
Surface area, m2 q. These facts all point 'to the recrystallization of surface
Acceptor Brecsh Deactivated spinel to form a bulk-aluminate-like structure.
8.1 zw-Mn on Y‘A1203 224 141
4.5 sw-Fe on Y-A1203 23] 5

The surface area of the deactivated acceptors is about 60 % of

that of the fresh ones. This suggest that the decrease of the

o
5
*
=
i
g
2
|
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surface area may be the cause of the deactivation of the accep-

tor, the more so because the percentage decrease in acceptor

capacity is of the same order of magnitude as the decrease of

the surface area. Fig. 5.3. X-ray diffraction patterns of fresh
The ESCA spectra of fresh and deactivated manganese and deactivated acceptors.

containing acceptors were quite similar, also with regard to a. 8.1 %$w-Mn on Y-AlZOB (fresh)

the dimensions of manganese and aluminum peaks. This indicates b. 8.1 %w-Mn on Y_Alzos (deactivated)

that the surface composition of the acceptors remains unchanged c. 4.5 3w-Fe on Y’A1203 (fresh)

during deactivation. It also strengthens the conclusion that Gh 54 5 9aw o he on *'Alzoa (deactivated)

diffusion of Mn into the bulk of the support is not the cause

of deactivation. In that case, ESCA measurement would have
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Fig. 5.4. X-ray diffractogram

of manganese-containing accep-

tors in the region of
58° < 00 < 70

a. 8.1 %w-Mn on Y—A1203

(fresh)

b. 8.1 %w-Mn on Y—Alzo3

(deactivated)

(% MnA1204

Intensity (CPS)

——s=— 28 (degree)

The above results of surface area measurements,
ESCA, and X-ray diffraction are not in conflict with each
other, for recrystallization of the surface spinel may not
change the surface composition but can cause a decrease in
surface area. Thus it can be concluded that the deactivation
(i.e. the decrease in breakthrough capacity) of the acceptor
is, at least partly, due to the recrystallization of the sur-

face spinel.

5.4. Influence of temperature on acceptor capacity.

In this and in subsequent sections the results of an
acceptor performance study at various process conditions will
be presented. All the data of this part of the study were ob-

tained with stable acceptors, i.e. acceptors which have passed
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°
the period of rapid deactivation at 600 C.
The breakthrough capacity of some acceptors at vari-

ous temperatuUres jarelshownein: Eige s o5 Raising the tempera-

ture from 400 to 600 DC increases the capacity by a factor of
two in the case of manganese-containing acceptors and three-
fold in the case of iron-containing acceptor. The capacities
of the acceptors containing 3.6 and 4.5 3w Fe are the same.
This was taken to be an indication that the active ingredient
of the acceptor containing a lower percentage of active metal
is more reactive towards HZS. A similar observation on manga-
nese-based acceptors was presented in paragraph 4.2.2.2..

The explanation of the positive influence of tempe-
rature on the breakthrough capacity may be based on kinetics
as well as on equilibrium consideration

- Kinetic consideration The rate coefficients of the intrin-

sic chemical reaction(s) and mass transport processes in-
volved in the transfer of H2S from the gas to the reactive
sites on the acceptor will, as a rule, become larger at
higher temperature. Thus, raising the temperature increases
the rate of HZS capture.

- Equilibrium_consideration The thermodynamics of bulk spi-

nels (cf. section 2.3.3.) show that sulfidation becomes more

1.0~

Fig. 5.5. Acceptor capa-
city at various tempera-
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tures.
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favourable at higher temperature. As it is likely that the be-
haviour of the surface spinel will be similar to that of the

bulk material, the equilibrium capacity for HZS of the surface
spinel (i.e. acceptor) can be expected to increase with tempe-

rature.

5.5. Dependence of acceptor capacity on HZS concentration.

Performance data of manganese- and iron-containing
acceptors in treating feed gases of different H25 concentrati-
on are shown in Fig. 5.6.. Except in the case of iron-based
acceptor at 400 DC, acceptor capacity becomes somewhat lower
as the H2S concentration of the treated gas increases. In
other words, the capacity has a weakly negative dependence on
st concentration in the feed.

It is important to realize that the investigation

10+

08~ o 600 °C

0.6 —

cap.,%w-S

04—

021~ =g 0400 °C

——s==— Breakthrough

0 | | | |
OFE= 0.5 OEN SEE2.0)

—==— H,S content of
feedgas, % v

Fig. 5.6. The influence of HZS concentra-

tion on acceptor capacity.

O 8.1 %w-Mn on Y-—AIZO3

0O 4.5 $w-Fe on Y—A1203

81

was carried out under the conditions of constant total feed
rate and constant amount of acceptor in the reactor (cf. sec-

tion 52

). Thus, the results shown in Fig. 5.6. also imply
that the breakthrough #ime decreases strongly with H,S concen-
tration of the feed; doubling the feed concentration will re-
duce the breakthrough time by a factor larger than two. Model-
ling studies (cf. chapter 6) 1ndicate that the breakthrough
capacity is the net effect of two types of HZS—consuming PTO=
cesses occurring in the acceptor bed. The first is a fast, in-
stantaneously equilibrating reaction; its contribution to
breakthrough capacity is, of course, independent of break-
through time. The second is a slow process. The weakly nega-
tive dependence of breakthrough capacity on feed concentration
is due to the decreased contribution of this processes to the
breakthrough capacity because, as the breakthrough time be-

comes shorter, 1t has less chance (time) to proceed.

5.6. Influence of water content of feed gas.

The importance of examining the influence of water
(vapour) on acceptor capacity becomes obvious if one recalls
that
- most industrial gaseous streams to be desulfurized contain

some water.
- water (i.e. steam) is the regenerating agent of the acceptor
studied here.

The dependence of acceptor capacity on the water
content of the feed is¥shown in Figs. B5L7.8tol 5 9. " flotmdke
the interpretation easier, the capacity is expresed by a rela-
tive scale, using the breakthrough capacity at zero water con-
tent as a reference. As can be seen from the figures, water
strongly decreases acceptor capacity. Its influence is
strongest in the relatively dilute region; the presence of
1 3v of water in the feed reduces the acceptor capacity by a-
bout 30 - 40 %; at 2 %v water content the capacity reduction
is about 40 - 50 %.
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Gas chromatographic analysis of the reactor effluent
indicated a net production of water during st acceptation;
roughly one mole of HZO being released by the acceptor for

each mole of HZS captured. This phenomenon was also observed

when the acceptation was carried out with a water-free feed

gas and a dry acceptor, i.e. experiments in which gas chroma-

tographic analysis of the bed effluent indicated the absence
of water prior to feeding HZS containing gas to the reactor.

From the above results, it is concluded that the
main mechanism of the acceptation and/or regeneration process
is a reversible H2S‘H20 exchange reaction between the acceptor
and the gas phase. The simplest conceivable representation of
this exchange reaction is

H, S & i =
i) MeO/y Al203(s) — MeS/y Alzoa(s) + H20(g>

( Me = Mn, Fe )
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The fact that water strongly reduces the acceptor capacity in-
dicates that the values of the equilibrium constant of this
exchange reaction are approximately unity in the temperature
range investigated. In agreement with the point of view main-
tained so far, this result also indicates that it is better to
describe the active component of the acceptor as a surface

“ause the sulfidation

spinel than as a dispersed pure oxide be
equilibrium constant of the spinel is around unity whereas

(it DT oK de s gredber thamelDosi(c £ Sse clions 28858 L)

5.7. Influence of hydrogen and carbon oxides.

It has been pointed out in the previous chapters
that the largest potential application of high temperature de-
sulfurization is in the field of processing of coal gasifica-
tion products. As carbon oxides and hydrogen are the key com-
ponents of these gases, it is obvious that knowledge of their
influence on acceptor capaclity is reguired.

In section 3.2.4., it has been pointed out that the

feed gas used in the present work invariably contained 7 %v

H2 or more. This was done because, at lower hydrogen contents,
noticeable decomposition of H_S to sulfur and hydrogen may
occur. Further experiments using feeds consisting of H_S, NZ'
T /AN O () S H2 showed that in this concentration ran;e Ve
drogen did not have a direct influence on the sulfur break-
through capacity of the acceptor.

The influence of carbon oxides on the performance of
the acceptor is shown in Fig. 5.10.. The range of carbon oxi-
des content examined reflects those usually found in coal ga-
sifier effluents (cf. Table 1.1.). The presence of carbon mo-
noxide in the feed gas produced a favourable effect, i.e. it
increases acceptor capacity. This positive influence was, how-
ever, only observed at higher temperatures. At or below 400 C
in the case of acceptors based on iron, and at or below 500 C
in the case of manganese-containing acceptors, no improvement

in performance due to the presence of carbon monoxide was

found.

85

L5y
o
T

550°C )
600
450 $

=
e2]
I

o

€02
(550°C)

{ ! {
0 25 50 75
————— [uEn(de)
content of feed

o
U

~———==— Relative
breakthrough capatity
=

o

Fig. 5.10. Influence of carbon oxide con-
tent of feed on the Capacity of manganese

and iron-containing acceptors.
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An obvious explanation for the positive effect of
carbon monoxide on acceptor performance is that this compound
consumes the water produced by the acceptation process via the

wWell-known shift reaction :

ey = s N e BT TR S
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The disappearance of water increases the driving force of the
HZS acceptation; accordingly, the acceptor captures more sul-
fur. This is reflected in the observed increase of acceptor
capacity.

The formation of CO2 by the shift reaction was ve-—
rified by gas chromatographic analysis. Measurements of the
composition of gases leaving the manganese-based acceptor bed
at 600 DC indicated that the shift reaction almost reached
equilibrium. The equilibrium constant calculated from the ex-
perimental results is 2.3, which is very close to the litera-
ture value of 2.65 (at 600 C)(7/.

Based on the fact that CO increases acceptor capa-
city by consuming water via the shift reaction, it is easy to
predict that C02 will act in the reverse way, i.e. it de-
creases the acceptor capacity. Also, the higher the hydrogen
content the more negative the influence of C02 on acceptor
performance. Some tests with an iron-based acceptor verified
that such is indeed the case (cf. Fig. 5.10.).

The results of the previous section show that the
presence of water in the feed gas strongly decreases acceptor
capacity whereas those of this section show that carbon mo-
noxide increases acceptor capacity by removing the water pro-
duced by the acceptation reaction. Results of experiments
carried out to examine acceptor performance when the feed gas
simultaneously contains HZO and CO are shown in Fig. 5.11..
It follows from this figure that the adverse effect caused by
a small amount of water normally present in most industrial
gaseous streamscan be eliminated, or at least minimized, if
the gas contains a substantial amount of CO. This increases
the potential usefulness of the acceptor for high temperature
desulfurization of coal gasifier effluent, because the gas
produced by modern gasification processes usually contains a
small amount of water but substantial amounts of carbon mo-
noxide(2). (See also Table 1.1.).

The widely accepted mechanism of shift reaction on
chromia-promoted iron oxide catalyst (high temperature shift

catalyst(3,4)) is :
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The applicability of this mechanism to the iron-containing
acceptor studied here is questionable as it requires the pre-
sence of F3304, in which two-thirds of the iron is in a va-
lence state of three, whereas M8ssbauer spectroscopy (cf.
section 4.3.) show that the acceptor kept in a humid hydrogen
contains only Fe2+. A similar mechanism is even more unlikely
in the case of manganese, which is not a shift catalyst(5)/.

A possible mechanistic explanation of the shift reaction on
the acceptors is through the formation and decomposition of

surface formate complex

GO HA G == HCOOH

2 Cade) =

L= H

2 %

This mechanism was proposed some twelve years ago by Van Her-
wijnen(6) to explain the shift reaction on a copper/zinc

Oxide catalyst. Recently, Amenomiya(7-9/ found that y-AlZO
3]
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catalyses the CO-shift reaction at 400-600 DC and, using in-
situ infra red spectroscopy, showed that the reaction proceeds
via the formation and decomposition of surface formate com-
plex given above. He also pointed out that the reaction is too
slow at 400 °C and that at the temperature range studied, the
rate determining step of the reaction is the decomposition of
the formate complex. As Y‘A1203 is the support of the accep-—
tors of the present work, it is clear that this mechanism may

explain the shift reaction on the acceptors.

5.8. Application.

It follows from the results presented in the forego-
ing sections that, if the acceptor studied here is used to de-
sulfurize coal gasifier effluents, it is better to operate the
purification unit at the higher end of the temperature range
examined, i.e. 600 cC. The advantages gained from operation at
this level of temperature are
- the reqguired cooling and reheating system, e.g. when the pu-

rified gas is to be burnt in a combined cycle unit, will be
simpler and the overall thermal efficiency of the plant will
be higher.

- acceptor capacity is higher because, firstly, the tempera-
ture is high and, secondly, the negative influence of water
vapour will be more than compensated by the presence of a
substantial amount of carbon monoxide. This will result in
either a smaller reactor or a longer cycle time.

On the other hand, for applications in petrochemical or petro-

leum refining industries, it is better to use the acceptor at

400 oC. This will have the advantages that side reactions,

such as hydrocarbon cracking, are less likely to occur and

that fresh acceptors can be used without prior deactivation.

Moreover, in these industries, most processes in which desul-

furization with solid acceptors may be applied do not operate

at temperatures above 500 °C. The gas to be desulfurizes should
contain no more than a trace amount of water if the capacity

of the acceptor is to be reasonably high.
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5.9. Summary.

The results presented in this chapter show that
when fresh acceptors are applied to desulfurize gases in a
cyclic process, stable performance is obtained after an ini-
tial period of deactivation. The deactivation is affected on-
ly by operating temperature, being negligibly slow at 400 °C
and becoming faster as the temperature is higher. The main
cause of deactivation presumably is recrystallization of sur-
face spinel resulting in a decrease of reactivity and/or loss
of surface area.

The breakthrough capacity of the acceptor doubles
when the temperature is increased from 400 to 600 uC. This
improvement in capacity is not only due to more favourable
kinetics but also to the shifting of equilibrium position to-
wards a more favourable one. Acceptor capacity is only slight-
ly affected by HZS concentration, being somewhat lower at
higher concentrations. On the other hand, the capacity of the
acceptor is adversely affected by the presence of water va-
pour in the feed gas, which is a logical consequence of the
fact that the acceptor is regenerable with steam. This nega-
tive influence of water can, however, be compensated if the
feed gas contains carbon monoxide, because the latter con-

sumes water via the well-known shift reaction.
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7. Y. Amenomiya, J. Catald. 55, 205-212 (1978)
8. Y.. amenomiyva, J. Catal. 575, 64-71 (1979) In contrast to chapters 4 and 5, which deal with
9. Y. Amenomiya, J. Catal. 76, 345-353 (1982) breakthrough capacities, structure and composition of the
acceptors, this chapter considers the breakthrough curves.
Specifically, it presents the results of preliminary work
aimed at a quantitative description of breakthrough behaviour
of the acceptor and an attempt to extract appropriate process
parameters. Due to its preliminary nature, the work considers
only manganese-containing acceptors in the acceptation phase
of the process. The study of the regeneration stage and the
qualitatively similar behaviour of iron-containing acceptors
should be subjects of subseguent work.
In section 6.2., various phenomena occurring during

the acceptation of H_ S5 are derived from the features of the

2
breakthrough and elution curves of HZS and HZO' respectively.
Section 6.3. deals with some fundamental aspects of fixed-bed
sorption theory which forms the basis of the mocdelling study.
A simple model is then proposed in section 6.4. to describe
the breakthrough behaviour of the acceptor under certain con-
ditions. In section 6.5. a more general, unavoidably rather
complicated model is formulated. The capability of this model
is demonstrated through comparisons of simulation and experi-
mental results. The difficulties of solving the model equati-
ons and in estimating the parameters are also discussed. Sec-
tion 6.6. shows how the presence of carbon monoxide in the
feed gas affects the composition of the reactor effluent. The
chapter ends with section 6.7. which contains suggestions for
subsequent modelling studies.

The conditions under which breakthrough/elution cur-
ves were obtained during routine acceptation-regeneration are

described in section 3.2. dealing with the general experimen-
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tal procedure. This chapter presents the procedure of some
further experiments specifically done to support the modelling

study.

6.2. Experimental breakthrough and elution curves.
6.2.1. Acceptation stage.

Typical breakthrough and elution curves ofyrespecs

tively, HZS and H_ O obtained during acceptation are shown 1n

ke Ao ik eaiiene io breakthrough time tb, the reactor efflu-
ent contained very low, almost constant concentrations of HZS'
amounting to about 20 ppmv at 400 oC and 10 ppmv at 600 nC.
When the feed gas concentration was raised to about 3 %V Hzo,

these became 60 and 40 ppm, respectively. As the lowest feed

concentration used in this work was 0.5 s%v H25

(5000 ppmv) ,

this means
removed by
HES h

2 in the
let value.

sulting in

that at least 99 % of the HZS 1

the acceptor. At breakthrough t

n the feed gas was

he concentration of

reactor off-gas suddenly rose to 1D=80 %o f i tsern=

Thereafter, it increased at a much slower rate, re-

breakthrough curves of the type

shown in the

figure. These observations apply to both fresh and deactiva-
ted acceptors. In other words, acceptor deactivation did not
influence the shape of the breakthrough curves; it only ca-
used the breakthrough time tb to become shorter.

The acceptor was found to release water in the
acceptation stage. As can be seen from Fig. 6.1., the area
below the water elution curve, which is a measure of the total
amount of water eluted, is comparable to the area between the
horizontal line (C/CH 540 == andsthe HZS breakthrough
curve, i.e. a measure of the total amount of H2$ removed. This
was interpreted as an indication that the principal reaction
occurring in the reactor during the acceptation stage is an
equimolar hydrogen sulfide-water exchange between the gas and
the solid phase. As has been stated in section 5.6., the sim-

plest conceivable representation of this exchange reaction is

H, S

25(e) * MnO/v—Alzos(s)

— - 1
= MnS/y A1203(S) + HZO(g) (1)

0 | | | | |
0 2000 4000 6000 8000 10000

——==— Time, s

Fig. 6.1. Typical breakthrough (elution) curves of HZS (HZO)'

The sy 3 c
e symbols of LHOS,O and CH 0,0 denote the concentration of

hydrogen sulfide 4nd water ini the feed, respectively.

If this process is the only one occurring in the reactor, then

it follows from the stoichiometry that

(S +
H S,o Cx 0,0

c + C
2 2 HZS,Out HZO,Out

or in the case of dry feed gas (C = 0)
H,0,0 :
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CH S,out H2O,out
SLALTCO T e e
& c
H, S,o
H2S,o P
which is equivalent to
(6]
(&
Hzo,out st,out
e = g7 5 = @5 T
CH S,0 HZS,O

2

This relationship implies that the elution curve of water
should take the form of a mirror image of the HZS breakthrough
= 0.5

curve with respect to the horizontal line (C/CH S,o)

Therefore, the experimental fact (cf. i Sk that the form
of water elution curve prior to breakthrough deviates strong-
ly from this expectation, is an indication of the occurrence
of at least one other process. This process can be visualized
as follows. The acceptor surface contains not only sites ca-
pable of exchanging oxygen with sulfur according to reaction

(1) above but also sites, *, which can adsorb both HZS and

o
HZ

o) (s)

I

25(s)

I

% (3)
0 + % *H,0 4
e (s) 2°(s)
Thus, when the acceptation 1s started HZS first reacts with
the oxygen-containing sites to produce water, which 1s then
adsorbed by the sites The net effect is that initially nei-

ther H_S nor H_O appears in the reactor e Effinen & N o T IEIET G
2

Gl E S one tiie later, when the exchange reaction 1s almost

complete, two other processes occur

(a) . hardly any water is now produced by the reaction. This
disturbs equilibrium (3), which then shilftatostheslatty
causing water to desorb ("free desorption") .

(b). sites #, which initially cannot compete for HZS with ithe
reaction sites, now start to adsorb H2S, This provides
another disturbance to equilibrium (3) because it reduces
the number of free sites available. Therefore, more water

is desorbed ("forced desorption" or desorption by indi-

rect displacement) .

The desorption results in the appearance of water in the re-
actor effluent. The fact that the water concentration rises
to values higﬁer than the inlet concentration of st strongly
supports the supposition that the desorption occurs via the
two mechanisms indicated above. If water is to desorb freely,
i.e. without the displacement effect due to st adsorption,
then it should follow from a heuristic reasoning that, if the
feed gas is dry, the concentration of water in the reactor
effluent will never be higher than the inlet concentration of
st.
Another feature of the cuxve shown in Fig. 6.1. is
of importance in the development of phenomenological mcdels
of acceptation. Even at times sufficiently long after the
breakthrough point (tb), the concentrations of HZS and HZO in
the reactor effluent have not yet reached their inlet values.
As the experimental data show, the approach to these end con-
centrations is remarkably slow. Two different interpretations
are
l. The acceptor surface contains only one type of oxygen-sul-
fur exchange site, the final exhaustion of which proceeds
much more slowly than the initial reaction.

2. There exist two types of oxygen-sulfur exchange site, one
of which is much more reactive than the other.

The former interpretation is used in section 6.4., the latter

in section 6.5..

6.2.2. Regenenation.

Two mechanisms of HZS removal from the gas phase by
the acceptor have been postulated in the above discussion
€xXchange reaction and adsorption. Because the regeneration of
chemically reacted sulfur requires a specific regenerant (i.e.
steam) whereas that of adsorbed HZS does not, it is clear that
the elution curves of both types of sulfur can be obtained se-
Parately by first flushing the saturated acceptor bed with a
dry inert gas (e.g. N2 ek HZ) to elute the adsorbed st, and
Subsequently treating the bed with a steam-containing gaseous

Stream to regenerate the chemically bound sulfur. Fig. 6.2.
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‘Fig. 6.2. Typical elution curve of H2S during (a) inert flush
and (b) steam-regeneration of sulfur-saturated

acceptor bed.

presents typical elution curves obtained from regenerations
carried out in this manner.

The fact that a part of the sulfur in the acceptor
can be eluted by inert flush (Fig. 6.2a.) confirms the postu-~
late that the acceptor surface possesses sites capable of ad-~
sorbing HZS. Fig. 6.2a. further shows that the HZS concentra-~
tion in the reactor effluent decreases strongly in the initial
part of the elution (i.e. when the acceptor still contains a

relatively large amount of adsorbed HZS)' This indicates that
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the desorption of the rest of the HZS 1sgdi R enles

The area below the elution curve in Tag 2 6e 2ol
much larger than that in Fig. 6.2a., indicating that the total
amount of sulfur bound chemically is appreciably larger than
the total amount of sulfur adsorbed. This strengthens the
assumption made earlier that sulfur-oxygen exchange reaction(s)
is (are) the principal process occurring during acceptation
(and thus also during regeneration) .
6.2.3. Influence of physical taanaport proceases.

The breakthrough and elution curves shown IngKIgs?
6.1. and 6.2., and also those presented in sections 6.4. and
6.5., were obtained from experiments using a total feed rate
of about 100 ml/min (STP) and acceptor particle sizes between
0.25 and 0.42 mm (average size 0.33 mm). Some experiments
carried out at 600 OC using acceptors with particle sizes of
0.60 - 0.85 mm (average size 0.72 mm) showed that neither the
form of the breakthrough and elution curves nor the break-
through capacity of the acceptor were influenced by the parti-
¢le size. This result was interpreted as an indication that the
global rates of acceptation and regeneration were not limited
by pore diffusion. This conclusion is based on the expectation
that, if pore diffusion is the limiting step, the breakthrough
Capacity will be significantly influenced by particle size,
larger particle having smaller capacity.

Further experiments using beds of different length
(5 - 15 cm) and total flow rates up to 300 ml/min showed the
absence of influence of these physical variables on the accep-
tation-regeneration processes. Based on these results and the
Tule of thumb that pore diffusion is usually slower than exter-
nal mass transfer(7,2/, it was concluded that the experimental

data obtained were free of mass transfer limitations.

6.3. Fundamentals of isothermal fixed-bed sorption theory.

The theory of fixed-bed sorption processes has been

Teviewed recently by Rodrigues/3-5/ and others/6,7); for de-
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tailed information the reader is referred to these authors.
This section will only treat those aspects of the theory which
are of decisive importance to the modelling study in sections

6 .ds and¥ e 5% o

6.3.7. Conztinuity equations.

For a radially uniform cylindrical fixed-bed sorber,
the flux N_l of the i-th sorbable component in axial direction
is the sum of a bulk convective term and an axial dispersion
term

BCl

N S e RE R S =) (4)
" ¢ 5 a 3z

where v is the interstitial gas velocity (m/s), Da the axial
. v 2 "
dispersion coefficient (m /s), Cl the concentration of the i-th
Zl .
sorbable component (mol/m”), and z the axial distance from the

inlet of the bed (m). A mass balance of the i-th sorbable com-

ponent over a volume element AV = Q.42, where Q 1s the cross
sectional area of the bed (mz), gives
o :
= an + n;Az T Qa—quz
S HR 2w at
z z+Az

flux at flux- at accumulation accumulation

2 z + Az in the gas in the accep-

phase tor phase

in which € is the void fraction of the bed (dimensionless), t

time (s), and a; the concentration of the i-th component in

the solid phase (mol/m3 of " Bed)is 4= Dy Q. where 3N Taethe

b i,m

bulk density of the acceptor (kg/m ) and a; the amount of
'

m
i-th component adsorbed per unit mass of acceptor (mol/kg). By
taking the limit as Az —> 0 and assuming that v and Da are

constants, the above eguation yields

2
3C., 9g. G G
it 1 i it b
i S R Sémp (5)
at e ot 3z a 2
9z
When Da = 0 (no axial dispersion, that is, plug flow), eqg. (5)

reduces to

ac,
—
at e

@
Q
on

©
o

A separate mass balance for
o
at

accumulation in
the solid phase

where Ql has a unit of mol.m

99
acl
9z = 0 (&)
the solid phase gives
m
'y (7)

global rate of
sorption of the
i-th component

= el
5] .

Conceptually, given an expression of Ri in terms of

Cl: £

solved to yield Cl asva ~tunctionsof St sandass
initial conditions imposed, the values of C (t,z)|
3

L is the length of the acceptor bed,

or elution curve of the i—th

and probably also t and z,

eqg.(5) or eqg.(6) can be

Depending on the
, where
z=L
represent the breakthrough

component.

6.3.2. Rate of sonpition.
Consider the simple reversible exchange reaction
A iz MeB === McA
(g) S sh=its l5) g
Reaction (1) conforms to this "generalized notations" (A = sul-
fur, Me = manganese, B = oxygen). It is reasonable to assume
that the intrinsic rate -r_ of this reaction is
kl
-r ==k c - - —
a 15a82 = 4, K Cpla {2

where kl is the forward rate

constant (ma.mol‘l.s_l), Q the

stoichiometric capacity of the acceptor (mol/m3 of bed), and K

the equilibrium constant

A,eq

Here the subscript "eq" means

€gs. (9) and (10) are related
metry

(dimensionless)

CB,eqqA,eq
C (Q *==q )

(10)
A,eq

SateeguilibriumiPhe—C st =in

B
to the CA's through the stoichio-
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c =Lt el S el (Lakily)

in which C and C are the initial (or inlet) concentrati-
A,o0 B,0
on of A and B, respectively.
If the sorption process 1is kinetically controlled,
the global rate of sorption can be assumed to be equal to the

intrinsic rate of the reaction. Thus,

= - ———c 12
R, i © (0 = o) e G
If, in addition, the reaction is fast (i.e. the forward reac-

tion rate constant k. is large) the process can be assumed to

1k
reach equilibrium instantanecusly everywhere 1in the sorbent
bed (cf. eg.(10)). In this case, the expression for the global

rate of sorption takes the form :

3q e

R S| S = s (13)
A aC 3t
A,eq =
A,eq A

i th te of change of equili-
(an,eq/scA,eq) is e ra ang q

brium concentration of the solid phase with respect to the gas

Physically,

phase concentration. Geometrically, it is the slope of the
isotheam, the expression of which can be derived from eg.(10).
The analysis of the performance of a fixed-bed sor-
ber based on eq.(6), the plug flow continuity egquation,
coupled with the assumption that local equilibrium is esta-
blished instantaneously at every point within the bed is
called the local equidibnrium theoay of f{ixed-bed sonption. The
remarkable usefulness of this theory stems from the fact that
the form of the isotherm determines the basic form of the
breakthrough/elution curve. Kinetic and physical transport
effects merely cause the curve to become somewhat more diffuse.
A prediction from the equilibrium theory can be refined by
corrections for non-equilibrium effects, whereas a complex
isotherm will produce basically new effects that cannot be
accounted for by corrections or minor modifications(&/. The
modelling studies presented in sections 6.4. and 6.5. are,

therefore, primarily based on the equilibrium theory.
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6.3.3. Prediction of breakthrough/elution curves on ihe basis

of equildibaium theony.

In this paragraph, the application of equilibrium
theory to reaction (8) with equilibrium relation (10) will be
presented in some detail, the objective being the following :
- to obtain a simple illustration of the rationale behind the
solution of the more complicated model treated in sections
Sied N and S bR HEe

- to examine the validity of reaction (8), a major building
block of the model postulated in section 6.5., by consi-
dering the breakthrough/elution curve resulting sErom 1tE

Jsotheam. Substitution of eq.(ll) into eq.(10) gives

(i + -
= £ Ao EMCpASIERC g
CafQ g

(14)

The subscript "eq" was left out of eq.(l4) because this will
not cause any ambiguity when dealing with equilibrium situa-
tions only. It is further assumed that the inlet concentration

of B (i.e. water) is zero; C i)
B

. By introducing dimension-
'

less quantities,

c and Vi (15a,b)

eqg.(14) can be written as

K . VeSS )
x (L e =8

which, when solved for y, gives the isotherm equation

Kx

I+ (K - Ix L)

Plots of this isotherm are shown in Fig. 6.3. for several va-
lues of K. The plot is linear if K = 1, convex when K > 1, and
Concave if K < 1. The slope (dy/dx) of the isotherm is :

K

e St 2 (17)
LIS (K= S 1) hc )




IR ()7 S (/SR (0 S (] B [0
——&=— [imensionless gas
MAE o

concentration, x (=
Ca,0

Initiad conditionas.

work were started by switching at t = 0 to a £
taining a constant HZS concentration, CA o £o
'
completely regenerated acceptor bed (qA = 0) .
the initial condition is
SO (o)
at Nz =0 CA = ?
< (o)
A,0
or, in dimensionless form
SO B )
at . =0, i =
11 (hapals)
where
z vt
R B A YR RO N
L La eC
A,0

Here L denotes the length of the acceptor bed

dimensionless distance,

2 10
o
(%]
2 _ 08
=
Sol@
2 0.6
Q "
Qi
ES >
8 0.4 Fig. 6.0,
E
.02
Q
e
S 20 (I ] |

eed
pas

By s

(m) ,

9 the dimensionless time,

Isotherm of

exchange reaction (8)

The acceptation experiments of the present

stream con-~
s through a

means that

(18)
(19a,b,c)
7z i8, the

and a the

dimensionless stoichiometric capacity of the acceptor; the

other quantities are as defined previously.

Initial condition
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(18) implies that a step
change of dimensicnless X
concentration from 0 to 1
1 is applied (see sketch)
LIt i eRE 2O (N O8N
Breakthrough cuaves. From
eqs. (6], (7), and (13} 0 e
it follows that
c .
SVA 1 qu dCA BCA
SEE e T s O
€ Ca 3
which, in terms of the dimensionless quantities x, y, 6, ¢z,
and « defined in (15a,b) and (l9a,b,c) can be rewritten as
1 ax ax
- o g — + — =
a iy 2C 9
or
ax
ok =l :
ax N Ak (20)
380
Now, from differential calculus(¢/
ax ax
dx = = dlg + e
20 ac dg (21
When dx = 0 (that is, x = constant),
ax
R
dzg X (22)
e e
36
It follows from (20) and (22) that
A Byt i )
déx = = 5 v {x) (23)

This“relation"is® stilligeneral, i%ex

of the specific initial conditions and the isotherm.

it is still independent

Ph e R =

tial conditions are required in the evaluation of the definite
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integral which follows from (23)

28 1 A

) ae = B 5 atiea| fas (24)
;] & 0

x,z=0

where ex =0 denotes the time 6§ at which concentration X passes
o=

the inlet of the bed. As initial conditions (18) imply that

ex T=0 = 0, integration straightforwardly results in
S
1 : E
0= = 2 y'(x)|¢ (25
a
For exchange reaction (8), eq-(17) can be substituted for R ()

in. (25) to give, after rearrangement

The equation of the breakthrough curve 1s obtained by setting

¢ = 1 (reactor outlet e Thus

(26)

Plots of breakthrough curves for several values of K are shown
in Fig. 6.4.. In most cases, also in the present work, the va-
lue of the stoichiometric capacity is large (o > 1000). This
means that in the region of practical interest, G CRr e G Gt
around unity, (8 - i) ~ B.

As can be seen from Fig. 694a., for K < 1 |(concave
isotherms) the breakthrough curve takes the form of a disper-
sive front. The front steepens with increasing value of the
equilibrium constant and when K is equal to unity (linear iso-
therm) it becomes a step change. The latter is the "best" form
of breakthrough curve one can expect, because it means that no
leakage of component A occurs before the acceptor is complete-~

ly exhausted.
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a
. =
08 K =05
Qb
s K=10
0 k=08
| | | | 1
X e T 2
QB mi B
\\ B
FEugees o
WA= = -
» LA
0 __;__:::tr_
= i | | 1

Fig. 6.4. Breakthrough curves of the exchange reaction
K
A + MeB = Me
(2) > ) —= JLA(S) (g)
as predicted by the equilibrium theory.

+ B
A : punely mathematical (inrealistic)

sodution.

B : physically acceptable sodution.

For convex isotherm (K > 1) eq.(26) results in an

unrealistic form of breakthrough curve (See Fig. 6.4b. : Curve
A implies that for 0.5 < (8 - L) e OeEHerasaresthree
a

different concentrations associated with any single value of
time). The physically acceptable solution is represented by
the step front B which, as has been stated above, is the best

form of breakthrough one can hope for. The vertical line was
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drawn so as to make the two areas I and II equal. This 1is re-
quired by a mass balance consideration since area (I + III)
is a measure of the total amount of component A retained by
the acceptor bed.

As has been discussed in section 6.2., experimental
evidence shows that the principal process occurring ST tie
acceptation/regeneration stage of the present investigation
is an oxygen-sulfur exchange reaction. This suggests that a
model based solely on a suitable exchange reaction scheme
might be able to give at least a fair description of the expe-
rimental results. As a start of an attempt to find such a mo-
del, the suitability of scheme (8) with K < 1 was examined. It
was, however, found not to apply. This was checked by plotting

5 1%
xNagainste (Be=a) ey
a

according to eg.(26) such a plot should be
a straight line. However, two broken lines were invariably ob-
tained when the experimental breakthrough data were plotted 1in
the manner specified. Moreover, a gqualitative comparison of
the step front of Fig. 6.4., which should be obtained 1f
kil and the experimental st—breakthrough curves 1in Fig.

6.1. directly reveals the unsuitability of exchange reaction

(8) as a candidate model.

6.4. Model based on an alternative exchange reaction.
6.4.7. Basis of moded.

An oxygen-sulfur exchange reaction with a different
stoichiometry, Vviz.

HZS(g) + 2 MnO(S) = ”MnZOS”(S) + HZO(g) (27)

or, more generally written

) = (28)

(g) (s )

was then examined as a basis for the sorption model in the
fixed-bed reactor. The primary assumptions for this model are

as follows

1150)5/

- the acceptor bed is isothermal

~ plug flow in the ‘bed

- the reaction ' is so fast that instantaneous equilibrium bet-
ween gas and acceptor is established everywhere in the bed.

Stoichiometry and the equilibrium assumption leads to the re-

lations

and

2
G =
A 4(9 aoe)

where K is the equilibrium constant, Q the stoichiometric ca-
pacity, and o the concentration in the solid phase. The 1iso-
therm of reaction (27) can assume the form shown in Fig. 6.5a.
(see also Fig. 6.6.); it contains a convex as well as a con-
cave part. As a consequence, the breakthrough curve correspon-
ding to the complex isotherm of Fig. 6.5a. is composed of a
step change in the concentration followed by a dispersive
front (see Fig. 6.5b.). The intersection between the two parts
of the breakthrough curve is determined by the composition
corresponding to abscissa xy of the tangency point between the
isotherm and a straight line through the origin(3,70/.
Exchange reaction (27) 1mplies that two moles of ma-

nganese are required in order to capture one mole of sulfur

Fig. 6.5. Breakthrough curve corresponding to a complex iso-

therm. (a). isotherm, (b). breakthrough curve.
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(HZS). This postulate 1is based on the observation that the
breakthrough conversion of the manganese or the iron insthe
acceptor, which was routinely calculated 1n every cycle and
based on a sulfur to active metal ratio of of unity, was Al
ways relatively low, i.e. in general < 40 %, as follows from
the breakthrough conversions of steam-regenerable acceptors
in tables 4.2. to 4.5. in chapter 4. Moreover, prolonged
acceptation experiments, 1.e. experiments carried out until
the concentration of st in the reactor effluent became equal
to that of of the feed, showed that the ultimate conversion
of the active metal was about 50 %.

The aforementioned observation seems to hold not
only for the acceptors studied in the present work. Parera et.
al.(77) recently investigated the adsorption isotherm of H_S

o
[afigl azhsl (aps AlZO catalysts at 500 C. From their results they

3
concluded that, whereas the known sulphide of platinum (PtS)
hasa Pt/s'ratiocloft il —rhe total amount of sulfur chemi-

sorbed by the catalysts correspond to a Pt/S ratio of 2 : 1.

6.4.2. Jsotheam.

In terms of the dimensionless variables x and y de-

fined in (15), the equilibrium expression (29 ) 1s
PO SR B (30)

2
40 (T =y

CB,O/CA,O' Solving: eq. (BO)Rfor 'y results: in the iso~

therm equation

1 \
o= _b{ (b 2p)ac BV 4pi(batp)aa (31)

where y =

in which b = 16.K.Q and p = (l—i*l - 1). As can be seen in

Fig 6.6. the isotherm may be concave, convex, or even complex
(convex in the lower region of x but becomes concave as X
approaches unity), depending on the values of parameters b and
y. More precisely, for b < 2 the isotherm is wholly concave,

independent of the value of y. If b > 2, the isotherm is com-

plex when y is relatively small (y < 1/[b - 2]); at highexr va-
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Fig. 6.6. Isotherms of exchange reaction
= 3

253 Z== + B

([ (s) (s)

m

(g)

lues of y it becomes convex throughout.

The equation of the isotherm's slope can be derived

TR (4 Ay e
2 } 1
: a (p + 1) \\/b+ {
yU(m) =t = ] = L =
dx JSHEIC e G P "Virop 25 e
Thissexpression -ofv' (x), sand eqii{31) Sfot vl cangbasti=cd

*
to find abscissa x of tangency point between the isotherm

and a straight line through the origin, that is by solving
* *

B *
condition eguation y(x ) = x .y'(X ). The resnlt is
Ko b 2
X e () > T (33)
The condition:b > 2. and v < l/th-=""90HSswhichs was Snlentioned

above as determining the range of condition in which the iso-

therm is complex, was actually derived from this analytical
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expression of x

The other important characteristics of the isotherm

are
1 \
y = —{ (b + 2y) - Vay(b + y) | (34)
b
x=1
& b & il
' (35)
Vit BT )
y'(0) b (36)

The last eguation was obtained by applying LY Hospital simeule

o evalaratbe SR8 A ey e H()0

6.4%.3. Breakthrough curve

*
When the isotherm is complex, 1.e. 0 < x sl the

breakthrough curve consists of a discontinuity followed by a
dispersive front (cf. Fig. 6.5.). The equation gf the shock
I esis

It () S e e (S

1 Ll I Sl
et B(T * 1)

whereas the equation of the dispersive front can be obtained

by substituting eq.(32) into eq.(25) and setting ¢ = 4, g

result is

—odynma APy L) ,/ 2= »zl (38)
{e B b(1l + Y)' b +.p |

)
Thus, a complete description of the breakthrough ‘curve 1is

o e
S (i = LT )
x = ) (39
% given by e ;) % D 1
eq.(38) a SHEIE e r ]
When the isotherm is wholly convex (b > 2 and y > 1/[b - 2]),

the dispe}sive front disappears and (39) simplifies to :

151

1
0 2 s Y
s x=1
x = ' (40)
1 (e—%)>y|
x=1
where y\ is gaven by (34). On the other hand, 1f the iso-

=1
therm is wh@lly concave (bi< Z2jEhe stepsfrontidos sEno teexI st

and (39) is replaced by

il b
2 - <Tx+yw
= (41)
X given by (0 l) % b
- =) > e
eq. (38) a 4 (1= A

As eq.(38) cannot be inverted to yield an explicit expression
1

of x as .a functionfof (g -t =), 6 thewaltues of SxiatSpredaters
a

mined values of time should be found by solving eq. (38) nu-

merically, e.g. by bisection and/or secant method(72)/.

6.%.4. Panameten estimation.

The model equations presented above contain two free
parameters K and Q, hidden in two dimensionless guantities a
(= Q/[CCA’O]) and b (= 16KQ). The Ffitting of thecretical®to
experimental breakthrough curves and estimation of the best
values of eguilibrium constant K and acceptor capacity Q was
done using subroutine ZXSSQ of the International Mathematical
and Statistical Library(73/), which implements a finite
difference version of the Levenberg-Marquardt nonlinear re-
gression method(74). The results are summarized in Figs. 6.7.
to 6.11. and Tables 6.2. and 6.3.. The experimental conditions
associated with the data presented in Figs. 6.7. to 6.11. are
listed in Table 6.1..

The model gives an excellent fit for the breakthrough
data obtained with dry feeds and at temperatures up to 550 DC
(Figs lexd. anden . 8N MEAEt =600 OC, the fit is rather poor, see
Fig. 6.9.. This indicates the presence of another process,
Presumably a slow, kinetically controlled exchange reaction,

which becomes important at higher temperatures (i.e. above
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Table 6.1. Experimental conditions associated with
the 'datayin i Eigs. 6.7. to 6.11..
Fig. Fig. Fig. Fig. Fig.
O 6.8 6.9. 6.10. 6.11
X
Mn content of 8.1 8.1 8.1 8.1 5
acceptor, %w.
Acceptor state$ stable stable stable fresh fresh
Temperature, o] 450 550 600 400 400
B el o 0 53 0324, 0. 439 0.432
L/¥, S5
e ' mol/m3 QSR RO D 598080 26 2. 01663 <0,1632
HZS,O
CH i8] i)
S ) 0 0 0 0 0.89
H_.S,0 L ; 3
2 Fig. 6.7. Comparison of theoreti-
Acceptor bulk cal breakthrough curve with expe-
d ity ' . £ 1
enSItg °p 700 700 700 700 700 rimental data obtained with a sta-
k o
g ble acceptor (8.1 %-Mn) at 450 C.
Bed void frac-
X i 0.4 0.4 0.4 0.4 0.4 (o] experimental data
tron, E
—~ curve of best fit
3
$Stable = deactivated, fresh = undeactivated 0 =pl75:6 mol/ms Wlas= 2750
=4 3
£assumed value K= 7.114 x 10 m-/mol
(b = 1.999)
x 10 x 1.0
0.5 0.5
0 1 | |V
Bl a0 1520 20
——— (8- )
x

Fig. 6.8. Comparison of theoretical break-
through curve with experimental data ob-
tained with a stable acceptor (8.1 %-Mn)
at 550 GC.

Q experimental data

S curvesof ‘best 'fit
o
K =

246.6 mol/m3 (=4 897

-4
a2

1.982)

Fig. 6.9. Comparison of theoretical break-

through curve with experimental data ob-

tained with a stable acceptor (8.1 %-Mn)
at 600 0C.
o] experimental data
e curves o bl he sttt
0D = 28805 mol/m3 fa e B8 Bl
o —Uabea ot e L o

el
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550 DC). Moreover, as has been shown 1in section 6.2., even at
low temperatures adsorption of HZS and HEO actually occurs. In
summary, these findings imply that both the parameters K and

Q of the model are, in fact, lumped parameters containing the
various basic parameters of the phenomena occurring during

the acceptation process.

The values of equilibrium constant K and the stoi-
chiometric capacity Q of the acceptor obtained from the fits
at various temperatures are listed in Table 6.2.. If exchange
reaction (28) is a true representation of the acceptation pro-
cess, then the value of stoichiometric capacity @ should logi-
cally be independent of temperature. The fact that the values
of @ in table 6.2. vary with temperature reflects the semi
empirical (or lumped-parameter) nature of the model. Thus, the
temperature variation of the values of K and Q listed in the
table should not be interpreted in an exact, physically
meaningful manner. Rather, each pair of values should be con-
sidered as model parameters useful for predicting the accepta-

tion performance under the specified conditions.

Table 6.2. Parameters of exchange re-
action (27) for a stable acceptor

containing 8.1 %w-Mn.

T K Q
(OC) (10_4 mg/mal) (mol/m3)
400 4.2 180
450 Thek 176
500 5.5 202
550 SE0 247
600 4.6 269

Influence of Zhe manganese content of the acceptor. The model
was also found to fit excellently the breakthrough data ob-

°
tained using fresh acceptors at 400 C and water-free feeds.

This is illustrated in Fig. 6.10.. The values of K and Q
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s 1.0
Q
0.5
OL | | |
0 0.5 10 1.5 20
1
—_— - =
(8-%
Fig. 6.10. Comparison of theoretical breakthrough
curve with experimental data obtained with a fresh
o
acceptor (8.1 %-Mn) at 400 C.
o experimental data
G==r e curveScEs best it
Q = 489.6 mol/m3 (o = 7880)
T A s A el (08 = Ay
Table 6.3. Parameters of exchange reaction (27)
for fresh acceptors at 400 DC.
Mn- t
content of cheo§. Qexp.3 K
acceptor, %w. (mol/m”) (mol/m°) (10_4 m3/mo1)
85l S 490 2.
ot 388 360 5
4.4 261 242 4.3
il 1592 163 6.4
corresponding to fresh acceptors of different manganese con-
tent are listed in Table 6.3.. The parameter values given in

this table (and also in Table 6.2.) are the rounded form of
the values obtained by the computer (cf. Figs. 6.7. to 6.10.);

Simulation tests indicated that the rounding is permissible as
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an additional high-temperature exchange reaction which pro-
ceeds much more slowly than the main exchange reaction postu-

lated in the model.

6.5. Model based on sorption and exchange reaction.
6.5.7. Basic postulates and equations.

Based on the qualitative interpretation of the form
of breakthrough/elution curves of H25/H20, it was proposed in
section 6.2. that the following processes probably occur du-
ring acceptation and regeneration
- a fast oxygen-sulfur exchange reaction (the principal pro-

cess)
- a slow oxygen-sulfur exchange reaction

- adsorption/desorption of st as well as HZO

Furthermore, it has been stressed in the previous section that

if a model is intended to have a broader range of validity,

it should not only be based on the fast exchange reaction, but

also take the sorption and the slow reaction into account.
Therefore, following these proposals, the present model
assumes that during acceptation and regeneration three mecha-
nisms apply

(AT = HZS GIA SR H2O o0

1. A fast exchange reaction,

K
A S B e ST B (42)
(s e e (R )
a (o ey S g
c. a
5 5 . B. 71
Lo G 0 g K b3y

2. A slow exchange reaction in the solid phase,

K
) 5 s

lA(s) i ZB(S) B 5ZA(S) +'SIB(5) (22
iy (9 %= a,) a, (Q, - a,)

g e kg a;(Q, - g5 )Sss a,(92; = q,) (45

19
The equilibrium constant of this reaction is simply
assumed to be unity. Note that the terms "fast" and "slow"
mean that k£ is supposed to be much larger than k_.
3. Competitive, Langmuirian adsorption of A and B,
A 5 5
(g) 3(s) 5?A(sJ (o)
[c! 0.~ =
A (237953,79;5] =
B
=) 3(s) 53B(5) (47)
@ Q.= =
B (2379357935 938
These are a umed to reach equilibrium instantaneously;
this equilibrium is described by
Sl 932
A ol = = 28)
93 = d3padaplsy
TS 935
B = = G
93 ~ 93 = 935'C5
or, when solved for
9 atando g
et
gl = 2 9
3a T o sk °3 e
A A KBCB 2
K
q = Q
3B SESE s S le T 2 (ol
A A KBCB g

Due to the presence of "non exchange" sorptions (46) and (47)
'
the concentrations of A and B at any point in the reactor are

not connected by a fixed relation such as

This 1 1
means that CA and CB must be considered independent of
each other and, consequently, a separate mass balance must be

written for each of them. From eqg.(6) it follows that these

are
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where CETY and d3p are given by (50) and (51), respectively.

In order to make the (numerical) solution easier
and safer (preventing computer overflow and/or underflow) and
also to simplify the interpretation of results of calculation,

the following dimensionless guantities are introduced

L xch x*CB y—ql y»qz
=4 - e == = — H =
2
L 2o BERICE 1 =0y 2
= EETN = 938 x Ql = %3 ~ N = g}
s fms Bty vip e chs Mo Bgpe & M2, fins v R
Q
- t v
X : = y = - - 3 L/v
% eC L La sty krcouoL/V 25 ko ks25%0M A
o o
(54a-54n)

Some of this quantities (e.g. ¢) have already been defined

previously (see also List of Symbols at the end of the thesis)-

C0 and Q0 represent a reference concentration and a reference

capacity, respectively. The value of C_was chosen to corres-
= )

pond to a 5 Co eIl at % a g
E o a gas concentration of 1 %v and Q was assigned a va-

w

lue of 0.2 mol/kg acceptor (or 140 mol/m reactor) s *Eqs. (52)

= c3
and (53) were then written in terms of these dimensionl

gquantities and rearranged. The results are, partially in

matrix-vector notations, as follows

LR s
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@

o
-

=
N

m
<
N}

1

(57)

where : X S et 00

When the acceptation is started by passing a dry feed con-
£ -
aining 1 %v HZS through a fully regenerated bed, the initial

conditions of the above eguations are

‘o at o < E0MAE0 < B sl
X = 9
A [ (58a)
il at eo > Qe ar =10
at ¢ =0 for all @
s o
x =
B o ? (58b)

ate0=< < =lafor eo < 0
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iy = Y e =0 OE <R (584)

6.5.2. Method of numerical sodution.

Considerable difficulties were encountered when
attempting to solve egs. (55) to (57) numerically. The sources
of difficulties are the following two interrelated factors
1. From a mathematical point of view, equations (55) to (517)

consist of a pair of nonlinear hyperbolic partial differen-
tial equations (PDE's) containing a source term Fl which,
in turn, is affected by the two relatively simple PDE's
(56) and (57) .

2. The solutions were expected to pPOsSsess large gradients
(i.e. steep fronts) when simulating the experimental results
(breakthrough and elution curves of HZS/HZO).

The present state of the art of numerical solution of hyperbo-

lic PDE's is far behind those of other classes of PDE's (i.e.

elliptic and parabolic). It is directly indicative offthiss s

tuation that neither the NAG£ nor the IMSL$, the routines of

which reside in almost every large computing center throughout
the world, has a single routine to solve hyperbolic PDE's.

The trouble of numerically solving hyperbolic PDE's
is in discretizing the spatial derivative (i.e. axl/ag). The
simplest stable scheme applicable to eq-(55) is the fixrst oxr=

der backward difference

X L et
e ?J—_ZJ— e N (59)
J j-1

The drawback of this scheme is that it introduces much disper-—
sion into the solution. In other words, the solution tends to
be much more dispersive than it ought to be, unless a large

number of grid points is chosen (N is large and, consequently,
tne computation time is long) . This is particularly true when

the solution is expected to exhibit steep fronts. The use of

E/1/Lune/u'.<:cu Algonrithm Group
$ Jnternational Mathematical and Statistical Librany

—
N
w

higher order schemes, such as those containing central
differences(75/, can reduce the dispersion as well as the re-

quired numb

r of grid points. However, they are not recommen-
ded because they possess an even more dangerous property than
the above first order scheme : the use of conventional higher
order schemes produces physically unrealistic oscillations
behind and ahead of the (steep) fronts. A number of newly
proposed schemes(76-79), either truly novel ones or modifica-
tion of older schemes, are able to produce oscillation-free
solutions. However, they are either difficult to implement or
still subject to overly restrictive stability limitationn.
Based on the above considerations, the backward
difference scheme (59) was applied in the present work. The
axial distance along the reactor was divided into N equal in-
tervals (N+1 grid points); because the value of ¢ ranges from

zero to unity, the length of each interval (g

5 = ;j_l) 1S
justs 1 /N This approdch convertssegcs (558 to (57) dnto’ the
following set of 4N ordinary differential equations (j = 1,..
..... /N)

dx
A _
= = T + :
de A,j-1 \1E1,J}
+ a—z[wy - 3 F
A “B,j’l) Al:l,] (60a)
de a
= -—[N(x ¢ ) + A F
S A A,J A=l 151,
al[N(
! X = =
i Tl i g
ayey
el = 2 F
o e (62¢)
dy2 7
— ’2 =
= i Z
de 2,3 (604)
3y 9
where : al =L + A3 = i a = A Y3A
a ax g 2
o A J 2 aXB J
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The four partial derivatives (ay3/ax)j were obtained from the

dimensionless forms of (50) and (51)

Ko Ky % 2
3Y3p K ) Ll S ]
& FE ] B
T % B /i j
Kacgtal- b Rt )
%3p S b2 R a*a,3
4 ax G
3%y 4 ©5 B fj 3
5 K TR X )2 K =Ky ; K =RRC:
b el RGN e b*B, 3 s A Ao b B o

It is worthy of note that this approach, i.e. converting hy-
perbolic PDE's describing time-dependent phenomena in tubular
equipment into a set of N ordinary differential eqguations
(ODE's) using first order backward difference spatial dis-
cretization, is equivalent to representing the apparatus with
N stirred tanks in series, which is a widely known approxima-
tion of tubular reactors in the chemical engineering litera-
ture.

To obtain the theoretical breakthrough and elution
curves of HZS and H20, respectively, the system of ODE's (60)

should be solved numerically. As during this solution process

$
the behaviour of the ODE's (60) might change from std Ffielo

sA system of ODE's is called stiff in some region/range of the
independent variable if, in that region, its solution
possesses components which vary much more rapidly than the

others.

Lo5

nonstiff and vice-versa, the integrations were carried out by
a program which switched automatically between stiff and non-
stiff routines. The stiff integrator implemented an embedded
Rosenbrock formula of order 4(3) due to Shampine(20) whereas
the nonstiff one used an embedded Runge-Kutta formula of or-
der 5(4) due to Fehlberg(27). The structure of the program,
methods of switching, stiffness detection, step size adjust-
ment, etc. followed the guidelines given by Shampine(20/ and
Shampine and Watts(22). The correctness of the program was ve-
rified using test problems available in the literature(20,23/.
Preliminary simulations using simple models showed
that a value of N = 30 (tanks or spatial intervals) was suffi-
cient to produce reasonably accurate approximations. This va-
lue was then used to produce the simulation results reported

in paragraph 6.5.4..

6.5.3. Panametens of H2U and HZS adsonption.
DRSS St rodiiet o

The model egquations given above contain, among
others, the sorption parameters of water and hydrogen sulfide.
These parameters were estimated from data on HZO adsorption
and HZS desorption, respectively. The results are presented

below.

6.5.3.2. Water adaorption.

The measurement of breakthrough behaviour of water
on the acceptor was complicated by the apparent adsorption of
the vapour on the tubings in the reactor section, despite the
fact that the latter were always kept at 80 cC by using
heating tapes. Thus, when a stream of gas with a predetermined
water content was passed through the bypass line of the reac-
tor section (cf. Fig. 3.1.) the water concentration, as detec~
ted by the gas chromatograph in the analysis section, did not
immediately reach its set point. A similar result was obtained
when the gas was passed through the reactor filled with inert

non porous material (0.25 - 0.42 mm quartz particles); see
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Fig. 6.12. Breakthrough (a) and elution (b) curves of
water on a fixed-bed of quartz particles. The tails of
these curves are due to, respectively, adsorption and
desorption on/from the tubings. T = 400 0C, Cy S =
1.7 Zv., e = 3000. 2

Fig. 6.12a.. On replacing the wet gas by a dry stream, desorp-
tion of water from the tubings occurred, as indicated by the
tail in the curve of Fig. 6.12b..

A typical plot of the variation of the water concen-
tration in the reactor effluent during the measurements of wa-
ter adsorption on the acceptor s shown wn: Fig-—o6-13 5 The lries
latively large (but decreasing !) water concentration prior
to breakthrough point (eO = 0.72) was understood to have re-
sulted from the desorption of water adsorbed on the tubing du-
ring measurement of inlet concentration. Conversely, the fact
that water concentration after the breakthrough point did not
immediately reach the inlet concentration (XB,O = 0.75) was
interpreted as having been caused by readsorption of water on
the tubing. The solid line drawn in the figure is the break-

through curve of water as expected from equilibrium theory

15257

0.8 =
o =1e
0161 o i
o Fig. 6.13. Breakthrough
b curve of water on an
Xg 0.4~ 8.0 %w-Mn on Y-Al,0,
223
acceptor.
02f T - 600 C
Cc 0.75 %
OOOOO HZO’O &
0
1 | |
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e Dy

(A Langmuir isotherm is a convex isotherm for which equili-
brium theory discussed in section 6.3. predicts that the

breakthrough curve will consist of a step front). From egs.
(56) with CA = 0, 1t follows that the breakthrough capacity

q3E,b according to equilibrium theory is

KNG =x:
o - @ +EKOCB:;O 7ot L)
B0 ¥B 0
Table 6.4. lists the experimental breakthrough capacity at
400 and 600 °C as a function of the inlet concentration of
water. From these data, the parameters KB and Q3 of water

adsorption were estimated to be

o
. = 3 3
4008 (3 Q3 = 140 mol/m KB = 14.74 m /mol

3
GHele) = del g Q3 = 168 mol/m KB = PR m3/mol

The breakthrough capacities calculated using these values of
parameters, shown in the last column of Table 6.4., are in
good agreement with the experimentally measured ones. The
difference in the values of Q3 at 400 oC and 600 oC is pro-

bably due to the difference in "degree of dryness" of the
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Table 6.4. Water-breakthrough capacities of an
8 %w-Mn on Y-Al_O, acceptor.

273
Temperature Inlet conc. of Breakthrough capacity,
of HZO’ mol/m3

cC %V exp. calc.
400 e 2 84 105
400 2826 126 120
400 Sty A58 AL
600 (0. 785 105 95
600 36 45152 118
600 20 133 134
600 331 147 143

acceptor at these two temperatures (i.e. at 600 °C the dry
acceptor contains less hydroxyl groups and, therefore, can
capture more water than at 400 °C).

When the values of the equilibrium constant obtained

above are substituted into the Van't Hoff equation

X ik 2l AHB
1n{ == = == wlsr (62)
S =5 2
an estimate of AH° = - 4.3 kd/mol is obtained. This is small

compared to that normally found for chemical reactions.

(s dlostosls HZS adsonption.
The adsorption of HZS by the tubing was found to be
negligible, in contrast to that of HZO' Thus, the concentrati-
on of st in the reactor effluent, as detected by the titrator
and/or gas chromatograph in the analysis section, is the real
concentration of HZS released by the acceptor.
The equilibrium constant (KA) of HZS adsorption

could be estimated by measuring the amount of st desorbed

1929

when a completely sulfur-saturated acceptor was flushed by an
inert stream (88 % NL o L ] H2). To that end, the acceptor
was treated with a gaseous stream containing a constant con-
centration of HZS until the effluent composition became equal
to that of the feed. This could be achieved by leaving the
acceptor under the gas stream overnight. Thereafter, it was
flushed by inert and the amount of HZS eluted was measured.
Another important result of this experiment is the
ultimate (total sulfur) capacity of the acceptor, which was
obtained by further treatment of the acceptor with a steam-con-
taining gas to regenerate all the chemically bound sulfur. The
ultimate capacity is the total sulfur released in both inert
flush and steam-regeneration.
The results of the experiments are summarized in
Table 6.5. (see Fig. 6.2. for the elution curve of st). As
has been stated previously, the ultimate capacity of the accep-
tor corresponds to a sulfur-to-manganese ratio of about 1 : 2.

The deviation from the ratio 1 : 1 in the known compound MnS

Table 6.5. Total sulfur capacity of an 8.0 %w-Mn on
Y—AlZO3 acceptor and amount of H2S desorbed by inert
flush.

Inlet con- Total sulfur Mol Amount of H,S desorbed

centration accepted, ratio by inert flish, mol/m3

L emDs of H,S 3 S/Mn of acceptor.

© mol/m

C %V SR oo measured calculated
400 0.93 489 0.48 36 2
400 1.60 458 0.45 36 40
400 2.24 468 0.46 50 50
600 RSO 462 0.45 3514 257
600 1l 52 570 0.45 34 38
600 1.96 529 03852 52 50
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presumably reflects the fact that the manganese is bound by
the alumina support.

Analogous to the case of HZO, the relation between
the amount of adsorbed sulfur qBA,b and gas phase concentrati-

on x is
A,0

K C x
A o A,O

q =
g
3A,b ACOXA,O

Q3 (63)

From the data in Table 6.5. and using the value of Q3 obtained
in the previous paragraph, the eqguilibrium constant was esti-
mated to be

400 OC 2 K = 1.38 ma/mol

600 aC : K = 1.36 m3/mol

6.5.4. Venification of model.

Apart from the known adsorption parameters KA' KE,
and Q3, the model equations contain five other parameters K,
kr' ks, Ql and Q2 which relate to the exchange reactions. To
obtain rough estimates of these remaining parameters, simula-
tion runs were carried out, guided by a statistical method of
parameter screening (Placket-Burman design(24,25/)). This
effort resulted in the set of parameter values listed in Table
6.6.. The breakthrough (elution) curves calculated using these
parameter values are compared to experimental data in Figs.
6.14a. to 6.l4e.. As the figures show, the simulated curves
are in satisfactory agreement with the experimental results.
The observed discrepancies in the case of the water elution
curves may be attributed to the low quality of the experimen-
tal data : as has been pointed out previously, the bed sorpti-
on data are obscured by adsorption of water vapour on the
tubing in the reactor section of the experimental unit. Thus,
noting this fact and recognizing that the parameter values
in Table 6.5. are only rough estimates, it is concluded that
the model correctly describes the experimental results in a

relatively wide range of conditions

Table 6.6. Estimated values of parameters of

sorption-reaction model

(Zlzb) e (Bl

400 600 C
K dimensionless 4.7 30
3
2 =1
k
ot m mol_3 0.4 0.4
Ql' mol.m 160 209
3 =3 =3 =
ks' m mol - 1) 10 E
Qz, mol.m 140 210
3 =1
KA' m mol Al e 036
g =
KB' m - mol . 14.74 2SS
QB' mol.m 140 168

Fig. 6.14. Comparisons of simulated and experi-

mental breakthrough (elution) curves of H_S

(HZO) at various conditions.

2

Acceptor : deactivated 8.0 %w-Mn on y-Al_O_.
255
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The outcome of the simulation work presented here
suggests that the model must be fitted directly to the expe-
rimental data using a formal (non-linear) regression technigue
in order to obtain accurate and completely interpretable para-
meter values. The rough estimates listed in Table 6.6. can,
perhaps, be used as initial values to start the 1iteration of
the regression routine. This was, however, not done in the
present work for the following reasons
- as noted above, the guality of the water elution data 1s

not yet satisfactory and, consequently, does not allow accu-

rate estimation of parameter values.

e X X
o I ( )

| L L L

because each iteration 1n such an activity would require 0 0 10 1.5 2.0 25 3.0
i
8o

- the fitting would take an unacceptably long computer time,

integration of 120 ordinary differential equations (60a-d) .
Observations made during the above simulation study show
that every integration of the ODE's to produce a complete

Fig. 6.15. Simulated breakthrough (elution) curve

breakthrough/elution curve took 2 - 3 minutes computation of H.O H S 5
50 (H,8) during regeneration of a completely

time on the Amdahl computer of the niversity's Computing sulf
sulfur-saturated acceptor bed. The gas used to

Center. Moreover, no matter how accurate the i1ntegration 1S saturat t} el
e the bed contains 1 %v H,_S 7
p o an g
carried out, the result can at most a fair approximation The H.S 5 L 2 d 0 %v H20.
e Zb-frce regenerant contains 3.5 %v H,0
to the exact solution of the model equations, because the e g

120 ODE's (60a-d) arise from discretization of the four ba-
sic PDE's of the model, egs. (55) to (57), using a first or-
der scheme at a moderate number of grid points (i.e. 30 65 Gon el o
s g Sy

This point will be discussed further in section 6:.7. where

some suggestions for subsequent modelling studies will be made. The material presented in this section sh th
- ows at it
The model equations and the parameter values listed is possible to describe the d i
ynamics of H_S accept i
. i : 2 e < 2 ptatian=onstire
in Table 6.6. can also be used to simulate the concentrations ptor by a model based on
in the reactor effluent during regeneration of a sulfur-satu- - two oxygen-sulfur exchange reactions proceedi t
{ : ing at very
rated bed, provided that the concentration profile of the significantly different rates, and
'
acceptor bed at the start of the process 1S known. Fig. 6.15. - competitive adsorption of H_S and H_ O
5 2 D=
shows breakthrough (elution) curves of H,O and HoS@resul A simulation stud x
g ( u ) urv 2 2 resulting udy shows that the model predictions agree sa-
from the regeneration of a completely saturated bed with a tisfactorily with the experimental results, though
' accurate
i Y. : ; i . - estimates of
gas containing 3.5 %V HZO These simulation results agree model parameters were not obtained. Some diffi-
qualitatively with experimental observation (lcE 7 SEL1ge 6= 200080 culties encountered in solving model equations as 11
we as es-

timating model parameters have also been discussed
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6.6. Reactor effluent composition in the presence of oxides

of carbon.

When the feed gas to be desulfurized contains carbon
monoxide, marked changes occurred in the reactor effluent com-
position during acceptation, as compared to the results ob-
tained with feeds free of carbon oxides. These changes are the
appearance of CO2 and COS, see Fig. 6.16.. Carbon dioxide is
produced by the shift conversion of CO with water which is
either generated by the acceptation reaction or already pre-

sent in the feed

co + H,O0 e co H (64)
(g) 2z ) 20z ()
Carbonyl sulfide was probably formed by reaction of CO with
H
2S
co (65)

oy g R S TR T

Fortunately, COS was only observed in the reactor effluent
after breakthrough, which implies that the oxide acceptor
effectively removed sulfur in the form of both HZS and COS.
Case et.al.(26) reported that reaction (65) rapidly attains
equilibrium. According to Kohl and Riesenfeld(27/), the eguili-

brium constant
[HZIKCOS]

[H,5](c0]

is about 0.054 at 600 OC. The values calculated from the data
in Pig. 6.16. (K = 0.06) is close to this. Thus, reaction (65)
can be assumed to be in equilibrium. As has been pointed out
in section 5.7. and can be verified from the data in Fig.
6.16., the CO shift conversion, reaction (64), also attained
equilibrium.

Another important effect resulting from the presence
of CO in the feed is the decrease in the acceptor's capacity
to adsorb water. As has been discussed in section 6.2., water

produced by the acceptation reactions is adsorbed by certain

3.0~

25—

1S

20

25 3.0

Fig. 6.16. Dynamic variation of reactor effluent
composition when the desulfurization feed contains

carbon monoxide.

Temperature

Gas residence time,

Feed composition
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sites on the acceptor surface, with the result that no water
was found in the reactor effluent initially during acceptation
operation when using relatively dry feed gas. When the dry
feed contains CO, however, water appeared in the reactor
effluent immediately after the start of the acceptation, al-
though its concentration was low because it has partially been
converted to CO2 by the shift reaction. This observation may
indicate that CO was adsorbed on the same sites as water, thus
diminishing the capacity of the acceptor for water adsorption.
This is in line with the proposed mechanism of the shift con-
version via the formation of formate complex (cf. section
5.5.); the formation of the complex is probably preceded by
adsorption of both CO and HZO on the acceptor surface. In
addition, the relatively bulky formate complex may hinder fur-
ther adsorption of HZO and, consequently, result in an appa-
rent decrease of acceptor capacity for water adsorption.

In the present work, an attempt has also been made
to include the influence of CO in the sorption-reaction model
of section 6.5.. The rate of the shift conversion was assumed
to be

i =k KX (66)

(X X slex
co o {¢] H aE
2 I co H2 e

The rate of reaction (65) was supposed to follow an expression
analogous to (66). In order to be consistent with the fact
that either of the above reactions rapidly attains equilibrium,
the rate constants were assigned a relatively large value
(0.04 mamol—ls—l). By inclusion of these two reactions, the
basic PDE's of the model increased from 4 to 6 and the number
of ODE's to be integrated grew from 120 to 180. Simulation
calculations resulted in a qualitatively correct variation of
COS concentration. The predicted elution curves of CO2 ana

HZO were, however, far from reality : the model predicted that
both HZO and CO2 would appear in the reactor effluent after
the acceptation has proceeded for some time. This incorrect
result was obtained because the fact that the presence of CO
decreased the amount of water adsorbed was not taken into

account. Thus, the water produced in the beginning of the

1530

acceptation was implicitly assumed to be adsorbed quantita-
tively, resulting in a zero concentration in the gas phase

and, consequently, a zero value of the rate expression (66).
It is therefore suggested that subsequent modelling studies
to explain the fate of CO should take the influence of CO on

water adsorption into account.

6.7. Concluding remarks and some suggestions for further mo-

delling studies.

In this chapter, the results of preliminary attempts
to describe the dynamic process of HZS acceptation quantita-
tively on a MnO/y-AlZO3 acceptor have been presented. A simple
model based on an exchange reaction was formulated in section
6.4. and shown to be a useful approximation to acceptor beha-
viour in the temperature range investigated, provided that the
feed gas to be desulfurized is dry. The failure of the model
to predict the behaviour of an acceptor treating wet feeds was
ascribed to the fact that it neglects the phenomena of HZO and
HZS adsorption on the acceptor. A more general model which
takes sorption into account was developed in section 6.5..
Through comparison of simulation calculations and experimen-
tal results the model was demonstrated to be valid under a
wide range of conditions. Accurate estimates of model parame-
ters could, however, not yet be obtained owing to the presence
of some obstacles. As was noted in paragraph 6.5.4., these ob-
stacles are partly experimental in nature - the low gquality of
water elution data due to the disturbing effect of adsorption
on the tubing - and partly computational, viz. the inefficien-
cy and inaccuracy of numerical solutions of eguations of the
type contained in the model.

To obtain accurate estimates of the model parameters,

it is suggested that the interaction of the acceptor with H_S,

HZO' and CO should be studied using a thermobalance, pre- :
ferably coupled with a gas chromatograph. This technique has
the obvious advantage of allowing a direct and accurate measu-
rement of accumulation (depletion) of a component on (from)

the acceptor. Thus, reliable data can be gathered on adsorption
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rates and isotherms, total sulfur capacity of acceptor, equl-
librium positions and rates of the exchange reactions etc. g
provided that mass transfer limitations can be avoided. From
these data, accurate values of model parameters may besex=
tracted in a relatively straightforward manner. It is expec-
ted that these parameter values can be used with confidence

to simulate the behaviour of fixed acceptor beds during accep-
tation as well as regeneration.

The simulation results of the present work were ob-
tained by representing the fixed-bed sorber as 30 tanks 1in
series (or, in a mathematical sense, through spatial discreti-
zation of the PDE's describing the fixed-bed conservation
equations using first order backward difference and 31 grid
points). As has been pointed out 1in paragraph GabaA e Nt e =
sults are, at most, moderately accurate. If solutions of
better gquality are required, something should be done to im-
prove the numerical method used.

Recent developments in the field of numerical ana-
lysis show that the accuracy of numerical solutions of time-
dependent partial differential equations can be remarkably im-
proved if the grid points are neither egually-spaced nor
fixed (time—independent). This means that as the (numerical)
solution evolves, the algorithm should adapt the grid points
to the nature of the solution, placing a rather closely-spaced
grid points in the region of rapid change (e.g. in a steep
front). These ,technique, called dynamically—adaptive grid me-
thods(28), have been and are still being studied actively by
numerical analysts since the end of the last decade(29,30).

At the time of writing, good methods are becoming available 1n
the literature. Of particular promise is the moving finite
element method(37/) which yields excellent resolution of steep
fronts and discontinuities. Unfortunately, this method is very
complex and difficult to implement.

Recently, Madsen(32/) proposed an adaptive grid im-
plementtation of first order backward difference (that is a
“yariable volume tanks in series" model). The method is rela-

tively simple to comprehend, yet it results in a remarkably

improved solution compared to the conventional tanks-in-series
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model. It is estimated that with this technigue solutions of
good accuracy can already be obtained using 115 S 20 gt sabT =
stead of 30 adopted in the present work, which implies a use-
ful reduction in computation time. Therefore, it is proposed
that subsequent simulation studies should try this technique.
Finally, it 1is also recommended that a further ther-
mobalance and simulation study should include not only MnO on

y—A1203 but also iron-containing acceptor.
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GRHEARER T EH SR 7
EVALUATION

7.1. Introduction.

In previous chapters the influence of preparation
methods and process conditions on the sulfur removal capacity,
steam-regenerability, and breakthrough behaviour of the accep-
tors were discussed. In this chapter, simplified schemes of
fixed- and fluidized-bed high-temperature desulfurization pro-
cesses will be presented together with a discussion on poten-
tial advantages and problems which result from applying the
steam-regenerable acceptors of the present work in these ope-
ration modes. The proposed processes will also be compared to

those described in the literature.

7.2 Fixed bed process
7.2.1. Descaipition.

A simplified flowsheet of a fixed-bed high-tempera-
ture desulfurization processes based on steam-regenerable
acceptors of the present study is shown in Fig. F ol s Thescons
ditions shown in this figure are based on the assumption that
the unit is an integral part of a coal gasification combined
cycle power plant utilizing a high-pressure second-generation
gasifier (e.g. Shell-Koppers, Texaco). The heart of the unit
is a fixed-bed desulfurizer-regenerator system R1-R2 which 1s
operated in a swing mcde. In i g7 sonl Yt wo absorption$
vessels are shown, one in the desulfurization/acceptation
phase (R1) the other in the regeneration phase (R2). In prac-
tice, more than two vessels will be rquired (see next para-

graph) .

$The term absorption/absorber is chosen here although the pro-
cess itself involves adsorption on the surface of the accep~

tor.
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Eigs 7.1, Fixed-bed hot gas desulfurization proecess

based on a steam-regenerable metal oxide on Y-Al,O.

acceptor. e
D4 valve (open)

P4 valve (closed)

Depending on the type of coal and gasifier used,
the feed gas entering the desulfurization unit may contain

Q4= =i %
4 sv HZS and trace amounts of organic sulfur compounds

(see section 1.1. and Table 1.2.). Thei gas 1s passed through

a freshly regenerated acceptor bed in vessel Rl where its H_S
content is reduced to 10 - 40 ppm (cf. section 6.2.). As dii‘
cussed in section 6.6., COS is also removed. Thus the clean
gas leaving the bottom of the absorber can be sent directly
to the combined cycle unit because its sulfur content is: low

enough. However, when the gas is to be used in a fuel cell or
for catalytic synthesis, a zinc oxide guard bed should be in-
stalled downstream of the absorber system to carry out the
final stage of purification, i.e. from 10 - 40 ppm to less
than 1 ppm st.

When the concentration of HZS in the clean gas
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reaches breakthrough (< 500 ppm for combined cycle applicati-
on), the regeneration of the acceptor bed 1in vessel R2 must be
complete. At this time, the valve system 1s switched to inter-
change the roles of vessel R1 and R2; the former becomes the
regenerator, the latter the absorber/desulfurizer. The rege-
neration of the sulfur-saturated bed is carried out at a tem-
perature and a presssure similar to those in the desulfurizer.
Results of a preliminary experimental and simulation study of
the regeneration phase (cf. sections 6.2. and 6.5.) indicate
that it is possible to obtain a regenerator off-gas containing
IHOS= 50y HZS. To concentrate the st, the pressure and the
temperature of the regenerator off-gas are reduced to about
0.2 MPa and 50 cC, respectively, by passing it through heat
recovery system HR (waste-heat boller/condenser/cooler). The
st is then separated from water 1in gas-liquid separator SP
and sent to a Claus unit. Note that the end values of tempe-
rature and pressure reduction mentioned here are actually de~
termined by the operating pressure of the Claus unit and the
maximum acceptable level of water vapour in the catalytic re-
actors of that unit, which are about 0.15 MPa and 25-30 &v,
respectively (7,2/.

The water leaving the bottom of separator SP will
dissolve some HZS and probably also contains some sulfur par-
ticles produced by gas-phase decomposition of hydrogen Sl
fide. The dissolved HZS is removed by contacting the water
stream with the feed air to the Claus unit in stripper ST. If
the level of sulfur entrainment by the water stream 1is too
high, a filter should be installed upstream of pump P.

To minimize pressure drop, industrial-scale fixed
bed absorbers will require relatively large acceptor parti-
cles, typically 2.5 to 10 mm in size (extrudates or pellets).
As this is 10-30 times larger than the size of the acceptor
in the present work, the performance of a real fixed-bed may
be expected to differ from that of the mini fixed-bed studied
here, because in the former the process rate may be limited
by pore diffusion. Moreover, the high operating pressure of

industrial processes may also result in a different acceptor
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behaviour. Further experiments are needed to verify that
acceptor performance/behaviour under these industrial conditi-

ons are acceptable.

7.2.2. Companison with other processes
As has been discussed in paragraphs 2.2.3. and
2.2.4., most hot gas desulfurization processes produce SO as
2

S % =5
a4 regeneration product, the conversion of which to'sulfur' 'in

a Claus plant requires reducing agents (e.g. H_, CO) In
> 5

coal gasification combined cycle plant, the consumption of

a

process gas by this reduction represents a loss of approxi-

mately 1.5 percentage-point in the overall thermal efficiency

of the plant (1i.e. coadl to electricity), after=adjustments for

h
eat recovery (3). The process proposed here has a sizable ad-

vantage 1in that 1ts regeneration product is H_S, which can be

converted to sulfur by oxidation with air. Thus, it eliminates

the costly consumption of process gas in the Claus unit and
'

consequently, leads to a potential improvement in the thermal

efficiency of the whole plant.

The above potential advantage of the present process

results from the feasibility of regenerating the acceptor with

steam. This regeneration method also brings two other advanta-
ges to the process

1. It follows from the thermodynamic calculation in paragraph

2.3.3. that the regeneration, which is exactly the reverse

of the acceptation process, involves small heat effects.

This means that the process temperature can be easily con-
trolled to maintain isothermality. Moreover, as experiments
showed, both the acceptation and regeneration stages can be

ca 1
rried out at the same temperature anéd pressure. In the case

of processes using oxidative regeneration and yielding SO
2

as product (cf. Table 2.2.), satisfactory operation can be
attained only by applying an excessively tight temperature
control(3) (e.g. by adding a large amount of diluent to the
regenerator feed-air or by using costly externally cooled

multitubular reactor vessels) because the oxidation reacti-

ons are highly exothermic (see paragraph 2.2.3.).



148

2. Because the regeneration is non-oxidative, i.e. with steam,

no oxidation of the active component of the acceptor (i.e.

manganese O iron) occurs. As a result, there is no con-

sumption of process gas for acceptor reduction during the

acceptation phase. This 1s not the case in the MERC$ iron

oxide process, for example, where the iron oxidized by air
during regeneration 1is reduced by HZ/CO in the acceptation.
The latter phenomenon may even have a more adverse effect

than the 1 or 2 % loss of process gas : an extensive reduc-

tion of the iron oxide at the start of the desulfurization

phase may cause the heating value of the fuel to drop tem-

porarily to a level that impairs the performance of the
combined cycle unit (3/.

The steam-regenerability of the acceptor causes the
proposed process to be sensitive to humidity of the feed gas.
Thus, whereas the MERC process can satisfactorily desulfurize
gases containing up to 6-20 %v water vapour(}/, the present
process is applicable only to relatively dry feeds. Gaseous
stream with a HZO content of 4-5 % can be handled provided
that they also contain a substantial amount of carbon monoxide
which can remove water via a shift reaction
Fortunately, product gases of modern, high-temperature high
pressure gasifiers usually fulfil this requirement, see e.9.
Tapble 1.1.. In addition, recent surveys(3,%) show that the
gases may contain a few percent by volume of light hydrocar-
bons (principally methane) . Although it is expected that these
will not adversely affect acceptor performance, experiments to
examine their influence still have to be performed. Also, for

applications of the proposed process in the petroleum indus-

tries, tests should be carried out to determine whether or not
higher hydrocarbons (C > 2) will crack on the acceptor, for
this may result in either deterioration of acceptor due to
coke deposition or undesirable change in the quality of the

treated product. In this connection, an observation of Lank-

huijzen(5/ is quite promising : he found no coke formation

sMorgantown Energy Research Center, Morgantown, West Virginia,

U.S.A.

(see section 5.7.).
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occurs when a stream of gaseous hydrocarbons is passed
through a bed of manganes xide alumina

£ o anganese oxide on alumina at temperature of
up to 6005 €.

Another weakness of the process is the relatively
low sulfur-removal capacity of the acceptor. An acceptor con-
taining 8 %w- s s a

g w-Mn on y Al203 has a capacity of about 1 %w-S at

600 nC. In contza M ac %
o} st, the MERCacceptor  (25:% FEZO F5E%= 590 )

'
has a capacity of 8-10 %w-S(3). To obtain a Clear3p1cture :
about the implications of these capacities in practice, consi-
der a 1000 MW coal gasification combined cycle plant burning
about 500 ton/hr Illinois No. 6 coal containing 4 %w sulfur
(moisture- and ash-free basis, 90 % of the sulfur appears in
the gasifier product). Evaluation studies done by several in-
stitutions(3,6/) indicate that, in order to ensure a smooth
desulfurization-regeneration cycle and a continuous, uninter-—
rupted feed to the Claus unit, the MERC fixed-bed process will
require 16 vessels, each holding approximately 90 tons of sor-
bent; the acceptation as well as the regeneration phase take
about 4 hr. If the present process is applied using the same
amount of acceptor and number of beds, the duration of accep-
tation/regeneration phase will be rather short, viz. about

24 minutes. In addition, the vessels should be twice as large
'

because the bulk density of the present acceptor (= 700 kg/m3)
is approximately half of that of the MERC sorbent (= 1500

: =
kg/m™) . Further calculations indicated that when the accepta—

tion phase is terminated, the process gas hold-up in the bed
is relatively large, i.e. amounting to 1-4 % of the clean gas
produced.

It follows from the above facts that an acceptor ca-
pacity of 1 %w-S is rather low for application in a fixed-bed
swing process. Research 1s, therefore, still needed to find
steam-regenerable acceptors having a significantly higher ca-
pacity than that of the present study. To that end there are
two lines of investigation which can be pursued
1. As discussed in section 5.3., the capacity of an 8 %w-Mn on

y—AlZO3 acceptor is initially about 2 %w-S, but it deacti-

vates due to sintering and reaches a stable capacity of
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roughly 1 sw-S. If the deactivation can be prevented, one
may obtain an acceptor having a capacity of about 2 sw-S.
In this context, the work of Lo Jacono etral 7] istof in=
terest. They observed that addition of a small amount of

4+

OrmCe influences the behaviour

foreign ions such as Ga3+
of the acceptor (i.e. surface spinel) . Moreover, it may be
possible to raise the manganese content of the acceptor up
to about 9.5 %w (cf. paragraph 4. 22530
2. A steam-regenerable acceptor having a high manganese (or
iron) content can, perhaps, be obtained via preparation
methods different from that used here (i.e. wet impregnati-
on of Y—Alzoa). Examples are coprecipitation and cocrys-
tallization methods(8/). However, the formation of a true
aluminate spinel should apparently be avoided according to
results of the present work, which indicate that this sub-
stance may have a low reactivity (cf. paragraph 49202 Sl

and section 5.3.).

7.3. Fluidized-bed process.

As discussed above, due to the relatively low sulfur
removal capacity, the application of the acceptor in a fixed
bed system presents problems such as short cycle time (i.e.
frequent regeneration) and relatively large fuel-gas hold-up-
These difficulties can in principle be avoided by applying the
acceptor in a fluidized-bed system. Fig. 7.2. shows the desul-
furizer-regenerator section of this purification plant schema-
tically. The other part of the plant are similar to those in
Fig el ] wes

Because a fluidized-bed system operates continuous-
ly, it eliminates the disadvantageous process das hold-up
featured by the fixed-bed swing process which, at best, can
operate only in a guasi-continuous manner. The sulfur-satu-
rated acceptor particles are lifted by a stream of high
pressure steam into the regenerator; the freshly regenerated
particles flow to the desulfurizer by gravity. The relatively

low capacity of the acceptor is not much of a problem because
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Fig. 7.2. Fluidized-bed hot gas desulfuriza-
tion syatem.

large circulation rates of solid between the desulfurizer and
the regenerator are possible. Also, due to its continuous
operation, it ensures a feed of constant composition to the

Claus unit. This is difficult to achieve with a fixed-bed sys-
tem, where i i

" the st concentration in the regenerator off-gas
usually declines as the recuperation of the acceptor

approaches completion.

Process rate limitation by pore-diffusion is less
likely to be encountered in a fluidized-bed system because it
employs small acceptor particles, typically between 10 um and

1l mm. The sulfur removal efficiency of this system, however
'

may be lower than that of a fixed-bed system because of exten-

sive mixing and the bypassing of acceptor particles by

bubbles; to some extent this can be circumvented by using an

internally staged bed.

In order to judge the suitability of the acceptor

to be used in a fluidized-bed system, much work remains to be

done. Tests should be carried out to produce acceptor parti-
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cles having a satisfactory resistance towards attrition and

agglomeration. A poor attrition resistance will result in an

excessive loss of acceptor as fines and, thereby, a high make

up requirement, whereas agglomeration of acceptor particles
experimental

would lead to a poor fluidization. Furthermore,

as well as simulation work should be conducted to evaluate
the acceptation and regeneration performance of the acceptor

in such a system.

7.4. Conclusions.

The material presented in the foregoing sections
shows that high-temperature desulfurization processes based
on a steam regenerable acceptor can have a number of important
advantages compared to existing ones. To improve the feasibi-
lity of these processes, further studies are required to pro-
duce acceptors having a capacity significantly higher than

1 sw-S at 600 oC. In addition, experiments are still needed
to examine the influence of a high operating pressure and the
presence of hydrocarbons in the feed on the performance
and/or behaviour of the acceptor.

For acceptors having relatively low capacities, it
may be more advantageous to apply the acceptors in a fludi=
dized-bed system. Evaluation of acceptor suitability for this
operation mode is, therefore, recommended. As suggested 1in
section 6.7., thermobalance experiments are required to pro-
vide good estimates of process parameters. These can then be
used to evaluate fixed- as well as fluidized-bed behaviour of

acceptor during acceptation-regeneration cycles.
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LIST OF SYMBOLS

activity of the i-th component

a.
bl dimensionless parameter
(eq.(31) of chapter 6)
Ci concentration of the i-th component
in the gas phase
Da axial dispersion coefficient
H enthalpy
I.S. isomer shift
k forward reaction rate constant
K equilibrium constant (may or may not
have a dimension, depending on its
specific definition)
L length of acceptor bed
Ni flux of the i-th component
P, partial pressure of the i-th component
(eq. (5) of chapter 2)
P dimen51onlessrvariable
(eq.(31) of chapter 6)
P pressure
a concentration of the i-th component
in the solid phase
Q stoichiometric capacity of the solid
phase
ab breakthrough capacity of acceptor
&C sulfur load of the acceptor at the end
of the acceptation stage
Q.S. quadrupole splitting
Ty intrinsic reaction rate of the i=th
component
R total amount of sulfur recovered from
the acceptor in the regeneration stage
Ri global rate of sorption of the i-th
component
it time
14 breakthrough time

7k
mol.m s

Pa
Pa
=3
mol.m
=3
mol.m

3w-S or mol/kg

or mol/m3
mol/kg
mm/ s

-3 -1
mol.m 2

mol

-3 -1
mol.m 35

t-reg

(= L N T
a

total acceptation time
total regeneration time

temperature

cumulative amount
of HZS found in the re-

actor effluent during the acceptation

stage

interstitial velocity of gas through

acceptor bed

wei i
ight of acceptor in the reactor

stoichiometric factor (egs. (2) and (3)

of chapter 2

ai S
imensionless gas phase concentration
(= e L)

o

stoichiometric factor (egs. (2) and (3)

of chapter 2
volume fraction of water vapour

(Appendix A of chapter 3)

dim 1
ensionless solid phase concentration

(=g /08)

= 5
xial distance from reactor inlet

degree of completion of regeneration

angle i i
g of HZS titration curve

(paragraph 3.2.5.)

ai : : :
imensionless stoichiometric capacity

of acceptor ( = Q/[eC ])
o

modification of alumina

ratio of inlet concentration

(

c 4

£
HZO'O st,o )

modification of alumina

void fraction of acceptor bed
dimensionless axial distance (o= 2 /L )
modification of alumina

modification of alumina

m/s

g or kg
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dimensionless time (egs. (19) and

(54) of chapter 6)
dimensionless rate constant
(eq.(54) of chapter 6)
capacity ratio (eqg.(54) of chapter 6)
bulk density of acceptor

cross sectional area of acceptor bed
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