THGH TEMPERATURE GASEOUS DESULFURIZATION USING CERIUM OXIDES

+

. ] &
AND BASTNAESITE CONCENTRATES ’ o iy

- By

VALERIE VERONICA MARIE-MIENG, 13.Sc.

. . ’
A Thesis .
Submitted Lo the Faculty of Graduate Studies
. ’ : Y

in Partial Fulfillment of the liuquircmcnls
for Lhe Degree

- Daoctor of Philosophy

McMaster Unjversily

© March 1985~ -

[



DESULFURIZATION USING CERIUM OXIDES

B :
AND BASTNAESITE CONCENTRATES

N



DOCTOR OF PHILOSOPHY (1985)‘
(Chemical Fngincering) -~

TIrL:

AUTHOR:

SUPERVISOR:

NUMBER of PAGES:

fcMaster UnivM

~ Namilton, Ontario

-

- ‘ . %

"~ 1
[ligh Temperature Gaseous Desullfurization Using Cerium Oxides
and Bastnaesite Concentrates . T
¢

Valerie Veronica Mauric Meng, B.Sc_(McMaster U niversity)

]

Professer DAR. Kay
«viii, 198 :

¢ . .




T

ABSTRACT

The high temperature gascous desulphurization characteristics, ol caleined
peral ; s

baslnaesite concentrates and cerium oxides have been investigated. The former is a solid
: / ! T

solutiogr of rare carth oxyluorides (RE = La, Nd, I'r) and CeQ,, and has a fluorite type

“struclure, The presence of dissatved Cel), in these concentrates is believed Lo be responsible

(3r the reduction, desulfurization and regeneration churacteristics of this mineral.

The chemistry of the desulfarization and regenceration process has been elucidated
- o .

using a lixed bed of cerium oxide .'|'l._hig.h temperatures (800-1000°C). Coal gases, similar in
composition to Lhose generated by a Ku.ppurs;'l'nlzck gasification unit, were desulfurized _me
1.0% H,S by volume s less than 4 npp S/ml, (3 |)|in1) in a laih(;rul.nry scale reactor. This
represents a desulfurization elficiency nf99.98.%,. Desullurization takes plu'(-:q.' Lthrough a non-
cula'tlyl.ic gas-snliq ru:wtiun where the reactant is in the form ofa non-stoichiometric uxidc,

Cc(),z_". " «

2CeQ,_ (s} + HyS860 + (1~ 20H,(g) = Ce, 0,860 + 201 - x)H,0tg) |

Adsorption of sulfur is fucilituted by the presence of oxypen vacancies in the reduced sorbents,

An interactive compuling system was used in conjunction with the Ce-()3-8 phase stability
diagram to predict the compositions ol reactants and products in terms. of the sulfur and

oxygen potentials of the gas phuse.

Regeneration of spent sorbents oceurs readily in air, with the evolution of sulfur
¢ .

dioxide:

.+

Ce,0,5(5) + O,{g) = 2Ce0,(s) + SO,)

xideeompared favouribly with these of

S

Desulfurization cfficiencies of cerium

i

L
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Chapter-[

INTRODUCTION

if coal is to find widespread use as an .J.lternatwe energy sdurce to oil and gas'
adéquate methods of contro!lmg sulfur emissions must l:e developed. Most existing and
] proposed gusxf‘catlon phmts use low temperature acid gas removal processes ( <300°C). High
‘ temperature processes utlllzmg iron oxides, dolomite or molten metals yield higher energ)r
el‘ﬁcnencres but are only in the early stages o['deveIOpment (L. _ .
| Although t:e use of rare earth O?(ld&h for gascous deaullunzutum hus heen put.ented ‘
(2- 8) the chemlbtry, chemlcal thermodynamlcs and rcuctxon kmeuc% are net well understood,
makmg process control and optlmtzatmn difficult. Studles of lituid iron desult‘u:’u:rtmn hy
"Ghosh a.nd Kay (9}, usmg rare eurth oxides and bastnueblte concentrates, indicated that
similar prmcrples may be appllcable to the desulfurlzatlon of hot gases. Subsequent work hy
Kay (10,11); using bastnaesité concentrates for the desulfurization of a simulated coal
gas, };ypicul ofa Koppers-Totzek coal gasifier, confirmed the viability of the latter : upplication.
_However, the dehulfurlzat.lon and regenerutmn processes required further i mvebtlguhon

The complete reqearch program d:agrummatlcu]ly represented in Figure 1.1,

_invalves the mvest.lgatlon of l;he chemistry nnd thermndyndmlcq of the various’rure carth

" . compounds assoc:dted w:th hot guseous desulfurization. This int'urmut,ion often inudequute

or 51mply unuvallable is usually the most important in determmmg plant opemtmn and :
- econpmics. The problem is one of de:crlbmg the chem:cal reuctions taking place huth with
respect to the mechamsm and kmetu: rate constants.. Experimental dat,a, essential to the

interpretation of the desulfurization and regeneration behaviour of rare earth oxides and



) ’ .
bastnaes:te concentrates and generated concurrently w1th the present mvest:gatlon by othcr

mvestlgators are summurlzed in Tuble I.1. &

Table 1.1: Summary of work of other investigators used
in the interpretation of this work

Investigator ' . Type of work
'C. Hugopinn . T.G.A. and mlcroscoplc analysis of sintered, reduced
. ~ desulfurized -and regenecrated pellets of bastnaesite
/ concentrates 4000 C and 4100 (12).
L V. Sceparovic Pelletlzatlon determination ofsmtermgcondlt:ons and
+) D.AR. Kay . prelxmmnry desulfunzatlon studies {13).

X G.F: Giacomelli Kinetics of the reaction of steam with bastnaesite
2 - . *  concentrates 4000Cand 4100 were studied (14),

. L
Y. Hong - Free energles of formahon of various rare earth oxyfluorides
: . were determmed by solid electrolyte celis (15).

R. Dwivedi The La-0-S phase stability diagram and the partxal Ce-0-S
. phase stability diagram were determined and positions of
boundaries were verified (16).

Data generated using a ﬁxed bed reactor containing cerium oxldes were used to propose the

. most efficient way ofproceedmg with a pilot scale desulfunzatlon unit,

1.1 ’ Objectives o ‘

The objectives of this thesis were ae_follo;ve: .

)"~ Completion of the thermodynnmic phuie stability. dingram for t}ie Ce-OL
. S system m the temperature range 800 1000°C from nvatlabLe

-
thermodynam:c data in the hternture '

7
Gi) - Conﬁrmatmn of the thermodynam:cnlly predicted chemical reactions
during desulfurization and regeneration, by chemical analysis of the

gaseous and solid products of reaction.

-



(i) Determination of the qualitative effects of particle size, g;xs flow cate,
temperature and initial gaé éompositiop for a cerium oxide sorbent a.n‘d
to propose o chem'ical reactionfnechunism.

(iv} Detélimination of the conditions for the regeneration of the spent cerium
(;xide sorbent,
v Consolidation of the scientific data generated in this work for the Ce-O-3
. ) : . System, _w:t.h data generated by other investigators, to provide a
technological base in the use ol'bast.nhesnte concentrates in hot gaseous .

L

desulfurization.

In ordét-w attain these objectives, desulfurization was studied in a packed bed

integml_i'eactor containing cerium oxide for the range of operating conditions given in Table

- 1.2,

L ‘ Table"l..2: T_able of Operating Condition‘s for Fixed Bed Reactor .,
’I‘emp,e‘rature‘(l.{)' 1073-1296. - ' - _
Mean particle size (mm) + o.z'm/-d 297t +0. 595/-0.841
.Superﬁcml linear'gas veloc:ty {em/s) 0.47 - 3.51
lnlet H Sconcentratlon (ngSImL) 2,000 - 13,000

\

The effect of these process variubles on the desulfurization efficiency and sorbent.'

‘capacity were analysed. Similar condxtlons were used to study regcneratlon of the spent
sorbent in air and 5% hydrogen in mtrogenL
Thermogravnmetnc and differential thermal analytical methods were used to

supplement the ﬁxed bed studies for the verification ofthermodynamlc predictions.
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Figure 1.1: Program for the Study oft.he Desulfunzathn
of Coal Gases usmg Bast.naes:t.e Concentrates




N
.

Chapter " . . s

LITERATURE REVIEW

.

This chapter briefly reviews coal gasification, its potential uses and the

environmentyl impact of dcveloping. North America's coal resources using current
RN . . . T . .
desulfurization technology. High temperature desilfurization processes, with emphasis on

those based on rare earth compounds, iron oxide and calcium oxide sorbents, are summarized.

_Product distributions from three established coal gasifiers (see Section 2.1) are used in

Chapter III for thermodynamic predictions of desulfurization chemistry using cerium oxide

sorbents at high temperatures (1073-1273 K). ‘

2.1 ‘ Coal Gasification and _lt.s Envix;onment.al impact

Typical product c.iist.ribut.iohs from three well established commercial gasiﬁcationr
‘proclesses are glven in Table 2 1. Hlstorlca]ly, the Koppers Totzek entramed gasification
process has ‘been used for the productlon o[‘ ammoma and other chemicals. A variety of.
feedstocks may be used: coal, char, coke tar, heavy restduuls and light.to heavy o:ls Because
of high gasification temperutures, no t_.ars,‘phenols or other condensible hydrocarbons are.
-pruduced, thus simplifying ghs p'uriﬁcat.inn(ﬂ). i o — -
| . The Lurgi fixed bed gasifier is best known for. its use in the Sasol plunt in South

Africain Lhe production o['fecdstnck for the’ F‘nscher Tropsch :ynt.hesm This I.ype of gasifier is ,

~gilso u&:ed in the product.lon of town gus synthebls guses for chemlcalb .md SNG(18),



The Winkler Nuidived bhed gasification process tolerates a wid® variation in quality
) 4
of fuel. However, it is unsuitable lor-low reactivity fuels or for fuels with low ash fusion tem-

peratures. [4is used for the production of iimmonia, methanol and liquid hydrecarbons (18),

Table 2.1; Typical Gasification Product Distribution (19) -4 b volume
. yp L Al

i .
- Gasifier Type .
—~ ,

Product - S Lurgi inkler

Co ’ ' » 53.2 16.2° 34.7

co, v . 10.0 30.6 19.4 )

I, 34.5 42.9 1

11,54+C0OS ‘ L1 : 0.6 0.14 - ’

ci, - : 9.2 3.1

N, _ . 1.2 0.5 1.0

~ N =
Exit Temperature (°C) 1000- 1R 570 800-1000
" Pressure (kPa) ' 101.3 1013-3039 101.3
Calorific Valuet 1 [.'.:’. MJ/m3 © 0 16.8 MJ/m? 10.2 MdJ/m3
: ‘ 1300 Blw/seD .+ (450 Btusseh (275 Biu/sch
Po,Ftlatm}y . 2.2 x 1019 T 32x1045 5.4 x10-19
I’s.‘,‘.TT (atm) ) 9.1x 107 1.9 x 1011 9.3x 109
‘ / . . . a

t Ior oxygcn-qicum-coill gasification

. - Calculated hy l"'A"C"[‘dL 872°C, 101.3 kPa (K-T, Winkler) and at H570°C, 1013 kPPa

' (l.urgx) SLc au:tums 3.2,,3.3.2 und Appendix 2.

The cnvnumncnl.il inpaet of a Lypu..ll gd'-.lrt-l!.l()tl pI.mL based on current

de:,ulfurlmuon Lechnnlugy as rcv:Lwt_d by Juhmg and Bprtrand (20), is illustrated in Figure

It. would take exghl.y of thu.c large plants,each burning 13, 600 Metnc tons of coul per duy



) . T .
, ® .' ) i a _
. 13600 tonnes/day coal o cLo RN
‘ ] 38wt%S " - .- - o
2,720 tonnes/ T ’ ' : 7 F:08 x 106m3/ . ) - . .
day burned in ' . ) " | day SNG. .- R
utility boiler | . - - ' L -
- ‘ ..-'" C BE f._- -. . \ R
9000tonnes/ | - | 10880 torines’ | Matia | [ordetormes ] :
day treated £_> day pretreated L gas . | ylday €0, vent e
water recycle coal gasified - |7 Removal - system N
ry ol ——F containing 45. < | ..
Jr : : + o l ‘tonnes/day S ~- |1
gg'sgg;”;';“’ ' \14,500 tonnes/ L | - -
ot | day gas liquor 22700 tonnes/day "~ |.-
produce " |containing S as ich gus~ -
aini co ng o ar H,S rich gas R .
containing 110 . H.S. thionh . b L o,
tonnes/day S 25, thiophone (containing 363~ . :
: aysas . thiotyanates, - . } .
S02andSO3 ). - otyanates,- |, tonnes/day Spto - .
’ -0 |ammonium .| Sulfur Recovery -~ o
polysilfides - _ * [Plant = - S -
\ 1. - _ . PR L LT
N . —— - - o
90 tonnes/day S . - ' . ~. s
removed in FGD . \d S S T
units ‘ ' - 5500 tonnes/ day treated | [-345 tonnes/~ 2830 tonnes/ - )
water discharged . . dayS - aytailgas - | - 7
- recovered || exhausted: - .-
S T . .| containing 18, [
S T | tannes/day S |
20 tonnes/day S = o T e :
exhausted into | v o .- U
atmosphere as . S P ) ot
802 - . ' . L. . o N ‘4 B -
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~ ) L . ~4
Figure 2.1: Sources of Sulfur frem a Typiéél Gasification Plant Producing” - '
7.05 x 10 8m3/day Synthetic Natural Gas using High Quality Eastern Coal.
Sed on reference 20) ‘ ) A
LI -
—



: mdde ﬁmn .synthung.ls lluwvvc n.iLum[g.h slc tn u_fcn mmg is -ﬂi‘II th m.uur mul.(. (21).

: —althuugh,-lt is notvyet ccnnn,mi_calIy‘vi'uhlu.

,-,nnLt_(.(mumu.dIdLLhc p:(-snnl.tnnc L L - e .

2.2 Iiigh'I‘cmpcruLl‘xro'I)csu'lfurimtimi rocesses g L -

.

(l‘i U()U L()ns/dd,\,) to pruvndc lut.I cqulv(llcnl Lo 2()6 uf Lhc 1976 U '3 oil u)nsumptmn

‘ I'T'O_](_CLI(H'IH lmsul on. (ldld g.ll.hurcd fmm Lh:-, u-v:cw indicgte thut cach pl.mL relczpses .

2

dppmxmlalcly 80 melrie Lons per d.w of sull‘m mlu ‘the (lemphurc Sullur unnpm:n(iw are ”

pzcscnt in l.hn,C\), vent sum:n Lhe l.nl g,h(\ llum Lh(- \ull'ur plant, and l.h(: l'lut, CEses

] - R . . 5

I(mvmgthcu).nll'u(ll)mlt:s : N\ L : - Lo

l’otenu.ll d[)leLdlll)n‘x of lnw/m(,dlum p.,l.l(l(.‘ coal [._.l‘-»("-n (5.6-13.0 M Jii® or 150 150'

HLu/sd') a-, r:.ccntlv :(_vu.wul by Timming (21) wre summ.u m-(l in l‘.lhlq_ 2. 2 liucuuso ul'luw
)’ W {

. wm ld ])ru_u for n.\l.mdl u.ls nnly th(_ product:on of (..h(.'llll(.‘dl‘- l:kc ummom.t methdnol and

.

u(tao!mc have .u.hlt_‘v(.‘(l unnmeu.m! vmbxlll.y Almul 30% uf’ warld gtmmnmd productlon-

Il

(55x (0% Mctrlc lons/yl f und 5()% n!' world mcthnul pru(luctmn ( 30°x l()" 'Vlctric lons/yr) urc'

e *

Mdny off thu.e chemlcal wor k\ umlmn th(_-u uwu bmlc faulllv an(l pnwu planl, f'nc(l tm

naLutal gas Coal g‘lacﬁ m.lv Iw uw({ as altepgutive l'ucls in hlgh lcmp(.ratunc s - Lurhrm maol”

cnmhmc(l cycle (.Iccl.t ic pnwc gcn(-: .:@ ("I 22) (S(_t: l u.;u: e 2) [ Iu- pruduchn ufSNQ h‘u.

_h(-on Iully demonstrated on .a cimmireial st‘lIl‘ hf_y Lhc ‘(.unv:_nlmndl l,urgi pmccss l'uutt.'-.

In iron and steelnfaking‘ (he 'rnic'clinn nl' a r’cclucihg [:{u (cmnposllmn tempcmture .

M .
. -

.mcl prc\surc :t.quucmcnts iven in '['ahl(-'z 2)-inte: Lhe blast Funnacc Imsh cun- rcduu: tho

‘.unnunL ofuxpunswe me la!lu(gml wku us(-tl by .1huut Z('% uyorc |n_|¢LL|()n uf' (.oul gus(.s |'~,

¢ . N : ’
!
. -

!)urmg gusrf'cutlon the sulfur in umf is convurt(-d tu 11,8, COS/’ CS._!, thmphene

und merca.ptana H PN and COS arp the major (.qmpununt.s. .Guslpurlﬁqutl_on_q_t'ti}é cuul_;,rus,

1

. A - B S . . . . e C



. nCO(g) +,2ﬁf;{é(g) = (CHY (6) + ’nl-lzptg)

enCO(g) + nllz(g) (CH ) (6 + nCO (g)

“Table 2.2: Potential Uses of Coal Gas (21,23)

'S

. For combined cycle power generation or as fuel for ofi-site steam generation.

In the iren and steel |ndu‘:try for tuycrc 1n_|ecuon of reduc:ng gases to rcducc coke’
rateq ’ .

AmountofCO ;md H, should be as hlgh as possiblé, i.e.
(Percentagc ofcomponent. ison a melar bds:bl

©. %CO, + BH,O
-%CO, + %H,0 + %H, + %CO

x100<5, -

. Forinjection "~ - - P.> 800 kPa

. T = 900-1000°C

Production bf’sllynthepic natural gas:

_‘C(i)(g).+-3]-.{'2(g) = c’:ju(gi + Hy0tg) _ oW g P> 1013kPa
o ' ) ' © | 260 <T < 540°C
"200(g)+ 2i12(g) cH 4{g) + CO.Z(g) @ X
' _fmolar ratiq’ H2/CO > 3, -reactlon(l) pre_domiﬁate:.;' '
If m:o_lz-x;: rz;t.io_ [t[QC.O. <\37~héth ;jeaé.tioﬁls occur . o o S .

Production ofhydrogen ammonm methano[ and llquld Bydroearbons (eg. gasolme)
via Fischer- Tropseh ‘ ‘

o +2H,(g) =_CHs(')H‘(€h)' .7 low-ined Pwith €o catalyst.

- med P with Fe catalyst

molar rdtm H.z/CO =28
. for most ¥ ecatalystq

N, (g)+3l!2(g)—2NH (8) © T = 500°C, I‘ecatalyst -

-, P = 37300 kPa
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may include particulate removal, gas quenching and cooling, and acid gas removal. The

intended use of the synthesis gas (refer to Table 2.2) detcrmincé which of these purification
steps is used (1). Synthesis gus h_vdrogcnution cutalysts are susceptible Lo poisoning above
hydrogen sulfide levels of 0.13 ngS/mL (0.1 ppm}. In botIer:. and power generation cqulpment

sevbre corrosnon occurs if hydrogon sulﬁde is not removed frém the coal gases prior to com-

X

. bu';t.lon Owing to smaller gas volumes, H, 23 is more. readllv removed beflore combustion, than
from the stack ofa power boiler. Clearly, for'the applications discussed in section 2.1, major
energy savmgs may be achieved if the products of coal gasnﬁcation are dcéulfurized and sub-
sequently used at'hlgh temperaturu; thereby, aveiding the sensible heat losses assoc:ated
‘with conventmna] low temperature dcsull"urlzatlon proccsseq The relatlve economics of coal
based technology, compared to technology based on natural Eas, would con:,equently be

>
lmproved

Most hlgh tempcratnre desuifur:zut:on procc:;scs are based on the. reaction of
) certmn metal oxides w:th hydrogen sulﬁde 'I‘wo examples are the Appleby- Frodingham
proccss usmg fernc oxtde at 400°C f'or coke ovon gas desulfurization (24) and a procos: using-
" zine oxldc at 400°C !'or desul[’urlzmg hydrocarbon feedstocks for ammonia synthesis (25).
Work is on- going for the dovelopment of a &gh temperature hmestone/dolomltc
desulfurlzatlon proccss(38) |

chtmoreland and Horrlson 27y evaluoted twenty olght mctal oxides of potentlal
.interest (‘or hlgh temperature desulf‘ur:zat:on of. reducmg gas atreams 'I‘herr analysis
mdncatcd that eleven oxndes (Mg, Ca, V, Fe, Co, Cy, Zn, Sr, Mo, Ba, W) sat:sf’cd the
:-'thermodynumlc criteria over at least a pertion of the’ tempcruture range, 360 1560°C. Cerium

oxide, howcvcr was Judgcd unsatlsfuctory becaus.e it was bchcvod thut a stab]e Unreactlve

'oxlde was formed throughout thls temperaturc runge [.unthanum oxide was also rcjectcd

because the analysis mdxcdtcd that tho solid was not capubleco[' reinoving 95% or greater of |
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the gascous sulfur compounds. The results of thermodynamic evaluations of this Lype are

strangly dependent upon the availability of complete and accurate thermadynamic data.

Since several desullurization proces: 15, hused on cerium and lanthgnum oxides, have been

developed (see seetion 2.2.3), eritical information must have been omilted in Westimoreland's
and Harrison's analysis. One of the purposes of Lhis study is Lo eonsolidate thermadynamic

: : o \
data- for interpreting the high lemperature desullurization behaviour of ecerivm oxide

sorbents.

2.2.1 lron Oxide Desullurization Processes . .

' I.(;w-lumpcruturc iron oxide huscd processes hu\:fc:uxislu(l for many ycu;s. [The iron

5[)(;IIQL process (28,32) uses wmul chips nnptcgnulul with S‘; 250 kg bydrated i iron uxl(lc per
- <

cubie meter to selectively remove 11,5 al lemperatures helow 45”C This process requires a

relatively small investment for small o moderate Bits vnluinm. EL‘S 14} 1nnn(-alday 3) compared "

. ' ~

wnl.h uthuu processes” llvdx np,uu sulfide reacls w:Lh the sponge Lo form iron sulfide. Regenera-

tion is dL(..{H'I)[)lthL'(l I)y Lthe umununus injection of a stream of aiv (< 0.49 ()\&n conlrol the

heat of reaction) into Lhe Teed gas, cuiwerl.ing the sulfide 1o an oxide and liberating elemental
sulfur. Alternatively, regeneration can be done periodically by passing air through the bed,

. a

Jach charge of sponge can'be regenerated several times but depasition of entrained oils or dis-
tillales eventually reduce adsorption capacities; replucement of the bed is evenlually re.

quired. Operating lcmpcr:ilurds ahove 114°C ure avoided in order Lo prevent the loss of water

of hydration, since dry iron oxides have negligible Adsorptlion capucitics for hydrogen sulfide:

(2, S C, o . e

. . * ° " - . "
A comprehensive review of high Lemperature processes, based on iron oxides, cun

he l’ound in rcl‘ercncc 29 Ihc following ([lHO\lHHl()n highlights the extensive wnrk done hy

Mohun (29,30) and Schrodl 130,31), using gasifier conl ashes contiining 5 to 23 wL% iron

B

N . -



13

\
r

oxides as high.temperature sorbents for synthesized low heat content fuel gases. This process

is limited to femperatures below 1033K to pr_é'vr;nt thermal da mage to the sorbent.

Schrodt noted that In many coals, a significant fraction of Lhe sulfur exists in the

-

pyrite (Fe3, ) and sulfate (FeSQ ] forms Durmg gasnf’cquon the iron is converted Lo various ,

-

oxides and removed i in the gdsnﬁcr a‘;h residues, while the sulfur i is convcrt.cd to 1 S, C()S and

CS,. The high iron oxide content of the gaqlﬁer dbh resldue‘i makes them economlcal sources

o['hlgh tcmperature sorbents for bul[‘ur in fuel gases.

,' Figure 2.3 ll[us_,trates the Fe-0.-3 phasc stability diugraméived by Schrodt (30).
Note that oxyge’n p‘ar'tial preésures below. 10'?'1 atm at 1000 K (qee Figure 2. 3) resuits i in the

reductien of iron ox:des to the metallic form preciudmg the use of' these sorbents for some ga% '

I

mixtures. Iron oxides in the gu:ﬂﬁer ushes are rap:dly reduced to magnetlte and sometimes

. wusttte upon exposure to hot reducing fuel gases of compos:tlon 20% CO 17% C02, 10% H

. 3%0!{4,49% NZ,D 5-1.0% H,S.

*3Fé,0,(s) + Hy(g)= 2Fe,0 4(s) + Hy0(g) K 00 = 1.0x 10° S 2211

' 3Fe,04(s) + COlg) = 2 Feg04(s) + CO,(E) K g0 = 1. 1x 105 .. 2212
Fe,0,(s) + Hz(g) = 3FeOf(s) + H O(g) Koo = 0.34 . 2.2.13 |
Fe;0,(s) + CO(gr.= 3FeQ(s) + CO,(g) K oy, = 0.63 C | 2214

-’I‘he oxygen and sulfur potentmls of this gas mixture co_rrespond topoint B on the Hiagram and

show that desulfurization leads to thc formation of pyrrhotite, ["eS.".' Large cq.uilibr"iqrﬁ

conslants Fuvour nearly complete removal of H,S. |

g . Fe30 (s) + 3H S(g) + H2(g) = 3FeS(s) + 4'H,0(g) Kmm = 287x 107 2215
) FeO(s] +H S(g) FeS(s) + H 20(g), KIODO =4, 21 x 102 . : 2216

Experi'ment_'alfy, sull'de removul efﬁc:encnes in excess of99 0% were obtmned (31)



44
401

361

Fe(s) * . FeS

r
T = 1000 K

FeS,.

28 20 | 12 4

Figure 2.3: The Fe-0-S Phase Stability Diagram (30)
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Regeneration of sulfided ashes was accomplished with a-3% OZIN2 gas mixture,

. ;eleasing sulfur as 30,. Since this reaction is highly exothermic (1.232 kd/mol Fezos, 295

~.

Kcal/mol), low oxygen levels are required to prevent the’rma-l. darriage to the sorbents,
2FeS(s) + 772 0,(g) = Fe, 0, + 250 Kmon = 10% L 22.1.7
Spent asheq (re'genemted up to 20 times) :ndlcated that cyclic use improved the ash cupacn.y,
st,ablhzmg toa constant value of 60% Fe20 utll:zat:on beyond lO 12 cycles. Analysis of ash
particles by SEM-and EDAX sughgestcd that the observed increase in ads'or.pt.ion‘capacit.y with
' c&_clic’ use of the ash, was the‘result of diffusion of the iron from de'ep withinthe particle to the
surface of tde pa{_'ticle and its pores. Ash capacities and bed efficiencies :were reported to .
increase with temper'at.dre, Fe,0, colntent and decreasing particle size. At a constant linear -
veldeit;y, the space'velocity had no significiant efTect on the capacity or efficiency.

Two asympt,otzc regimes of reaction control were proposed: a region of ¢chemical
control where Fe 0, grains react ina spatlally uniform way with a uniform conccntrat.ton‘of
H,S, and a region of diffusion contrel where the reactant gas diffuses t.hrough interstices and
reacts rapidly at a sharp sohd product-reactant interface, The expenmental breakthrough
curves, for fixed bed st.udies, were reproduced using a combinatioprof two models for each of
the rate controlling regimes. For values of C/C,, less than 0.7-0.8 d1e uniforl:n conversion
medel was f'dted to the breakthrough curve. An activation energy of E, =11 48 + 0.13
kd/mol was oblnmed for the desulfurization reachon ’I‘he pore d:ﬁ'usuon model was ﬁtted to
the brenkthrough curve above C/C  values of 0.7-0.8. Diffusion coefficients; Whlch varied:

w:th the square root of temperature (implying Knudsen diffusion control), were in the range _
1.5x10% — 1.5x10'3cm2/s. ‘ . RN -
Mohan's*fluidized bed studies (29,30) using small gamﬁer ash purtlcles (<0.2 mm

diamefer) showed no significant dependence on partxc!e size, suggestmg chemlcul reuctmn

control. An ectivation energy of 45.53 kJ/mol was obtumed usipg the udiform conversion
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model. Mohan (29) explained that the lower numerical value of actlvatton energy obtained in
fixed bed studies was due to the dlﬂ'icult.y in uncouplmg the assoclated transport processes
from the chemical phenomena. For example, chemically controlted gas-solid reactlon systems
"show intrinsic activatien cnergxes greater than 33.5 kd/mol. Int.r:apz_x_rt:clc and gas film
diffusional resistance controlled reactions, on the other hand, huv;'_' typi.cul vglucs of gpparent
activation energies 056 and 2 kd/mol respectively. The E, value of 45.53 kd/mol obtained in
fluidized bed studies sugges‘ted chel:nical reaction control; whcreﬂs, tthu. value of 11.48
kd/maol reported for the ﬁ_:f,éd bed studies suggested mixed control (kinetic and diffusional).

s

222 Limestone or lilo@@esulfurization Processes

'I‘he wndespread availability and low cost of limestone and dolomite underlie their
consxderatlon as sorbents in processes for SOz or. H S removal from hot gases. - The use of
.calmum based sorbents under oxidizing and reducing condltmns were summarized by O'Neill
and Keairns (33) (see Téble 2.3). Contact bet\n;reen the solid and gas were attained either by

the injection of finety powdered limestone mt,o the boiler combustion chamber, or by passing

flue gases through a ﬂu1dlzed bed ofhmest,onc or by burning fuel in such a bed



'I‘ablq 2.3:

I7

Calcium based Sorbent Processes as Summarized by O'Neil and Keairns (33). °

Products

Desulfurized Pressure (kPa) Temperature (°C)

(1) Fluidized-bed 101.3

combustion

() Fluidized-bed * 1013

combustion

(3) . Fluidized-bed 1013-1520
low Btu coal

'gasiﬁcation .

(4) - Fluidized-bed  101.3
residual oil

gasification

** depends on COZ, H_ZO, CcoO, H2 content

Note: | ppm = 1.3 ng YmL

Equitibrium
H,Sor 802,

Reaction (ngS/ml,)

705-900

-~

730-950

870-925

790-955

CaO +50, - 0.026

+40,  (870°C)
= CaSO,

CaCO, + SO, 0.0143
+40, ~(870°C)

= CaS0, + CO,

CaCO, + H,S = g7+

=CaS + H,0

T+ CO2

CaO + H,S$ 0.0026

= CaS + Hzc_)
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The application of limestone desulfunzatlon to the removal of 30, from flue gases
(see (1) and (2) in Table 2.3), however is limited to a maximum calcium oxide utilization of
45%. A strong diffusional resistance is dcvcloped in the interior of the particles as the ,
.. ‘reaction proceeds owmg to the formatlon of the less porous CaS0, (34,35). Comparison of t.he_
. molar volumes of reactants and products lllustrutes the significant increase in solid velume
associated wnth the formatmn of the sulfate (CaCOa, O = 36.9. cmalqlol; Ca0, o = _16.9 .
cm/mol; CaS0,, ¥ = 52.2 cm¥/mol), ‘ '

Regeneratlon can be accomplished by one of two methods (36). The first, is a one
step process, suitable for use at atmospherlc pressure and tempemtws greater than 950°C

CaSQ,(s) + H(COXg) = CaO(s} + H 20(CO,)(g) + SO o) - 2.2.2.1
:The second, mcorporates a. two step approach and is described by equnuons 2.2.2.2.4, Thls

- method consists of a reductlon step followed by a mlldly oxidizing step to convert the'CaS to

the carbonnte Regenerauon is !‘urther Tacilitated by the solid-solid reacl‘.lon 2 224

CoSO4fs) + 4H,(4CONR) = CaSls) + 4H,04COYig) - 2222
CaS(s) + COz(g) + H0(g) = CaCO,(s) + H,Sig) , 2223
CaSi(s) + 3CaSO(s)'= 4Ca0(s) + 450,60 ' 2224

and regenerator; consequently, the mean extent of regeriterat.lon |s only. 15% of the calcrum_ L
content per cycle None of' the stones studned formed a tot.ally regenerable ca]clum sulﬁde
(33). 'l"hxs process ig most favourable at pressures of 10[5 1520 kPa and tcmperutures of650
700°C. ‘

Inthe desulfunzut.mn of reducmg gas streams (see (3) nnd (4) of Table 2.3), the Ca0 ‘
utlllzanon reaches 80 96% of' total capac:ty compared to 45% for oxndlzmg streams, tHowever,
‘ similar regenerablhty problems are encountered with balclum sulfide conversion accordmg to

.reaction 2.2.23. In 1980 Nemeth et al. (38) patented a regeneration process in. whlch the
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regenerated limestone or dolomite has nearly the same capacity l'or reuctlon as the fresh

«

sorbent. The sulf'ded $orbent is reacted with. COZIH OIO2 gas mxxtures in the temperature

range 925-1200°C at atmospheric pressure. Oxldlzmg conditions promote the conversmn of

sulﬁdes to sulfdtes according to’ the followmg reactions: -

€uS(s) + 4 H,0(4CO,)(g) = CaSO4{s) + 4 H,4CONE 2225
CaS(s) + 20,(8) = CaSO,ls) ' \{ 22.2.6
CaS(s) + 3CaS0,(s) = 4 Ca0ts) + 4 S0, . I 2.2.2.4

" Feor example, a gas mixture cohtaining 3% 0,, 67% CO and 30% H 0 can be used to
. regenerute the sulﬁded bed Greater concentratxons ofO increase SO concentratlons in the
. ;;roduct gas but also convert a subst.an!.ml portmn of the CuS to CaSO whxch is not as readily .
'decomposed in the absence of CaS. In a typncal desu!furlzatlonlregeneratmn cycle, the 50, '
» concentration may be ennched from 2.0t03.2%. Nemeth suggested the use ofa series of beds, =
’ ulternatmg between desulfurlzdt:on and regenerat:on to concentrate the SO sufﬁc:ently for

. subsequent by- product manufacture (e E. sulfurlc actd requxred a mmlmum of 3.5% 502)

223 Rﬂre Earth Oxlde or Rare Earth Mmeral Desulfunzatmn Proeesses
- ' Four recently i)atent'ed desulfunzatmn processes, based on rare earth ox:des or
mmerale are summanzed in 'I‘able 2.3: the Longo et al. nnd Baron et nl processes for use in |
) ox:d:zmg gus utmospheres und the Wheelock et al. and Wllson et. u] processes t‘or use in
‘reducmg g‘as envnronme\hts Detmls of the chemxstry and thermodynamlcs of these processes
(w1th the exception oferson etal ) were not mdlcated .
In the Longo et al proceseee 2 3) an oxldmng gas (eg a. ﬂue gas from a ut:llty
boiler} containing 80, and/or SO3 is contacted w:th a’ certum’ oxide sorbent prefernbly

between 500 600°C. Unsupport.ed cerium oxide or a supported sorbent contummg 1-40 wt%

CeO (e £ (NH4) [Ce (NO )BI 1mpregnuted on y- alummu and thermally detomposed at 300- .

-
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£

i 6b0°C) may be used. Note that none of the additional components of the flue gas, 02, N,, CO

CO; H,0, NO or NOare found to mterfere wnth this process. When 30-70% of the adsorption

capacity is reached, the sorbent 1S regenerated in a reducing atmosphere containing 15% H 0

in hydrogen ora mlxture of hydrogen in nitrogen, pref’ernbly between 500- 600°C During -

: regeneratlon, SO2 is mltlally produced and after 50% regeneration, H S becomes the major-

. .
species. Longo suggested usmg the emuent f'rom the regeneration step as feed to g Claus
o

- Plant. ~ " . “

tn the Baron et al. process (6}, 50, is removed from the regenerator associated with
eyclical Muidized catalytic crackmg (FCQC) units used to convert hydrocarbon feedstocks into
more valuable products Bastnaesite particles, which_ cycle with the cracking catalyst, are
usedrfor this purpose. o ;, |

In fluidized bed cracking of hydrocatbon feedstocks, catalyst particles pass through

-catalytnc reactors called risers (see Flgure 2.4) to convert the feedstock into gaseous lower

bmlmg hydrocarbons, Because of coke deposxtlon on the catalyst surface, the actwnty of the

catalyst detenorates mp:dly :f the coke is not removed A stripper partially regenerates the

T partlcles w1th steam, convertmg some of the coke (contalmng sulfur) to hydrocarbon vapours

(snmultaneously re[easmg some of the sulfur as H,S). Reactivation is then completed in a

regenerator where, in the presence of' an oxygen contammg gas such as air, the larger

proportlon of coke i is removed by combustlon Sulfur is released in the regeneralor as SO

‘The patent suggests the -use of bastnaesxte particles, urculntmg with the catalyst particles, to

-Temove the S0, produced inthe regenerator Regenerat:on of the bastnaesnte partlcles oceurs

in the crackmg unit and strlpper where reducing conditions l'uvour the release of chemically

.sorbed sulfur as H S Consequently, SO which wo‘Tc!l have otherw15e been exhausted from

r

the regenerator is removed as H,S by the extstmg desulfunzat:on f’acnhtles



Desulfurization Processes Using Rare Earths* o -

.~ Longo .

(‘1-9761,(19811 :

Desulfurization' . .
Species Removed S0,, S0,
Inlet Conc. 0. 1-20%

so, HS,C08" ¢ WS cos

0% < 10% ’ '
Space Velocity - 1000-10,000 300-1000 ;

: : - GHSV , * volgas:
" (volcatalyst) L, .
Sorbent ‘ CeOz‘ Bastnaesite - Lay0,, gezf’s: t. e
. : asinaes
| _ Nd,0,/Pr,0, ; esite
“Temperature’ 500-600°C .- 480-760°C " 350-550°C ,
Regeneration =" '
neratio - , L ‘
Medium H, H,0. . DH,0,2)Air .. :
Space velocity . Notindicated" - 6.1-18.3 m¥s 1) 2-5 moles HPQ-' _ .
. {mole H,8) "-min! -~ . T .
- - v 2) 500-2500 vol gas- . . T
S , T (volcatalyst) ! ! e R
Temperature  500-600°C 425-600°C 300:-600°C - C
. ~ : ’ D e o ) -
Produets 1)S0, ) H,S - H,8 . HS o S )
rd ) ‘ i .
.. -

* Prefernbleconditionslistgd. .

GHSV = g hourly space velocity

- Table2.4: -

- Baron (1980) -

-

Wilson . . -

(1978/79/80)

“Wheelock _*

(1976,1977)

%



o - C .7 lower boiling
. - — S - > hydrocarbons to
h ) ' N desulfurization unit

hydrocarbons from - °
partially regenerated
coke’

~ N - : fbspentuir

Cyclone

Riser - Strlpper : * | Regenerator. ° oo
430-600°C "~ |} . [4s5565°cN |, 480-700°C

100-275 kPa_ - | 170345 kPa
gauge' . . | gauge

A . . "'_' '_'-A

Loy

;. S catalyst

o . steam . N air s
Hydrocarbon . . . o L
.- Feedstock

. , ‘ » Y,

. make-up - o __ T "1-5% catalyst
catalyst ‘ : . L removed, .

T N - . ‘ . : P

‘Pigure2.4:  Cyclical Fluidized Catalytic Cracking Unit for Converting
’ - Hydrocarbon Feedstocks (based on reference 6) s
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Baron indicates Lhat. baqtnueslte in xL<; unaltercd form (i.e. wuth aﬂeastsome ol' the

()rlglnal ﬂuorlne present) has a gredter dCllVlLy than chdted f()rms {i.e. c..n[c:ned sl.eamed or

leached). - Sufﬁcnent air is reqmr(,d in the regenemtor to prevent Lhe dedct:vntiqr_\ of the

bastnaestte pdrt:clcs f'rom exccsslve cnke depos:tlons .

In the Wheelock el dl pruccsses 4 5, ll.,S and/or C()b.are adsorhed from reducmg ’

,gas streams usm rare carth oxlde sorbents (eg !.d,,O ), at Lcmperatures almvc lSO"C o

. (prel’erably between 370 450°C) Regenemtlon is dccumphshed hy p.w,mg steam over Lhc.

(16) for t.he La-0- S system regeneratlon of lanthanum oxide sorbénls under condxtmns of' low

'sorbenL at Lempemtures and pressures snmllar to t.hose used durmg desulfu:lzatwn l.o

release chem:cally socbed sulfur in concentratmns gredter than in the orlgmu] I'eed stream.-

Because Lhe steam desorbed sorbent docs not have sufﬁcnent act.w:ty to be used in subsequent

sorphon (.ycles regencratnon ls completed by contactmg the sorbent with an pxidizing gas, -

such as air, at 51m1|ar tempemtures and pressures Smce the c1tcd c\mmp]es state that. 100% -

> .
of the sulfur is desorbed as ”28 during steam regencrat.lon lt is probable thdt air is- required .

to -convert La(Oll) to L820 Based on thermodynum:c datd recent.ly pubhshed by Dwivedi -

oxygen potentlal (eg steam) would. be’ necessary to avoid the formatlon ofa stuble oxysulf.xtei

" which does not decompose in air, below 1670°C

[
:

I‘he process«m.:t.s preferred embodiment util~izes supported sorbents coniuining 10-

T30 wi% ofa ‘rare earth oxide. Alkah or alkulme earth oxides (cg Nd20 K 2O can: be. used us

'promoters Although t.he pu.t.ent claims that h_ydrated sorbent,s contammg ceriym can be

-regeneruted by usmg mtrogen +to purge Lhe sorbent of H,5, ths was not found to occur in this -

study, probgbly because cerium hydro'\udes are not stuble aL the hlgher temperal_ures used in |

" this mvest:gnuon (800- lOOO"C) No attempt was made to vcrlfy Wheelock's claim. *

o

earth oxndés or bastnne31te concentmtes can he used fur desull‘uruut.mn ofu

The Wilson and. Kny process (7 8) was mvestlgated in this thests Although rare

.

fiuid malterial




_-(i.e. molten iron or steel, stack ga‘;ch coal gasification or liquefaction products), th:s study

focuqed on the apphcatlon to coal gasnﬁcut:on products

&y



/ . ) A ‘Chapter 11 - . ' ‘
o THERMODYNAMICS AND CHEMISTRY |
In this chapter, literature dealing with the c‘erium-oxygen-%u'lfur -systém is
Y
summa_r.izud and used to complete the Ce-Q-8 thermodynamxc phdse stability dlagl am in the

temperuture runge 1073 Lo 1273 K. The followmg chdnges are rLcummcnded in uddit.iun to

those buggebted by Dwivedi (16) in 1982:

(1 -  The Ce,0 S/ceo,, , Ce, o S/CeO,, Ce.,S /ceg(so . gnd Ce.lSs(‘Ce(.)g boundaries
have been added. . |
(2) The Ce,0,, . phase has beer‘i aclid-cd. : i B
(3) ' The CC(.).L?M phase is noted to t_lisélppcglr 1lhn\;e 1025‘»I’C (s_;ec F‘igu-re'ﬁ;l‘i: in Chapter
o : . . | S . .
(4) The Ce().,/CeO phnse boundary has been dotted to mdlcatc that i clca;

dlstlnct,lon does not physu:ally exist between these two phuse% ‘but rather a gr.lduul
transition from one phase to the other oceurs.~
This dmgram is used in sections 3.2 and 3.3 tb determme Lhe predommunl dcbulfurmmun

reuctions for a cerium oxide serbent i in contact, wnth a typical coal gas containing CO CO,, H,,

dnd H,S. The summary, given bclow rev1cw5 the dala.included. in the dmgram and draws

)
r

.n.tentlon to newly identified phd‘-(_‘b for which thcrmmhemlcal data ure currcnlly unavailable

but may need to be included in l'ul,meyns. luqm]zbrlu:'n constants for the prcdomirﬁmt

reactions were ulso caleulated,

25
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3.1 ' Review of Reported Cerium Oxides, Sulfides and Suifates
. R

‘3.l.l " Cerium Oxides <
./\ cerium oxygehn ph'nse diagrum which correlates most of the d'irecL phase .mal\ S8

work accomplished Lo-date, was sug\g-estcd by Hexght dnd Bev.m in 1976 (39) .md is shown in
Figure 3.1. Corresponding oxide ph.mes and their peritectoidal decompoqllzon tcmpemturﬂes
are qummarm.d in Tahle 3.1. Lattice. -parameters of these compounds can be found in |

reference (39). Q

At temperatures above 1025 + & °C (thy perltcclm(lal decompusnt:on tempcml.ur;e of

Ge eQ, .4, two nonbtonchlometrlc phdse'-. Cc 20y 4 and CeQ),,, dummate the phase dldgram
Bevan commented that the CeO2 phase region, until now consideréd to be cont:numxs[v non-
‘&&.mehlometnc thWb grossly non- 1deal behaviour and has been lnl.erpreled by Sorenqen (40]
‘;s divided into several distinct, nonsteichiometric subregmn‘; (see m:,ert l~ igure 3 1). Below
685 C, Bevan and Kordis (41) reported i mncnbthty gap con::qung of two nonstmchmmetrlc )
Ce0, phases a and a. Desulfurization experlments in thls study were conduct.ed above
' 700° C consequently, the phases consndered for the const.ruct:on of the Ce-0-5 phase st.ublllty |
dlagramb were CeZOa, Ce2 34y Ce0 1.714' CeOz_x and CpOz. In section 3.2, it will be shown _

. that CeOz_x is the stable oxide phase in typical coal gases,
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> * See Appendix 5.



‘Table 3.1:

Table of Cerjum ()xi_de Phases (39)

‘ - ‘ vacaney/unitcell  Peritectoidal
. Alternative (fraction of Decomposition
- Phase Compositiocn  Formula Colour* oxygens missing) Temperature (°C)
S Ce0, © pale / 0o . -
yellow ‘
a * Cp()z_x ’ blue . -
B . CeO, g, Ce; Oy dark (ann 445410
: . blue :
e CeO,y gy~ Ceyy0,, dark Caner 585+ 10
' _ blue ) :
4 Cte_77B - Cey0, . dark (1/9) 625110
. ‘ blue -
1 CeQ, .5 + Ces0y blue- C2m " 10255
1714 : SN
< black -
° Cezoalﬂ | : -b'a_a:k LA - \
op, CeO,LG,,. | " black , -

/\ ®  ceo,, Ce,0,  _ white 0 - )

'Y The colours were used to identify the oxide present under desulfurization condjtions
experimentally, o .
Y

. A
4 .



Cerium d:oxlde has the face-centred cubic fluorite Lype structure whlch can be
described elther as edge shared MOy cubes in a three dimensional chess. bo.lrd network Dlr as
edge shared OM tetrahedm This structure Lype is very :table even ;n groasly non-
stoichiometric phases for anion te cation ratios both greater than and less than two. When
oxygen is removed from this structure, the. «erystalline products are ﬂuorltc relau.d ellher as
members of an homologous series of intermediate oxides “having the formuld Ce, O, p.a OF as
non- qtmchmmetnc phases Ce()? or Cez() The nonmetal consutuent 15 cxt.remely moblle
in fluorite-type materials; oxygen is mobile at 300°C (39). It w:ll he qubscquently shov;'n in
section 6.2.1.3 that the oxygen moblhty plays an important role m the deSu[!’urlz;it.mn' S
reaction. In contrast, the metal 5ubstruct.ure is rigid up to the meltmg point of the oxide and
temperatures of the order of 1200 - 1400°C are required before appreciable metal iitom
movement oceurs, These materials are among tne most thermally stable known, melting at_
about 2500°C, For tne intermediate oxide phases of CeO,, the composition may be udjusted by

annealing at suitable Oxygen pressures and temperatures (see Figure Al.l in Appendix 1)

| 'wlthout destroying the erystal mtegrlty

.
»

Three studies have provided strong evtdence thnt the predominant non-
stotchmmetnc defects in CeO2 are oxygen vacancies. Oxygen self-diffusion coefﬁc:ents yvere
measured by Faber {46) using X-ray and neutron dnffractlon meusuremcnts from. 800 to
1000° C Panlener €t al. (47) showed that oxygen vacancies are doubly :onued and cssenhully‘ .
randomly. d:btrlbuted-near stonchmmetry (x = 0.008). Steel .md F‘loyd (see Tahle 3.2)
obmlned act.wahon energies for oxygen moblllty in non-steichiometric ceria. L..nger okygen
diffusion coeﬂ"cnents were obtained as the number of vacancies increased. For ceria close o

. stmchlomet.ry the activation energy for Lhe mobility of oxygen ions is apprummutely 84 kJ

(48). , « ;

LN
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oo Table 3.2:
- Ox’ygcn Self- dlffusmn Data for Cerm as Reported by Steel and Floyd (48)
' from 850 to uso°c D=D cxp(— /R’l‘)
_»Aqi;)n V_acanqy .-
Concentration, ) P}g-ekpbnential * Efrorin Activation
Compbsitinn ' .' (%). C , term (cmzfs) : - D; : ‘ ) . Ene'rgy‘(kdi

.CeO (po =021) <10 - - ‘19xto‘ L GLy+sm0t '1’04115:-- '

CeOz(poz"'OZl)‘ L<10% L Lax1o® o (-0.3/+0.4)10% - 89 435

-CeOypo,=0.02) <192 - L8x10% CLE+2:105 1285750
CeOygp - 4 . Lsxies C (=L 2/+6 mo"' 49.'3%”
COs T L G (-5. 0/+2 5)10G ERCAEST R
. "'pquéry'stnllines'a-lmple o N
. . ‘
-

as
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3.1.2 Cerium Sulfides and Oxysulfides
Figure 3. 2 is a modified version of the cerium- sulfur phose dmgram whichis given .
in a review by Gschneidner (42) F‘our cerium sulﬁdes have been reported -- CeS, Ce,S

+*

Ce2$ and CeS,. The CcSS., phase has been deleted from the original diagram. Two poly-

3

morphic forms. of Ce2S have been 1dent:ﬁed The a-type is orthorhombtc._stublc at low
temperatures and is ex.lctly sto:chlometrlc 'l‘he y type, based on the Ce35 structure, has a
. body~qentered- cubic cell containing 16:'3 Ce, S, formulus or 4CcmS formulas. Vacanc_ies ]
exist on the metal sites and have a dlsordered arrangement By filling the vacancies‘
contmuous solid solutlons are obtalned l'rom CeZS (Ceyry [ S ) to the Ceas composttxon.
Besangon (43} determtned the a=vy transntlon temperature of 1150°C by Differential
Thermal Analys:s Thus above 1150°C, a clear physical boundary does not exist between the
. Ce25 .and C935 phases . U o ; R A -
' Besxm(;on (43) showed tho,t the compound prevmusly belxeved to be B- Ce S by
.._Marcon {44) and Ce S by Klmvex and Berger (45) is actunlly CemSMO ThlS compound is
' .tetragonal wtth the oxygen atom huvmg a speclal posmon at t.he center of the tetrahedron of
' _cerlum atoms Itis poss:ble to substitute the oxygen by a sulfur otom glvmg rise to a solid
'solutlon of composmon CemSMO S Besancon reported that CemSHO is ‘stable to
’ A. '_tempero.tures of1500 1600°C nnd can be formed via reaction 3 1.2 above 1300°C )
| l/ SRR '. 9y- Ce._,s (s} + Ce20 Sts) = 2CemSl4O(s) N B 3.1.75
. Hexagonol Ce 0 >S was the ﬁrst oxysulfide to be reported Zachurmsen published h
the crystnl structure m 1949 (49) [n 1978 W:chelhuus (50) and Gu:ttard and Dugue (51)
: _.rcported two new oxysull'ides Ce40 S3 and Ce OGS wrth lntermedlate valence Both com-
‘ pounds contam Ce3+ and Ce“’ ions and belong to the same generol formulu Ctﬂ:zl,'OmS“+l or

. C ""2n ZCeW oznsn“ The structure of these oxysulﬁdes ‘based on the Ce 0 S lattice,

- ‘contain perlodtc d:slocatlons purallel to the x0z planc the per:od of the dlslocutxon bemg 2and |
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te

3 unit cells of CeQOQS whenn=2andn =3 respectively (519. Black crystals of Ce40453
‘were prepared by reaction ol' CeO2 with'Cezs in an NaCVKI melt enclosed in an evacuated

quartz tube at 550-600°C, It decoinposes above 730°C in vacuo to form C020 S and clemental

sulfur (50).

Thus, for Ce-0-S phase stability diagrams between 800 to 1000°C, sulfide phases -

which should be included are CcS, Ce,5,, (1-Ce:283 and Ce,0,8S.

S
) . \\l #
3.1.3 Cerium Sulfates and Oxysulfates '
- l?urther work ignecessafy to resolve conflicting r;ports in the literamre regarding
the composition of the various sulfates and their decomposition properlies. Duval (52) first
reported TGA decolmposit.ion studies of Ce(SO g)p - 3.1 H 20 in ‘1956. Below 1 C physical
desorption of water.was observed. The sulfate began to lose welght. at 300°, wnth max:mum
) welght loss occurring be;ween 450° - 540°C, after which the TGA was termlnuted The
decomposition product was belxeved to be 3 CeO, - 4 SOa. Another TGA/DTA study of
Ce(SO4)3, by Lérdnt (53) in 1965, stated t.hat Ce(SO::)2 was l'ormed above 400°6 which sub-
sequently decomposed to cerium dioxide at 860°C. However the TGA/D’I‘A curves were not
given. Omer et al. (54), in 1981 publlshed TGA decomposition studles ol'Ce(SO alp s molten ‘
llthlulm sulfate-sodium sull‘ate -potassium sulfate eutcctlc Ce(SO 42 reacted with t,he melt in’
two stages commencmg at 100° and 750°C, respectlvely, l'orrmng pule yellow products in both
stages with the evolution of 50;. The powder diffraction patterns of the products from the
first and last s"t.ages corresponded to CeOSO4_- H,0 a:nd eé02 respect.ively'. The reaclions:
'however, are not believed to be the simple decomposition of Ce(80,), _
CelSO,),(8) = Ce0S0,(s) + SO,(g) - 311
CeOSO4(sl = CeOy(s) + S0,(g) ‘ 3.1.2

\ -



Table 3.3:

P
Table of Cerium Sulfides (42)

D,
- \\-
b}
Crystzﬂ
Compoun’d_. "7 Class
CeS l' - _ cubic
Ce354‘ | ' - " cubic
a-Ce, S, L ortﬂo:
Y-Cezss‘ L cubic
CeS, - ' cubic

Lattice Parameters A
a b ‘
5.769%4 -
8.628+3 -
7.5i3_ | 4.091
8.630 %1 .
8.115%5 -

. . - L/
* These two phasesforma complete series of solid solutions at high temperature.

X

&,
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Longo (3 has reported the formatmn of‘CeOSO H O in a flue éas desu[funzut:on
process usmg cerium oxide at 500° 700°@. Clearly this oxysulfnte ‘must be stable at | aqt to

the upper temperature hmlt of‘ this process The erystal structure of th:s compound has beer .

reported by L.undgren (55) lelesp:e (56), and Lmdgren (57) -

~y

Other reported oxysulfates or oxysulﬁtes (58 59) fer whlch qtructural and
decom.posnmn data are sparse af‘e | -
ZCeO -380, 5H O 3Ce0,-280;-3H 20,4 CeO, SSO 12H20
16Ce0,-5S0,- 12H,0, CeO SO H O and CeO 50, - 2H O
Decomposﬂ:mn studles of cer:um ([lD sulfate have been more concluswe Studles k
by Nathans and Wendlandt (60) showed that decomposntlon‘to CeO commences at 700°C and
beclmes rapld at 920"C. Omer et al. (54) studxed the decomposmon of'Ce2(SO )3 u'sin'g the’

mel

echmque prevtously ment:oned An umdentlﬁed colourless mtermedmte was formed e.t-""
g . " :
0°C w}uch subsequently decomposed to CeO, at 760°C.. It must: ugmn be pomted out that
decomposatlon reactlons in the sulfate eutectlc are probably not’ represent‘atlve of oramury

decompomtlon reactions. . A few decompostt:on propertles are summanzed' in Table 3'4

: Clearly, much work needs- to be done to_resolve the varlous sulfate phases, the:r‘ o

decomposition'and thermodynamtc properties. Ce2(504)3 was the on[y sulfate mcluded in the

Ce-O- S phase stablllty dmgrams because thermodynam:c data {‘or other sulfates were: not

.

uvm[able . ' : . . ‘ s . g"u‘
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B »l ; . (S . \E_I‘éble3..4: )

Decombositio’n Properties of fiéported"R_nre Earth Sulfates -

- -

- -Pt'(l;dl:l'(‘.-t(.)f. L - Te{npelr‘aé.u\re Ran_gé_ ' )
-'“Cor'nié olu_n'd . | : ‘Dg-corpposit.i,ér; s g Cy ) N o Refer,er}c‘ev .
oS0, T o, . T0950. T 60
‘Ce®0y, - _‘Ce‘(sos)'?_‘- o - '-‘400-}566‘_ . s
eSO, . sy o vggr - s
CelSOgy . ceoS0,. - e -l.'54‘

CeOS0, - ' €Oy " . oamest - g

** decomposition in-molten sulfate eutectic, i
- =
- .
e L,
! ' .
L
\

.
,'}4"
-
‘
» )
. <
.1 -
. .
- ) !



32 i 'l‘hermodvnamlc Ce-0-S Phase Stablhtv Phase Dlag’rams and 'l‘helr Use

“Inthé construction of hlgh temperature phase stabll:ty diagrams in therange 1073

to 1273 K, stendard frec energteq of formatlon {61- 63}, see Table 3.5, of a pair of compoun(lq
are.combined to give an equatmn deﬁmng the boundary between the phase fields, Sample
calculatlons are provu:letl in Appendrx I and the resulting equat:ons arc summarized in 'I‘trble
_r 3.6. The houndarle‘; between the cerium- oxlde phasee were determmed from the data of
Bevan and Kordis (41). For e:':amplc the phase change l'rom CeO,, to CeO, . at 1145 K
occurs at an oxygen partml pressure given by -log P()g =234 ld accordance w1th the phasel
. rule (see Appendlx 1, Figure Al.1 and 'l‘able Al2). A typical Ce-0-§ phase :,tabll:ty dxagram
at 1145 Ki ,15 1llustratﬁd in Figure 3.3. Stablhty dlagrams at four other te'mperatures 1073,.

1189 1244 and 1296 K were constructed and are given in' F‘:gures 6.12- 6 15 of Chapter 6.

-

When a cerlum oxide sorbent is exposed to a gas containing CO Cco ‘2, H; and H 25,
) 'the ;n:tlal gas phase composntlon and temperature can be used in con_]uncttou with thc Ce-0-S
phase stability dlagram tc‘predlct the :eactants and products However th:sd:ech’nique
- should be used cautiously because the equilibrium prodﬁcts are not necessar:ly the real o |
products The computer pro‘g‘r?am F‘A‘C"I‘ (descnbed m Appendlx 2) calculates the .
equnhbrlum compos:tlon of the  gas. bel'ore desulfur:zatmn at the condlt:ons prevaxlmg inthe '
' reactor, from the room temperature compomt:on ol'the gas The calculated oxygen and sull'ur
partial pressures determme the thermodynamxcally stable solld product ol’react:on
For example consnder a gas mlxture of composxtnon A (see ’I‘ablc 3 7) at room .
o temperature, W1th correspondmg hlgh temperature gas composmon B (see Append:x 2 l'or
; detaxled llstmg OfcompOSlt.lon) ’I‘he dxygen and sult’ur potentmls of gas. B are represented by "
- pomt Bon the phase stablhty dlagram and shOWS that the Ce—O Sphuse in equrllbrlum wlth. o "

' -thlsga51sCe203 S ', .' “ : .
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R / . St.andard Free Enermes of Formatlon of Relevant Cerlum Compounds
oo T AG°~AH° ’I‘AS"lemol
- E . AH® - a5 S | f‘sumated
-~ Reaclion 1 - . 7 tkdimel) - (_l(mol K)) hrror(k])
. Cé0,(s) = ce(e)+0(g) s Dot 108638 N L0212t 3
Ce,0 (s)“ZCe(f)+3/20 og. - 1780.80 102761 ot
CeS(s) Ce(e) + 172 S,(g} L 55430 . 01042 | 4g
Ce, 4gs)=3Cé(’c’).+'252(g) ©. 202183 04109 . 442 4 -
Ce,Sy(s) fzce('eb's/zs‘(g) ; . '1469.25¢ . 0.3180 t42 -
iy ' ) : ’ - . -t ) : .
' .‘Ce2 ngs) = 2Ce(€) + O,(g) + 1/2S (g) L 171849 0272) +63- }‘ :
' Ce2(50 )3(5) = 2Ce(€) + 60 (g) + 3/23 (g) 413364 T L4009 413
' ;Estjmated.
 Validtemperature range.is 1071-2000K o - S
v R
* . B
’



-Boundary.

(-:;!S/.CE;]S.‘;

-‘Cc;]SQJ'C(!zSQ

CQgOg/CGQOgS

. CeS/Ces0s8

. _/(;0334/(3&2025 :

*Ce;S3/Ceg0,S

c_ééo&rcém;,;x -
ceooaﬂzceol .
) '.CcOI 716/CeOy: o
| *Ce03.4/Ce0;

"Ce0o/Cen(504)3

CGOE/C.EQOQ_S

_ ‘,CegS.;;/Cez(SOq)a .

*Ce02/Ce2Sy

“* Estimated

log }502

Table 3.-6:

»

Equations Defining the Location of Boundaries on the

Ce-0-5 Phase Stability [)iagrim/‘

Equation

log ps, = - 37469.8/T + 10.3"

- log pgy = - BBOTLI/T 4138
log po, = log ps,, - 6507.61/T + 0.43

+ log po, = L2 log ps, - 3185L.9/T 43 3

- logpo, = 5/6 |0gp32 19362.01T + 0, 10 _
"l‘og Poy = log pis, - 13016 5T-2.4
log po, = -24.7 at l_l45{K‘ '

log po, = -24.0al 145K .

23.4at 1145 K

logpo, = -1_5.0'-4 1145 K

<

log bo, =.-3/8 log psz-.2557'6.8/'r +12.88;

]og p(;,2 = 12 log pSZ 2344 9/’1‘ + 7 43

’

log. p02 =-23193.5T + 9.43

. log. p().z = 3/4 log Pbg' 18426 3/'1‘ + 2. 50

)
or
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", Co mponents

- €0
H,
co,"

~Hy0

Table 3.7

" Table of Gas Compositions

: ‘Comiposition {mole fraction)

> '_

0.550
3.330

.0.108

B c

0591 _'d,s_él-
0.289 . .7 L oege,
0.0679 . 00679 "7

 0.0420 S '0.042'0 :

oogor - . 5.02x10%8

LO1x106 © | 251x10°10

N

2.65x1019 - 2.65x101°

1145 - 0 1145 -

AR ST Y T
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- Coneentrations of the mujor components CQ), Ca,, I1,, 1,0} are comparatively

Aunchanged in ihe desulfurization of dilute I1,S streams, thus the-path af the desulfurization

reaclion cun be represented by a line with constant oxygren partial pressure, until the gas

'

u)mp():-ll.l()n reaches the point ¢ in l‘|gurc 3.3, (.u:u-spnmlmg Lo thc e, /Ce, 0,8 cquili-

hrium, Beyond this point, no further desullurization cun occur. Point C predicts Lhut the solid

reactant phase is CeO,  and H(St(:rnliﬁcs'thp final composition of the £us phase. Although the

l)oundary hel.wucn the CeQ),, 4., annd Ce Q, b ph.lsr\ {ields cannot be ealeulated owing to Lhe lack

. ol ther modynunuc ml'ornmtnon gutimaltes of the iinal gzls composition atl equilibrium can be-

made. by d:.lwm;, a smooth curve joining Lhu C(: 0, /Cc 0, S and Ce() /Cu.zO.zS boundaries.
. From Figure 3. .3 L'Htll'l).l.[(_'(l equilibrium concentrutions at point € are Psy = 2.50 x 101 yem
or Py = 5.02« 105 atm (65 ngS/ml., 50 rpm). In section 6.2, these estimates will be

compared with experimental duta. The thermodynmmcully pr edicted I[zb concentrations are
well below the FEPA standards o 0 ppm (1300 ng S/mL) for temperatures up m 1273 K.

The limitations ol'thc phase stability disgram are us l'ullnwsr

800°C to L100°C. Other oxide phases cust bcluw B85°C ay cluscn ibed by l lgtu ¢ 3.1

Above 1[5()°C the.Ce,8,/Ce s phase huundarv will not be clear ly, (lcrncd humusu
34 ‘

. of the formatmn of a ~.n]|(| solution of the two squl(le ,
., M . - . v .
2. Other oxysulfide phalr;(_;s, ie. Ct:“,S_‘N()‘]_RS.\, may cxi.sfl. . '
3., Other sulfate phases mity exist hclwcnn‘the CeO, and Ce,(50,), phases.
. o i ‘
34. 'l‘hc‘ diagram -.rcprescnts cquilibrium conditions only. l'lx.pcrimcnt.ully measured
. ' e concentrations may dilfer from pr(,du.{cd vah?cs if equilibrium is not att.um,d
- 5. - Some chemlcal redLL:ons AILhuugh Lhclmudymumcally pussible, will not vceur Lo

an upprucmblc extent hecause of kinetic limiultions.

¥ - .

1, The dmgrams prt.sentcd in Lhis work, -»LrchI_y a])ply to Lh(. lcthpcratuw mngc uf‘
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33 - < Chemistry
N -
331 Reduction .

The strong reducing atmosphere present in low/medium.heat content coal- gases

permits the reduction of Ce(), in the desulfurization reactor, The composition of the stable
. ° P, - .-

uxide phasg for a given temperature isaniquely determined by the ux_vgen partial pressure as

shown in ll,,}lll( Al (/\pp( mdix 1) For muost luw/delum grade coul gases, the non-

L.Lcmhmmvtru_ CeQ), i phusv is lormed.  This conclusion was further verified upon

-,(-x;nm'rn;llinn of partially desullurized pellets which showed an inner core containing a hlue

.
- '

solid (see s(_!cL'itm 6.2). The reduction rcucliml;a\um_v be l:lll)l'OSeIllC(i as:
(‘c(),,(-.) + \(‘()(g) = Cel), " ls) + \C(} o5 - : . 3.3.1
(’Jc(). () + llytg) = Ce0, () + xJ1,0tg) ' - 332
Lsumului free energies of reaction and equlllbnum cunwt.mts were culcuful_ed, using _l;urin,
Knacke and Kubaschewski's data for CeQ g (64).
- Ce0, (w) + 0.170C0(g) = CeO, y,(s) +0.170CO, (g) ' 3.3.3°
AGT = 2004 8 - I 90T cal

= 8.3867 — 0.00795 T kJ

.

Kiwp =104 o o '
Cell, () + 017011 4g0) = Ce0 ) + 0.170H,00g) - 3.3.4
AG” = 22552 +.2.33 Fedl N

Sz 04,342 + 000975, T k...

Kifuo = 103 LASEEN g

- .

'l‘hc cquilibrium cnnst;mls of oqualtions'.'l 33 un(l'3 3.4 show Lhat rcdu(.Lmn of cerium dmﬂde

is thermodyndmlmlh more ﬂlvoumhlc with earbon monoxide thun with hvdrogen

P
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332 0 Desulfurization ’ . .

During desulfurization of I‘nw/mu‘dimn grade coul gases, I.I.H,S.' reuctst{#ilh non-
stoichiometric CQ()-_).\ L-n form .Cc.j()._,S tsee thermodynamic arguments in section 3.2 The -
chemical reactions nay h;: represenlud as: o, :
2Cc(), (s} + 11, S(}.:) + 20, ) 7— {‘v,,() Sis) + B(1-x)11, ()(g))g,z © 335
L 2Ce0, (5) + 1,80 + (1- 2\nu)u,) = CeyO,8650 + TL,06R) + (1-2x)C0, AE) ?}.3,6 :
- Since there is no net change in the number of moles of gascous specics in r'e;ict.igns 3.3.5and

336, tolal pressure will npt affeet equilibirium eathpositions (fumhinirlg Gschneidner's data

for Cc.,()‘,S (61,62) with Barin, Knucke 'und Kulchhewski'-& (Lnt.l for nun- atnuhmmetrlc‘

v
«

C(.()l gy Lhe H[-ll]ddld free energy changes and (‘(]llllll)lllllu const: mls are:
o ‘ZC(.‘ULH‘.;(H) +A‘H‘._,$tg) + 0,66 ll._,(g) = Cuzogs(s) + l.(i(iil.;()(g) . j 3.3.9
AGY = 6331 = 1107 cal
”:‘26.48_0.0460 Thi - _ : o
. K/

110() ‘40(. .

2Ceol aals) + H S(g) + 0.66CO(y) = Ce.,() Sts) + H,zl')(g) + 0.66 C()‘(g 3.3.8
AG® = 1061 - 6.097 cal '
= 4451 ~0.0255 T kJ

K =132

1130

Nolc‘tflut_equilihrium constants are large in Lhe t erature rangc of mu.rcst(l()?l 1273 K)
Jindicating favourable desulfurization: reactions \Jm. uulsulerc(l to be irreversible Por

K =10 p o
eq <
3.3.3 Se.condur); Regctionsl ‘
Unless the components of the 1:{imulzlt(.\d coal gas, CO, COZ, H,, IIZS,-und H2(') are

introduced into the desulfurizer in proportions geﬁerally existing in the reactor at a given



&

mmpm'{lturc, rcucl.inn's.butwccn' the components will vceur

o re:’lctgfms

COMR + 1,0 = CO + Ot |
0O = Cls) + co, i;,r |
COtg) +'H ;S(g C()S(g) + Tyt
co, (L) P 11,S(g) = co%(g) #L06) «

“I'he mmpulu prm,mln it ("'l trefor Lo section 3.2

- the q({mlll)rlu m gas compusmcm,s untering a bed of cerium mtidu

: c-quuhln ium was attained in lhc pr(-h(_dlmg zone of the x('.utur ()lhe

shown thal this Lmsumptmn is leld al the

OF major m\pmtdncc are the

waler- gm. shilt reactlon the Boudmmrd reaction, and the h»(hng(-n sulfide dpﬁ_\'drugonuli(m

339

3.3.10

3311

3.3.12

and Appendix 2), was used o delertine

bused on the assumplion that

r 'mvmtignlm'-; (31) have

hxgh Lt-mpeml.mus uwcl in this ‘!llld\r

o

i ‘l'.xp(_-runcntully, carbon’ deposition was not ol)sur"vcct -
3.3.4 ‘l{egcqcralion
()xid_z;tion of oxysulfides in the spent sorbent under conditions of high oxy,gen
pulential pm’mits the regeneration un(l reuycling of Lthe m:idc' In air (-log’ Po, = 0.678,
‘
-log [)_:,., <24, CL(), will be prcdummantlx prnduu.-d with re]ease of adsorbed sulfur as S()
%. according to rmu.tlon'l] l'i ‘ _ a Y e
L C(. 20,8051 + 20,(g) = ZCeO 25) + SO (g 3.3.13
L C - AG°—-195164+ 1.52 T cal -
. * , ) ’ - .
& : = -816.432 + 0.00_63(5’[‘ kJ
a8 | )
K“n“-ZG'?vclO » o

K urther discussion of regeneratlon rcact.mns is glven in -,cctlon 6.2.2.



Chapter 1V

GAS{xnkﬂémACTunuK{Nwmcs

The \vc)rkdiscussud in this thesis i primarily concerned with the chommtl y and
Lh::.'t'mod_\'lh’ll‘nics ol ilm desullurization rolutmn of cerium oxide or h‘lbtn'leslte with H, S
l.!owevur, a kinetic ;niul_vsis is ultimately required to determine the leasibility ofthc process.
[n this chapter, a simple kinetic model s selecled and u:_;cd lo ascertain.the parameters
necessary to estimate the relative reaction rates from Lhe: pfeliminar_y brealétfllrough curves
presented in seclion 6.2.1.5. These results are needed in order to proceed with further
developmental work.
4.1 Kinetic Modelling

. B()Lh'thu desulfurization and regener'ation reactions discussed in Chapler lll,oure .
examples of hcterogcnequs non-catalytic gas-solid re;;ctions of the type:

- AR) + bBis) = Clg) + dD(s) ‘ 41

whcre_ A un.d. B are the gdHOOUS and solid reaclants: C and D are the gaseous and solid
d‘_-«.

products andb, ¢, and d are their respective stoichiometric coefﬁcu,nt.b

T he ['ullowmg series of steps are involved in the overall reaction process (74):

(n Gas phase mass transfer of the gascous reactant from the bulk of the gas stre.zm to
Lthe.e*clernul surface of the solid patticle. - o
-(2). Diffusion of the gaseuus ngf)@nt through the pores of the bOlld matrix, whtch could ’
o éonsmt ofa nuxt.ure ofsolld reactants and products, .
(3 '_ Adsorpt.lon of the gaseous reactant on Lhe surface of Lthe solid mutnx.
(4) 'Che mical reaction at the surfu(.e of t.he solid mulnx s
(5) - Desorptmn of the gaseous product from: t.he surface of the sohd matrlx



- model cannot uccount for Lhangu, in porosty, but is -».:me":ctory for a prehmmdry kinetic ..

(6) leflhl()l’l of the guscnus reaction pmdud Lhmuuh the pnrow of the \UIld matrix,

“.

&

50 r.l to the bulk of lht' gus stream
A

Stcps {5), 6) ;md‘[?) do not C{)l'lll'“.)lll,f.‘ dirccllv to the nb\'erved rulé of reaction in this studv ’

because lhc zu‘u_tmnt. can h(_unhld('rcd lu l)c irr (:V(_rslblu (sce qcctmns 3. i 2 m(l 3‘3.4).

.

Levenspiel (76) recently summurim:(f Lthe mathemalical mnduls availuble l'ur-gns‘-

solid rl:i:cti‘nns. see ["iguru -i.l Sinee -ullux tnaded pellets show a blue inner core of ( L()

surrounded by a green outer shell of Hulﬁdc d:ft"w.mn must be thc prcdommdnl mechanism,

T hc v l.nlttl()n is als() ‘\HH()LI.ILCd wnth d d(_umat, in pmoslty {see Appendw 6). 'I‘hut. the umf'nrm

conversion, udelmg, core and t.hex mal (lccmnpubltmn mudeIs are unsuitable. The shrigking

_com model was not, used ‘because it can he'nbt.uinud as.a ~:puci£11 case of lhe grain model
[

(dllfusum conlrullvcl uc.uunns.m non- porous 5ollds) ‘Simple e_qu.mnm wereselected from the

two wmammg madels for Lhe feablblhtv studies. T he relationship belween’ Lhe adsorption

capduL_y dlld the physlcal prupertles of th b()lld reactants dnd productb has bqen derwcd bv

Ram.lchandmn and SnuLh uqmg thc changmg vmdage pore nmdel (77). This relationship is.

valid in the ahqvnw of pme dll‘l‘usmn cunllul and is Lherufore helpful in the 1dentxﬁc1!.10n of

.

Lht mt.u deler numng lIlQLhdanln (see Appcn(h\ 6 and sthu}n 6. 2 1.4), l[nwever this model

has unly been appljul to- Lhc ll‘d(.ll()ll ol single par Lu.lu systems. I‘he lumted amount of kmutu.

‘ . . .t
N -

‘data presented in this lh('sl-, (loes nnL warrant a com)| ex deu\“ﬂm to ebtain cquations

apphmblc Lo a fixed bed systcm The rclatmnshlp between the rule of rcactmn and the slope
‘&

of the brcakthmugh oMve, on the othér hund is edally obtuined from Lhe gmm model. This

evuluatlon of the procesb A more sml.hble model can be selected when the process has been

»

‘ optlmlzed The remamder ol‘thn, chapter briefly summurues the relevant equat.lons
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y i
Kinetic Models for- the Reaction of Solid Particles - i
' i fiﬂusiozn :
SCM — shrinking TQR 1
C s +  core ‘ .
adel @——-——- T V_:_actri{on .
. : = X .
Yagi d Kunii {1952 . )
agi an unii { ) . . \
. - . . ‘
UCM — vniform T *Q
convarsion
Avrami [1940) b . —
© -Prout + (1944) Y T = const
* (... ond more)
- .
GPM — grainy . _ ::";2:’: CM in grains
pellet diffusion .
model ~ between -
grains

"Sohn"s (1972)

CCM - crackling
core
model

Park + (1975)

1 .
CVM - chonging
voidoge
L * model
ishida » {1968) .
Hortman » (19786)
.y Ramchandran + (I\Q‘L)

TDM —thermol

decomposition

" madel.”

Kunit. (1962) -

'

Figure 4.1: A summary of kinetic. models for gas solid reactions (taken from reference 76)

-y

+— shrinking
core + SCM
in groins

T

-—dan

¢

J N
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[n the ;.,mm mudel porous pel[eb. are (_unsndcrcd to l)(. a;,;.{lmnc dLmns of umform- -

grains which may be spheres, Iung cy[mders or ﬂdt pldf,Cb (for which the gr mn shape fa(,tor

-

F,, is 3, 2 or |, respcctlvcly) Each grain :'cuctq uccordmg to Lhe ahnnkmg core mndcl T he.

model allows for the limitutiun of the |Jr0g| ess of redctmn b_\, mtcr;,r.mulal dl\fll\l()n of N
gawwus reaclant gs well as hy Lhe ¢_hemu..ll stepaf the «.hrmkmg le.ictlnn sur fdcc‘; within the
Q.

grains (74) (Ref(.rto Appendlx 13 l'nr zlddlll()n al det .nls) . ' —_— - -

The dlffel‘entfal mass lmlantc qumlmn 4. 2 n sulx ud twiee; once for the individual

grains and a second time f():';l sm_l.:lc pellet (-mlsis! ing ¢f the gll‘:gi,r;s:- L. L
_ ’('A L 20 D o T gy
L — +V (‘\::[)I,V C‘ ‘F.’f\ K X
A , ; . .. o ‘

To obtain the grain model kinetic cquutim'l's, thu assumptmnb listed in- ['uble 4 1 are made

Most of these assumptions are .J))plu.al)lo to Llns work with the cxceptmn of thc rcqulremenl of'
AY

.

~

no change in solid structure. The detallt_d dnalysls and- re‘;uIng cquuliom L.m be found in

refei'qncc'?‘i. ' " - . - B _— J

Three addgonal assumptmos are requnred f'or I.he packed hed svstem'

(n The plug flow of gas. *
(2) Uniform spherical pellets. ‘ ' T
(3) Negligible dlﬁ'u‘;lve or dlsperslve mass t.mnt.fer in the d‘(l{ll dlrL‘LLiun.

'I‘he followir d:ffcrcnllal mutet ial |)d|dnCL was obl.nned l)v [' \.m:s- and Song;(’iS)‘:"' o
’ — = _X =op - 4.3
- d o L s ’ ,

with the boundary condition -
vy - .

A U ‘ 4.4
where 0= cic, —d:mcnsmnless gus Lonccntratmn extu'n.:l to°the pellet (this allows for ™

’ . - . ,varmtumq in the conccntmtmn uf' the bulk Eas as it passes through the

: _reactor}. . IR ‘

-gas concentratlon at the pellet, surt’ace e o .
inlet gag concentration - T o o e
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@)

W
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I‘M Assuniptions in-Grain Model

: Assumlgtmn.

The pwud() stcddy state approxi-
“mation cafhe used to descnhc the, -
®encentration of the p Baseous rea(,tdnt
wn.hm the p_eIIet(Lu ICaAMt = 0) p

. The resist; mu du( tu l“(l(‘Llhll mash
- transfer is IlL‘L,Ilglhlf' :

" Diffusion Within the pellet\s either .

. cquunol..\r countei diffusionor is at -

Ta lnw cnmentmtmn ufthc dlﬂ'usmg
species. : :

s

- The system is isothermal.. -

,""T'h‘e viscous flow contribution to

mass transport in the, pores may he
neglectod (v vCA = 0) ‘

" The oeqctlon rdtc is ﬁrst urder with
respect to the gdseous concentrahdn

’ H',\ =, k C,\. '

" 7 The solid structure consists of macro- .

- \u)plc‘l“\r uniform nen-piorous grains
Wthh are unchanged by reacLlon

. This may or may not be valids

e Validity

q .

lel(l since the dilfusion Ufgds(-uus
. species has bech found ln be 1000 .
times faster Lthan the progr ession of
'Lhe reaction fmnl f74)

I‘hm qtudv used a modlﬁecl veramn .
of the grain model given by Wany
(80) which incorporates u bulk
diffusion u)rre_ctwn l'.tctm .

Concnnf.mtions uf’l IuS were loss - )
. than 1.0% hy volume.. Moles of R

© gaseous reactants and products are o
. equal (see section 3.3.2).

Thus
.lssumptwn is \'dlld.

" Valid hemuse tH )S concenT ations
-were low and beciuse enthalpies of
--reaction are weakly endothérmic
(AH" = 4 45 - 26 48 lemol)

‘Thlb Lerm qccounts for Lhe mass
added to the system incontinuous -
flow problems. Valid assumption. *

.,
A Ly

SEM mu:rogr.xphs showed Lhe CeOg
sorbent'to consistof uniform

- sphericil.grains. However the
"~ solid structure.does undcrgo a-

‘large éhange in porosity during -

" reaction (see’ Appéndix 6). Thus

_ this ussumptlon is not valid.
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Phe dimensionless time, is defined as ,
L I o von y . . 4.5
. oo Lt v t .
’ Lo . pl. Lo - . )
where ko= i'nLrinsic kinctic rate constant . R
CA, mlcn nal sur Llw arca of Lhe ;.,l ain
I, = \hdl)(.' lactor tor l.h(-g raig
' - V' = volume of the grain
P, . = molar densityof the solid reactant -
. * . ) * ."’
L = lime

" The dunensmnlesslength v lﬁduﬁn(‘(i as

-" oo I(/\H—L)“—L)y:'.., ‘ o ’4(;'

. \r ' BV oy
Egow o
superficiaTgas velocity :

Y‘! = H
tv = bed void fraction ) ‘
. —
€y = void fraction in pellet - ,
y = distunf:e [‘rom Linlet end ofrcactor o T , \

i is, tlcide as’the cﬂ'cd.woncas I",,lLtm .md is given by thc value uf d‘(/dt" when 0 = 1 B
d]ll(.“-: churmmed b\ Evans .md bang (78) using numerical melhnds are glven in 'I‘ah]e 4, 2
Foru spherlcgl pcllet (.()nblblll‘lf., ufsplu:: |c.ll grains (i. e. Fp=1I, = 3). Note that fisa f'unctioq

f'] o l“g, X and a, where the rua_ctmn modulus, § 0, is defined by

['pk (l—cp)A

A 2D F V
. . -y P ‘ e R g
and. Dy = effective diffisivity .
Vo= volume of pellet

Ap = external surface-arca of the pellet,

-



Table 4.2: Valugs of Effectivencss Factor, i, for spherigyl pelléts consisting of spherieats -

; vﬂruln.s(l‘p = [‘l-.' = 3)1(78). _

- %tcntnf. ) s _ ) R -
i réaction | - L A ' .. . .
i, X 03 - 05, S0 - 12 18 © 30

v

oo b w2 war ¢ qss :1_42 e 1653
005 2,63 BRI I 1}32' . I38 - 0.984 0614
0.00" [+ 255 228 NTT - 433 0 . 0942 0575
015 | 2as T 216 L7 leg e "(i.sms R AT
o020 .| ey 208 - g5 - 123 0853 0.490
025 - 228 - 201 -0 T80 o .18 0806 0.444
00 1 218 e - sz N T o 0.758. . 0.396
..(1,35' | 208 7 s 1 LT L - 0707 0347
cod0 - 1.98 176 .l40 . . Loz s ‘u.‘(.sss" 0.297
045 1 188 . 1es 133 0959 - 0600 0257
oS0 b ass e 0.898 0542 ‘yz1y
055 .| ey - 149 CL19 0833 . magy - 0182 L.
AR X use e e o ooes o gdbe 0.155°
— e 0.65 . | 141 . 128 1oz - 069% - 0.361 . (- I
| *.70 L U8 N7 0830 0617 0306 0.1
“oms 3 e, 104 - T0832 0535 0.257 0.0241
' 0.80¢ - 0.’98.6. L0909 0724 0448 ' D212 90779
0.85 ~08]9 - Q_ﬂ;d' 0603 T (0357 ¢ 6.70 . 0.0626 -
0.90, 0629 . 0587 ', ..0461: 0265 - 0.126 00477
095 0399 - 0374 - 0284 00166 ©  0.0843 - £ 0.0319
099 | 0is7e T pazg ~0.0877 ° . 0.0581 _"0.0340 0.0144
—~+ . :
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[he re l(.l.]()n nmdufu*. mdlc.ltcs there .mvv

r (.‘-l(,l,l()

.

~ T 4

-Su

v

lhe r(.dLLmn is pr mmnl‘, l\n)(-

is dlll'usmn u)ntrolled for valucs ol ;.,lelllcx llmn R (71)

V.\lues of ]i oulkide: the r.mg(, of thuial( d v

equation pr‘nvuled by 'Jvuns and R;muclc (7‘})

[ 4 .
B VoL -

i

I
o .

Constant Pattern (,‘uruin Modél

' a
T hl'w chLmn revu-Ws w snnplll'cd grdin mudul kmeuc

-

"lt

Kinetie li(jt‘lall‘i()ns

K= ‘Ié ’

g k inty Lhc m.lgnml equations for t‘

N -
i B - - - 53
N . -~ “'
o - .
'Fp = slgupu filclm"_l'ur :Lh(_' p(:ll(r :
. ) - . . N
importance of hnu-tnu. ancl dlﬁusmn in Lhe overall |

L:L.lllv umlmlh d-lor v.nlu(-s of lvs-, than-.3 And

. . . l 'r 1 -! " . .
Bo=) o =X 8 2R W s 2 ~0.62X):

3

it ﬂ

S1nt.c Lhe rate conbtant k, (llwgs appeara with® thc terra [ Vil A

’

radlus) anew rate conqtant parameter k, can be deﬁned quch th.\t

[T
. I'I

I
£ &

A
*and o vields:

: kC

.|lm-s iy hc- dpl)l()\llndl,(.d hs an

it }—ﬁuiux-pJ,—(J,.‘)’(En(ﬁﬂ.1)8)-).“’f,. C
.- v . y .

dly'-»l'» glvuz by Wam, (8())

i (uqmvalcnt to the gmm

4

48

»r

ap

4.6a, \,9 '
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Ifitis .hsumud leL dlt( ' .m 1mlm| per md Lhc xeactmﬂ Iront (luvg.lnpm\ sigumid shupu whiclf

moves Lhruugh Lhc h\ud hul unchanged uL a umsl.mt velucn‘.y, Lhu an.ﬂ\ﬂ.ls is gmatlv .

Hll'llpllﬁ(.‘d Undex (hcw um(htwm Ihu re .mnn\hlp lwlw(-un gis dﬂ(l snlul at any giv en pumL

-
T ad .
LA

in the bed is

S s ST LD AEX e e e PR T
This ,islczll|l.-d‘l.he_"cnrisl‘imt_;p;’g'ptei‘n"sulugimi_-. Thus equation 4.3 l::'ccn'mt.-::‘.: . o
= Ax. do - R .

__—~_‘-_-‘_ ) . - 41l

f" S TrodL 'dt -

:‘\ (I'hurwaun ' LhL qa\umptmnﬁ ..md the lndl.heumtltal (Ievelnpmcnt is ;,n'(.-n i i\ppumii,\ 12,

' \uﬁ Lh.lHdUIdt') gwos the slnpc ufthe bre tkthrmlgh curve .md it is dl‘u() u;u.nl ta. Lhe mlp ()I

.

I('dtLl()ll (d\/dt*) Lhmugh £quation 4, ll lf' a dlmcnmonle‘.s thuughput pdmmctel oSt

. , . - .
(Icimugl such that: . r,o : B Lo T .
’ St A 4.18
' : . L= = . - '
" . ~' . -.,. : ., . yh-. B - e N . Al -. C . .
"where o \ L L St T
L \ki_ -t )yb
W= T (sce (.qn4 Gn) J
., . ' B ‘.‘ o . ) v
o =.the total bed.length R , - ’
- equation 4.10 becomes: ) ; A -
. . Vot A . o ‘ . R .
. A do =Xy, ‘ 413
. S d b . e . . N
. [th hcd Icngth \l \ Supmﬁcml vc!ucnty, ,» and bed vnid fracﬁl\t can be ea\,lly measuncd ’ I
The slopc of Lthe hreakthmug,h curve (dO/dt) ata p.xrt,lcul.xr value of X° can be obtamed frnm
'p]oLs ﬂfﬂ VOrSus t. ’l hus \’(llUO\ ()f[ik for each expcrlment. can be nbtmned und cm'npnrcd .
When c\{terndl mass transl'er is not ncgllglble Wang showad that a mod:flcd
efﬁ.ct.lveness f.lctor(] replaceb Bi m equutlons 4 ll 4nd 4.13 whcre T o R .
T . _.* 1'262' SRR C 414 L




- M , . - " ~ . - . -
LT . rs
. . = 55
g AN Y
~ . - ' ., .
. Sh! = ShérW.m»tl l'mml)ur = L
. : T n A,
¢
i Y
. k] = 1m..1| mass tmnsl‘ercocﬂu.lcnt.'
Coml)m‘;‘ the bhu: wm)(l nun\.l)m with L-qualmn 4.7a yields:
l;l+i e L '.4:15"
L. . . [ ! kf Ap Yo : )
_Therefore Bk is given By | o . )
| v v | ! 1 16
R Py
S : C |i k ke A )
- - . . p . . e
[hu:, Hl()])u*. nhLdde lunn thc hn .lklhmugh pluL-. c)f() Versui L, give'values of B'k where
, C S df) v g do P (1= S a4
o o N L ) = w._) . . o
- - ‘ dL y du C X- :

O({u-ll.l()n 4 16, ‘\mv l.hdl thc mds\ Lmnsfer Loef‘ﬁclen\txkf, needs to he knm\(n Jdn ordek to

o
c.tIcuIate [!k . ."%\ - . .
. .- . ' \\ o

4.3 : bstlmauon of | LhL E.xtLrndlMa::s lransfcr Coefﬁcnent )

L

l:gule 4. 2. Jlluslrdtes the LO[I‘GIdl‘.H)ﬁ of thc exXternal inass trdn:.['cr coefﬁcmnt _

N Lm_ wlth incre: mng Pec.lel. :1unlhcr~. (v, d /I) 1 ln/Iu Revnt)ldq numl)er (< 5) complledﬁ

(x ulel Lo Appcndl\ Ll for dex wllllun of- ~qn 4, N which can l)c converted to valut.s ()f lik usmg .

- T Fedkiw (81) In Lhe hlgh Pe. legum UI(' k mlmfs mrlel.lte with the cuhc rnotc)f vclocnty dnd\ ¢ {h‘
gond esumdtcs nf the. mass tmnslur u)clhuuni%':,#n hu nhtmncd using the l(.‘ld(,l()ﬂ'shlp o
. v . .

SN

/f_

relates Lhe locul concentr.xlmn driving force to the local Lmnsfer mLe whercds
’ ~k is. bused on the averaged mlct ‘and M(zentrutmn driving force The

Lk ‘ . values ofkrund k, are :dent:cal for high Pe numbers

;"‘1\
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In the low Pe region, axial dispersion becomes important and equation 4.18 overestimates the
. mass transfer coeflicient. In this region, k,_-is proportional to the velocity as illustrated in

. » Figure4.2. ‘ o

1009

!

‘10 .ﬁ
< 3 -3
. :
1 4 -t
2 F
. }“ i 1
' ol -
3 |
oo {
X i . 1
0.007 Rubemindebbdlil 1 . R | ) |';u|nl FEPETTYIT I
01 o T T g o

X . o “ P.;=l‘ Vodé/Df

.

Figure 4.2: _ Mass-Trangfer Coéfficients in Packed Beds for Low-Reynol

ds Numl:exl-gm_('éom}ailed
_ - by Fedkip/(81)). L |

- -



. - - Chapter V

:  EXPERIMENTAL METHOD

510 7 Description of Apparatus

. N ' . . ) 1Y (I, = :
B A sclmnmtic diagram of Lhe experimental syqtem iq illustrated in Figure 5-1. The

of the Lul)e provnded a preheatmg zone for gases which were metered thm\\;j calibrated

o rotameters. A 100 mesh st.unles.s steel screen supported the sorbent 15 ¢m from

the Lul)e dnd the hclght of Ll.c assemblv way dd_]uqted buch thdt thc packed- region ol Lhe

R reactor was within the cons

. meusured with a chrumul/uiumcl‘thcrmocouple suapcndcdjust 0utsnd’ the mid-section of-the )

[

I(dl.l()l shown in Figure 5-2, consisted of a quartz U-tube (64 cm x 1.2 Zemod.): the inlet side
e hottom ol

ant temperatyre zone of the furnace. The temperature was -

fixe bed lle..tt losses were mxmm:zed b lhe use ol'a mrcular iece of ﬁrebrlck lnscrted in -
Y P

I's

: lhe boLtom of Lhe furmlu., and lw Lhe use of Flberfrax insulation at the Lop Reactor clﬂucnl -

I.mvel]ed Lhrough Leﬂon Has lipes to the gu‘mndlysls syStem descrlbed insection 5.3,

_ _ %
» . . . ! ) ) - 4.

5.2 The Gas Flow System‘ ) -~

The gas ﬂ()w syster con‘;lsted of gas cyllndcns needle Vd.lVLb for cnnuulhm,r ﬂmu

Sy : ratus and Ldlll)t‘dl(.d mhuueters TFhree-way v.;]vc:, were u‘;ed Lo bCleCl the desired gas a'u eum

entcrmi'th/c_ﬁxtd bed rcaclor(whlch operatcd dt, essenhg{ly atmosphenc prossuxo The

_stream_s‘ ['lve perccnt hydrugen 1rrnlt.rogen was uqed for pre- reduc‘:‘ﬁ‘g—the surhcnl ,

- - Desulfunzatmn experunent,s were carried out. w:t.h a 51mulated coal gas c@tdmmg CO, COo

H, and H‘Zﬁ‘ Regenerntmn experlments were conducf,ed in air.

a7
L 7'

a7 )
system was ﬂush(.d with nibris gen during’ hcatmg, coolmg and between Lhangew of gas

2"

:
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64 cm .

]

1.2cm }
od, | |+

59
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« )
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«———— graded seal -
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E
100 mesh .gtainlqsé
. steel screen
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A sunu[atcd u)dl gas cnntaunng_, 1.) e Ce), 33.0%. ll,, H} 8“% C(), and 1.2% H ) b)

u)lunu, was us(_d for prchmumry (Iesulfurlhll.lon ewpcrlmcnts Ilowcvcr thc H. b L()I\l(,nl, of
[hl‘-' gds ml\tum ﬁ)llnwmg hreaktiuuu[,,h was abnv;‘ the dl"ld!)’tl&ﬂ mp.lhlllt\ ()f the ﬂdlﬂL‘

~ ‘

phul.omcu ie g,ds Lhmnmtogl dph in aubbequent du.ulfun uatlun c\pu um.nts I.wn g,lu. strea ;11s
T were blcnde one umtdmmg 91 9% C() and 8. 1% C() Lhu otlw: 99.0% I, .lncl 0% Ii 25, by
vulumc ’l‘he pr uportnons ol' thcsz. g‘laes Lould he alt(.u_d wahout ~.1gmﬁg.mll\ L}I.Hl"lng the
u:\ en and -»ullux pntcnt:dls of the.inlet gas [‘he C()/C(), gas ml\Lu:c umld also be &g'sud. to”‘
.'pu.-rt‘_(lun_ Lhe muln:nt. I‘hf- u)mpulel plugl un de suuhu(l‘ n Appuuh\ .1 wus' used, to.
dutel m.me the unnpomt:on of the Sllnllldl.(,d (.udl g.l- .lL umtlltmm prcv.nlmg 1;1 the I‘Cil(;t'()l'l

: pr ior to desulfurudtmn {see b(_ctlon 3. 2)

5.3 . | (-dblAnaI\ms System dnd Calibr atmn
[\ qc}‘wmdtlc dm;.,mm of the Bas dndly'-.l&. system is given in Fi igure 5. 3 E fﬂuonts
. from debulfurl;ul.:on and ngenerdtlon expcrlm(_nts W(;l'(} dnalyzed by a llewlett l’ackdrd ‘.
-_ ‘3830!\ AT chronmtogruph cqu;pped with u‘ﬂame photometrlc delec.tm {F PD) and a Leﬂon C
(.ulumn (46 cmx () 3175 cmo. d lB"x l/B"od) p.u.Lcd W|Lh acctone waahed pmopak QS
.I)eu_ctor gw, ﬂow rates were. ad_]usted to the rc_t.(;mmended Vd]Ll(}b l'or sulfur gas analysis
.(Il 50 mUmm () 10 mlJmm air 50 mL/mm) wxl.h thc he]num carrier gas ﬂow mtc betwcevnl_‘ .

' Z‘i .35 ml/min. T he g c. waa controllcd hy anHP dala sybtum whlch albo pr()cesbed p(.‘«.l.k data’

Sdmplua wcre mt:oduccd mto Lhc chrmndtughlph vm o lecu 6 pott llaamlloy C-

automdtlc gas. samplmg valve (soe V-3, Flguw - 3) All ‘ulml}lt luops and gay lmes
N ' .
clnwnbtreum l"rum Lhe redc.tor were nOnstructed of FE P teﬂon 4nd jOand wn.h L(,ﬂon or:

stdmle:s su,-el swagclok ﬁLtlngs (Lhc former bemg prefemble unlcss Lhe ﬁttmg was m &

-

heyted zonc)
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j .

" 'To callbmte the pas Lhrom.llugmph f'u: i g,non s(unplc loop size, 30.0 to 150.0 pl, uf
C P grade i, S were medsured wuth a gas tighl syringe, (md aneLLcd into an uwponcntml -

(hlul.mn Task (E l)[') conslructed (.nl.ucl\ of Lcﬂnn l)e alls of Lhc Mlusk construction and
TN

d.ppll(.dl.l()ll arc d(.'\(,l‘ll)( d in the |y uru,l.urc (66:71). !,qulm(ms 531 and 5.3.2 werd used to

culculuté chncéntruLinns of H,S in the KDE efflucnt slream as a function of. tlme (injection of
. . . ) . ———hl ‘ - N
H,Sinto the flask delimds t = ).+ \ )
: : - . oo S . 5.3.1
C=Cexp(-LuvV) o . _ o

- : . - - . M 32000 p[‘ lLSll‘l_]OCl(—‘d _/*} o éw
R C.lasngS/mL) = ( . 2 — - 532 )
r L st : 24.5 e V A - .

o where 7 ‘ e . .

C=1,8 concentrutinn of EDF effluent al tjime t

“C= mm.ll umLanrdLlon o['I] 23 in El)l' (at.t. =0 C _ . K

U = volun;.g: ic flow rate ofmtrogen in mL/mm (re(‘cr to F:gure 5.3}

"t~ Timein mmutu, ai‘te?hfjctlon oFR Sinto EDF
- Y

'V = volume ofEDF (215 Om[. for this fask).

R DT effluent was :ampled at 2 0 mmute intervals w:th the autonmt,lc g..\s sam llng valve

»

’ V 5 Aty ptul Lahbrdtum Clll Ve (m a0. ‘3 ml. sdmpleiuup is tHustrated in I lgule 5, -I\.[Rcfe: to
Appcndm 3 ('m prou_-dure .md detallcd LdlCll|dlI(lllb) Repmdugwlll._y Wd‘a{?,;()()d pmvidcd
‘dctcctor condnlmnq remaxned x.on:-,tant Figure 5.4 lllustratcs I.hc btrun;, dcpendenc.c of

‘dcteutor bCIl‘}lLlVlty upon detectm gm. f'low mtex Became it waLs nnpnsslhlc to ddjui:t the

' ' ‘ ¢
dete(.u)r to Lhe same Londltmm xch time Lhe gas ch:omamg aph was shut. (IOMI(I started

.

=

,up .1g4m cdllbmuon curveq necdcd to be | gener ated cdch lec
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Hd Sorbent Preparation and A-nu!vsi‘s

']‘hrce. types ofst;lids were used for desulfurizzlti()n/rcgler{crution studies;

1) Basthaesite concentrates (4000C and 41 om "

2) Cerium u.\"i(le. .

3) Supported Cerium oxide. ‘
The preparation and ch:u':u.:tur' 4 ii;m of these solids are described helow,

e et /") " ’y

bl Justnaesite Concentrates

Four commercially availuble baftnaesite concentrates were obtained from Union

Moi_vcolrp Inc. in pmv:cr form (dp = [-65 pm dld) The nominal compuositions are giveh in
Table 5.1. Although the cmnpununl’s are listed as oxides, the 'cl-cments are not present'in this
form (see section 6.1.1). The elemental analyses of the concenlrates were perfor-mlecll by direct
current argon plasma emrissiun spuc.t&.oscopy and are pr(.-sen.i.cd in Tables A4.3 and Ad.4 of
Appendix 4. X-ray powder diffraction putturhs&{ the unua-lcim.-d concentrates, 4000 and 4010,
conﬁrmed: the presence of bastnaesite as a major component (see Table Ad.1 of Appendix 4).
The (liﬂ'r_uctitm-p;ll.turns of the calcined concentrates, 4000 C and 4100, arc (liscuss‘(:d in

Section 6.1.1. TGA/DTA experiments were condugled on concentrales taken directly from the

manufacturer’s container, or on samples dried at 130°C, or on samples calgined at 1000°C.
. " .
o » Ny
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" Table 5.1: Bastnaekile Concentrates - T'ypical Composition - % hy Weight
. T #4000 #4010 #4100
*Total  Re Oxides® 55.60 " 68.72 ' 85-90
Sr() . 6.0 Lo oz
Ca0 : 5.0 » T4
BaQ ‘ 15 -, . 18
F 4.0 50
sio, - 0.4 04
e, 0, © 05 L5
_ B .09 L0
‘ © Mg0, N0, K,Oteach)  <0.5 T <05 -
- S Tho, ' <o.1 <01
' "Loss on ignition_(Cl()}_,) 24.0 - o 20.0°
C
_"Contained RE, expressed as oxides: ’
] Oxides : % -
Ce0, : 48-50
T L0, 32-34
T - NdyO, ] "\ 13-14
C POy 45,
. © Sm,0, 0.5
Gd,0, - 02
Eu,0, 4 0.2
~ e S
Other - 0.2
. - ’
<+
! ° 'é . (W )
N
) . . W
'S
<
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542 Cerium Oxide -
) 1

Twenty grams ufculcmed cerlum (il()'(ldl.'.‘ (99.9% purll.y, optical gmdc ~'325 mc'-.h

1.03 m /g. Cerac [nc) were mwed w1th 6.0 g uf warm ‘starch snluhun (10 g suluhle qf..u‘ch‘

¢ . dissolved in 310 mL bunlmg watcr) in ordor Lo prepare’ hand rulled gru:n pellcls for -

-
pr Qlemmv dr'sulfurlmLmnlrLgencmtmn cxpenmcnts T hcsc pcllets were dried at 120°C

- overnight and suhscqucntly sintered at 1250‘.’(3 or. 1400% for 4-hotu"s. The sintqrcd materia)

)_ - had th®*following properties: ° < S
' Sintering Temperature © 125”’(," . . e
: D S 2, &
B.ET. surface ares - - .45 m*yg : - .
. - — “ A - ‘
average pore cadius £68x10%em - - i
- porosity 29.0% o 11.4% -
. *® . . . :

~Some - of the sintered pellets were crushed and siuve'a for Tfixed hcq '
desulfurizution/rcgcnerail.im; studies. Fractions at ~0.297 %0.210 mm t-50|/,+ 70 mesh) and .

-0.841/+0.595 mm (~20/ + 30 mesh) were used for Lhis

2

543"  Supported Cerium Oxide

Supported cerit-un dioxide pellets were prepared by impregnating type SAHT-96 )
fuscd aluminum oxide (supplied by Curborﬂndum 95.95% Al/-—bulance Sib.) with 99.0%

_ammoniuii ccn ium {IV) nitrate. Physical properties of t.hc support are. glven below:

surfacc area ‘ 0.74 m‘z/g

pore volume 60% /

uvcraL{c po'ré size Fpm

bulk density . . L5lglem? . . - d oy
I o e

particle size -2.00/+1.68 mm (~10/+ 12 mesh). -



5.5 Experimental Pmce(lure e ‘ o b

. The helght of thc fixed he(.i(xi%ls-'recurded and silica

. ' _ ' : SR 1

To prepare a 3)rher1t,coxltui11ing 14.3er % Cely, 12,74 1 of Ce(NII ), (.".\I'();;)'““

{previously dried al 120°C) was dissolved in 10.0 g of water. 'I‘w'ent.y-eight grams of the high

" porosity support wis exposed to the solution for 16 hours, dried at’ 120°C and calcined-at

1000°C for 2 Wiurs. Fines were removed by résieving Lthe calcined sorbent.
. M . B N . D .
. )
L .

! e

‘An cxpcrlmcnt consnsted of welghmg approximately 15 ¢ uf' sorlwnt luwldmg Lhe :

wu;,lﬂfymd lo.uhng Lh( solld into lhe reactor with a vlhmlm to (,-||m|n.|l( channels in the hed.

ol was placed. over the sorbent to hold
. - :

lhc bed in pl.xu, This also p| events fine solid pdl ticles from entering the gas .mdlysm system.

Gas flow rates wvre adJusjcd Lo the desired values before the rcuct(n' wis connccted: nil;mgcn

was ﬂushelﬁhrough. the system while Lhe reactor heated to Lthe set point temperature. The

surbcn‘mvas reduced with 5% H, in nitrogen overnight and wus{u]sequently flushed with

mt.logen for 15'minutes
®

To begin the desulfuruatum c\erlment the blmulu&d cual}%s wus i‘?roduced

'uSlo the reuctor i.hrough valve V-2 (see Figure 5.1), while simultuneously initiathing the HP
control data system. 'I'he time delay between valve V-2 and the gas sampling valve V-5 (refer

to Figure 5.3) was measured for the flow rates Jsed in these -experiments and the

T

desulfurizdtion brcukth('.f:l.:rcs were appropriately corrected. Reactor elfluent was

sumpled at 2.0 minute in . until the entire breakthrough curve was generated, A

Lypical Lrace from a desulfurization runis given in Appendix 10. Prior to breakthrough, 0.5 to

-

5.0 mL sumple loops were used to determine H,5 concentrations. The remainder of the curve

. X
was obtained with a {16 mL sample loop. ] R 1

3 . X : ) > . .
Beforewintrodwed into the reactor to regenerate the sorbent, nitregen was

. - ‘ N
flushed through the system for 30 minutes. The initial section.of the regencration curve was

." )
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abitained with.a l/](i ml, sample qup :11'2.5 minulu intervals: Alter the S0, concentration
dropped below 13 ngS/m] (uppm\inmlclv 10 ppm). i I.O' ml. su;n‘plc loop was used. A trace

from i Ly [)IL.II 1(.;.,(\:1(\|dt|nn run is (ll‘-l) given ii /\ppcndl\ l() The regenerated sorbent was -
-+ used for séveral (Iesuli'ul'imLit)l:&egcnumtinn c_véi«.-ﬁ. i o,

*

T carry nul a (II”L‘!(‘ﬂll(ll thermal Lm‘llvah. .1huut}1() mg each, nl sample and

- wle rence .1Ium|n.|. are place i in suml‘u platmum capsules :esting on the tips.of a vertical

~ . -t

(Illfcrunlml Lhurummuplu. "An outer aluming tubé iselales the sumples from the ‘external ‘
' . _— . . . ,_'_—-' N
» ) ~environmend lhr--tmnpc- ture, HINI(I( the dlllllllﬂ.l block is” IH(‘.lHUll'd with a seeond’

- . - . -

, Lhernnntn,np[u in a supurate ci |V|Ly hctw(_-t.n thc vertical wcll% holdlng thu sumple dnd

. :'el'm'urlu(." t\nd[\, SUs were dnnc in air, in. ca:htm mnnumde or ina gas m:xtbre contamlng

91.9¢<, ur/s 1% CO,, b-y.vnlumc.:'.
Dewring un-cxperf:n(_}nt; both sample and alumjna are heated at a constant rafe .
(between 10 - 20°C/nnn) to a final tt.mpumlulu f\lumum does not undergo any reactions.

When an enclothernuc l'QdCll()n occurs in lhc ﬁamplc a negative peak is recorded on: Lhe chart

hecause the .samp!e is cpoler thun the reference dlllllllnd. 'l‘hu opposite is c)bserwd for " an -

’ c\oLhu smic reaction. A mhd such as LaQle, whu_h transforms from'the :lmmbuhedml h Lhe
. ﬂuurilo‘ form at 505°C and does not undergo ;fn_»: chemical rcuc_lions, caf be used- Lo calibrate
- : . ’ ' ' E
the horizontai temperature axis the mstl umunL A the :nng avime inalysis is similon <
except that wcnghtchdn es dre meastxed as a Functmn ol' tempertiiture,
. - . v
¥ .. .
» . . '
- - ”’
. M .“
1 . )
, - ] &
> @ > N
. Y
4 — o .
. - . ' .
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4000

™
4100

. chungc.-during the va |'i0u.=i pro'cesﬂﬁg slagcs. ]

Molycor lm {reler to 'I‘dhle 6.1) hom ore l)l)({l(.“. lumlurl in lhc V{ount.un l’
p

‘o

3

a

- California. Thi (-I(.-mcm:tl_;m;llyms i= given in Tuble A4.3 of I\ppcncli.\' 4.
. . . ¢ . ‘.

Commercially Available Bastnaesite' Concentrates (85)

‘B R ' .. Table6.1: -
. f\_ﬁ E - . Concentrate

Method of Preparation

L

froth l'lutuqun ofore - -

HCl l(,‘d(..hll‘.g of concentrate 1()()0
to remuve Ca, Sr

[y

calcination ol 4000 N

- n -

culc?t}.ion of 4010

T

N/‘ '

.
- - 9
. . _{ .
'/
. , .
~
~ Chdptcr V[ .
. s RFSUl'l‘S AND msérssum'
: _ -
. . )
6.1 Bastnacsltt Com_entmu_s as Desulf’url.zumr Agcntq .
\. ' ' . An outhne of” Lhc l'ollnwlm, discussion iy gwnn in i |gu|(- 6.1 Ihu Irve sib- -settions
whxch follow, dl_dl wn.h the chumc.tenml.um of lld‘-lndCHltO umwnu ates, th(-n-'imhn‘viunr in
o o reducmg .m(l monal unvernmentq and their dL:,ull‘uru.Jtlon/regcncxatiun (_hamu.el islics,
< Further (lleUbleon nf Lhe desulluru.lt.lon/rcgenerdtlon reactions is gwen in seclion 6. 2 l'()r
ceriuin ()\ld(_' ambcnl«. $ '
. E, R .
. 6.1.1 Characterization - .
£ ) To understand how-bastnaesite works as a dd:sqlf‘.ing.ugent, it is important Lo
' , © know thichémical composition of the mineral, and to determine how this composition

3

4

T he four bastnaeqltc concentrates d:scusss.d in Lthis stud}, werepr mluu-d hv Union .

ass district of

}J’&
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Bastnaesite Concentrales :
4000 - 4010 - i What is bastrinesite?
(REFCO3)y,4a - {section 6.1,1) .
- ) -
_ v 3 : .
Calcined Bastnaesite What occurs during * ~ ¥
Concentrates - © caleination? . .
4000C 4100 :A’ifcctionﬁ l' ).
(REOF), e
’ - -
, .- Peltetization Studies Sintering Temperatures? ~
: ' - : Does solid changé
. . composition? (section 6.1.1)
; J' E -
*  Reduction Studies Can bastnaesite be reducec!? To
- . .| (REOF)pgq + Ho/CO =7 . . ! what? (sectien 6.1.2). To what
. “ | CeOg + Hy/CO = ? 4 H0 . i extent is CeOs reduced in coal
. l— R oo i gases?(section3.3.1,) 7
_ Side Reactions { Would bastnaesite react with
Pyrohydrglysis Studies s ! steam generated in the redultion
. 2(REQF),gq + Ho0 = RE;0; + i or desulfurization steps? Will HF
2HF ‘ i presentacorrosion problem?”
i (séction6.1.3)
/ R
: -1 - Desulfirization Studies How doe®bastnaesite desulfurize? [s
"« . | (REOF)yyq + HeS = 7 i RESF or RE20S formed? What is
o CeOp + HS =17 i formed using pure oxides or .
LugQ3 + HS =7 i oxyfuorides in the desu[furi_zutionlof. -
REOF + Hp85 = 7~ - ¢ coul gases? (section 3.3.2,6.14,6.2.1)
/ Regeneration studies How shoq];:l the solid be
/ . ' i~ regenerated? Whal are the _
. i " products?(section 3.3.4, .
N 7 SReey -
. N ] R "_ - .
. l;‘igure 6.1: :’rlmmlﬂ)‘lj the Study of the Desullurization }
of Coal Gases using Bastnaesite Coggentrates
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. Although ba tnaesne has been de‘scrnhcd by the chcmlcul formula RFF‘CO h
actual composluor};{(arlable and d:fl'cult to.define. - Single crvqtals of Lh:q mineral mrely
occur and many 5peumcns iare syntaxic mtcrgmwths (82 83) of two or more lelqted minerals

of the type xRE I'C() yCaC()a.bastndemle (x=1,y=0), pura«.ltc(‘ =2,y = 1), roentgenite

(x = 3. y= 2) and synchlsn.e"(x =1, y= D Lvery pair has been uhacru.d uuept

bastnaesite- wndnsllc Doennay and Dennay (82) leporlcd the er \'-Lll str ucture ul":m:,Ln.lcslte

s dlte:n.mm, sheets of carbonate ions and rarc{ curlh~l1uur1du ions, the latter armnged
.Jllcmdu.l), at the veruecs ol'a regular hetqgon L. aver: offxlmum ions (A) altern,.\te wnth.
luyers of rure earth-fluoride ions (B in dilTer ing sequenccs l'nr the related minerals; parasite-
Alili/\lm mentgcmtc ABABBABABB s\m.ht-,ttc ABAB ()Lhcrj mingruls that are often
associated with bastnaestte are cerile, barite, strontianitc, culcif.e,.qu'urtv., éhulcedhny, galena
and acmité (84), : S - ’
X-ray p.uwder diITrac!.ion put.tcr:ns (sec Ap;.)'cndix 4,..'1‘11.1)10 A4.1) of the hnculcincd
conégntrgtes, 4000and 4010, agree well with Iitera'ture'}'altlhs given by Glass et al. (84}, The
;ussu.ciuled hlincr{llg flhc probably responsible fqr the udciitionul lines, sin;e some of the ]jngs
disupp’cur' when the_calciurh and strontium ure‘leuchizd out g produce thé 4040 cnnccntrule‘
Cnnct.nl.ral.es 4000C and 4[00 dre l'ormcd by the ulundtmn of uamuntmLcs 4000

.4
and 4010, lespe(_tlvely During this prutuas the rare carth ﬂum uear hnnat(w dcum1pn~.u to the

.

uxyltuorides ucturdmg Lo reaction 6,1.1 : .

¥

* REFCO (5T = REOF(s) +- 3.1 ' G.l-‘l
Ja ) G‘L\

The i(-ray powder diffracfion ;?(tte\rns of these conccntrqlés‘willlj)e diseud
AN N !

ced later in this

section.. % .
. )

I’elccnl. es ofglil l(‘() and REOF in the unLdledl and calcined umLenlrdLu

P

.
ehp(.cuvely, can be theoretw:rih equnmtcd frot

lhe (,h(.‘lnlLdl analysis provided in l'dblL

Ad.3. Howevcr. these calculations l'(.'\'Cilh,‘(_l that t lar ratio of the fluorine to total rare

-~
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earth content is less than the l 1 ratio rcquxred by stmchmmctry (refer to Appendlx 4) Only
57:t 1% of the rare car th contenl nf cnncentmtc 4000 is prqscnl as the fluoroc‘uhnn.lle -

Similarly, 56t 19 ﬂuf concentrate 4!0() is plL‘HLnl as the utyﬂumldc [hus‘ the furmu!;m

' RI‘;FCO:l and REOF do not accurately deseribe - Lhe (.ompuwltmns of thc uncalcined and

C_dlClﬂCd concenlraltcs, rcspecuvely,
This u.mk pr vposes that the LlllLdlClL‘lOd u)mpntmtm consist of a mixture of

RIZ(OL I)(.,(); and REF C()lwhxbh d(_cumpo:,c to a mixture of CeQ, and REOF upon Cd.ICll’ld.t.lOl’l

L wdunce for ths hypothcan is provndcd by a study puh[zshed by [[aschke in 19.75 (86). It'was

bhown that ﬂuorlﬁc 10ns could be quantitatively substi!.utcd in l.u(OH)CO for Lu(Ol l‘)C() :

ratlus in the range 0 < x<3. l'm xS, h_\,droudc l(_pl.u.u'm.nt by ﬁuurlde results in the for-
. s A

mat.lon ofa contmuouq bUlld solution LdvﬂOH)l " F CO. l' dcrosq Lhe cnure compoml.lon range to
x = 1, At, the LO(OH)U 25 75C0y cmnp«tluon on!y superah ucture hneb chdr.u.teusuc of

basLnaesnte are detectuble. ln the m&galc of the mlbcjblllt\f mng(. 4 high level ()fdlst)td(,[‘ is

imdlc.xtcd by broudened dlITrm.Lmn lines, At the La(QOH), 4o Fo s ,5(“() COH‘I[)O‘;llll’)n, an ortho-

rhox_nblc LatOMCO,-type superlattice is observed. The gradual structural transition from an
l.a(Oll)COa-typc to an LaFCO,-type lultice suggested to Haschke that micro-domains of the
two phases are coherently intergrown in the l.u((.)l[_)] J GO, phase. Thermogravimetric

. N .
studies of these compounds were afso done  Between 125 and 525°C, the hydroxide earbonate

* . .

l()s(.;;: H,0and C()L, l‘y{[urm l‘“z(i;z("‘“;i- which kuhscqucn*lucnmpnscs to La,O, between 625

.

and 800°C. The Lal Co, phdw decomposes between 520 and 558°C wuh the for:ndlum of- .
LuOF. Pyrolysis uf La(OH), F. CO pmduces a ml\uue of the dioxide monocar lmnate .m(l
oxide h.\llde‘] PresumablyTat, hlghcl temperatures, a mixture ‘ol the oxide halideand: uudu
would be ohluinud. ‘ . - . K .

‘( -ray powdcr dlﬂ'mctlon p.xtr.ern\ of I.he calcined concentrates lbce Tabie//\cl 2,

Appendix 4) ag: ce lumarkdbl wcll wuh the dlﬂ'nlctmn p‘&'n of EuOF ut. 800°C. Since the

[ ‘ - . cT
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2
[

‘:ohd obvmusly cannot be EuOF, the crystal structure, cell dlmensmns and atom sizes must be. )
:;1\m|l‘1r REOF phases for RE = La through Er and mcludmg Y are known to havc ldcntlcal )

ﬂuolll.c reldled rhombohedral structures aL low temperaturea which tr.m\,form to the. r.ublc

ﬂum ite-type sl.rucl.ure aL high lempcraj.u?es (83,87). ['or e'cample LzOF transforms to Lhe

Nuorite form at 505°C (88,89). The dioxides of cerium and prascodym]um also crystallize in_

the face- center(_d cubic ﬂum ite-type strllu.ure If two'or more eomponents ceystallize in the

-

same btructurc type, the mixed system fotm-. a solid wlutmn ol the same structure over the
whole range ofconiposnt::)n and Vegards law (a linear lcldtlonbhlp b(.Lween I.u.tlcc pammcler
and composition] should apply (87) A solid soluuon of Ce(J d‘nd REOF é‘l»uld gwu rise Lo the ~ -
observed diffraction pattern for the 4100 concentrate. Not only are the scattering puwe;'s of
the rare earths similar, but oxygen and ﬂuorin‘e are difficult.to distlinguish by -?(-ruy methods
for the s¥me reason. A combmatxon such as REOF and- La, 2,03 was ruled out because
lanthanum oxldc exists in the hexagonal l‘orm below 2000°C. Othcr rare carth oxides ar(
present in smdll quantities (see analysm Appendw 4)and Lhus ca‘n be neg,lc(,ted .

T he follow:xg DTA znd TGA 'studics were undertaked to determine how tl:lc

. . 4

c;{cinution proc‘ess afTects the chemical compositions of the bustnu}esite concentrates.

D’;‘A's of bastnacsite cunccﬁtrutes 4000, 4000C, 4010 und.'All)(]- are presented in
l"igurc 6.2, - Belc;w 300°C, physically hour-'ld wul.;::r is-éiesorhéd l)']"A'\' ol concentrales,
ptenuusl\.drlcd al lSl‘fé}:clmth (eg concentrate 4010 in Figure 6.2), coenfirmed $hls

@

conclusion, B.l».lndusll(- 4000, Lh(- ﬂot.ltmn concentrate; decomposes endother mically in lwa\
stages, at 350-550°0"und 750-856)"6 (see Tab_le 6.2 for reactions). The former lcmpeg‘ature

range corresbonds to lhe d_e omposition ol' the rarh earth carbonutes, RE(U[’I C()."und‘ ..
g comp ‘

1

-

RE !C()a, wherdus the I.ntcr temperature range corrcspondq to the “(.‘(.l)ll\p()\lll()n of.

RE,O, CO and calcite. Thus, uj expected, thc unca]cmcd leached coneentrate, 4010, hus a

mujor (lcu)mpoml.lon peuk at 35d-’550°C%hcrc!s, minor peaks are obtained fur the culcincd‘
- T

b ;. . -
a A\ ¢ g ‘b""a.. : S
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Table 6.2: D'eco'ﬁxposif.ion Temperature Ranges of Lanthanum and é'alcit_xm .

7 Carbonates (86,90) - S _ ' Y
Reaction - - . o . ~ .Temperature Range (°C)
" LaFCO,(5) = LaOF(s) + cﬁig) - .  520-550
La(OHICOys1 = 12 La,0,80,(s) + 12CO,(g) + 12H,00) . 425525
L2,0,C04(s) = La,Oys) requm ,‘ © ' 625-800
CaCOyls) = Cals) + CO,(g) | 825-90b
‘ % - Table 6.3: Theoretical Weig}itll.osses of Rare Earth Carbonate Mixtures -
Compositionof . % Weight Loss % Weight Loss Total Wt. %
Solid ¢ N~ - <600°C .,  °>600°C - Lot *
2 . ‘ V‘ . . ‘ s T . ..
100% La(OICO, . 144 102 246
3% LaOtco, 17.66 4.39 ' 22,05
57% LaFCO, € ' '
. . v R
17% La(OIDCO; . o120 1.73 +20.93
83% LakCO, . ‘ |
N
_ 1004 LaQF ' 20.20@ . 0.0 L, 2020
TV«
o . L]
' .
g -
:} o - \
: - o
- t ’
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_ - .- Table6.4 ' Measured Weight Losses for Bastnaesite Concentrates by TGA ST
=y ‘ l.v .: o ' . -‘ " g .. ) . ‘ : ,
’ ancentx‘ate - %wt, loss <600°C . T %wt. loss >600°C “Total wt. % '
o Experimental - Theoretical*  Experimental Theoretical® tost
4000. - 15.081‘0.06'r 1_4.57-i0.98 - '3.61%0.3 3.56840.3 18.6910.03
4000C** 1572033 0.0 © 4.57#0.11 0.0’ » 64t0ay .
(calcined) . - 1.68%0.33 . _ 4.65i0'}1 - 833011
4000 T 16525006 - 1633098 00 . 431303 . 16524003 .
leached) .- » S ' - o
4100 T155%0.13 - 00, 00 00 .- 1.5520.13
(leached, o S o
_ calcined) © o d N e e ~
h N - . . . . \- .. v
' ) AR ) o . L
v -+ Theoretical viflues were calculated using the elemental analyses réported in Appendix 4.
o . . . <~ [ ad
A sample calculation is givep on page 151, ln this table welg) loss conLrlbutmns from‘
e the decomposmon of cnk:lte are not mcleded The error bars on lhe thcnrehcal welght
. !
losses reflect the errors assocmted w;th t.he chemical andlysns
s ’ ' The error bar:, llsted for Lhe e\cperlmcntal weight losses are db'sOLId.tLd with the measure- .
ment eripr which is a function of sample-size, heating rate,c/iu:ya\corder sditings und
, backgrouid noise. ' t . " T -
’ - ' N ' -~
. [} -
**  Sample analysed in duplicate. . o !
| ‘, 7 \ .
' € u - .. + A
5 8 .
al J - . . .
- ° _ s
R »
A , -
4
—— N : . *
v Rt o S Y
A L]
| .
v
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concentrates, 4000C and 4100. TGA data support DTA results and show that the calcined

concentrates lose 1.56£0.33% by weight, owing to the presence of residual rare carth
carbonates (see Table 6.4). The experimentally measured weight-losses given in Table 6.4 ure
comparable to the theoretical values within the range of measurement errors.. This confirms

previous calculations which indicate that the uncaleined bastnaesite concentrates consist of a

U

mixture of REFCO, and RE(OH)ICO,,.

/ ‘ Table 6.4 shows that concentrates 4000 and 4000C, have large decomposition peaks -

above 750°C. Since calcite is known Lo decompose in this tethperature rangé, an additional

weight loss contribution from this associated mineral is expected for congéntrate 4000. The

~

' Iar_f!e weight loss obtained for the .culcincd concentrate, 4_0000, indicutc; that the calcinution

. - process was incbmplete. The absence of a small decoﬁmposition .peak uhove.750"C, for
_/\ . concentrate 4010, cannot be explained. | _ . -

"*Figure 6.2 shows that, above 900°C, the chemical composition remains. constant,

This was confirmed by X-ray powder diffraction of a sample heated to 1300°C (see Table A4.2

of Appendix 4). However, the concent'ru_tes should be used below 1100°C to avoid significant

loss of surface area due to sintering (13). ) v

i Conclusions from the chnracleri'lz.ution studies are summarized below:

{n The unecalcined bastnaesite concentrates used in this work, f:on.;is: ol a rare earth
}1_\'(i;‘ch}'t'lunrocarhonute, I{E(()l'{]l_xl“xC():; where the value of x is 0,57 +0.01.

(2) . RI'I(OH)HI"‘@():] decompnses endoihert;nicully from 400-550°C and S00-900°C (o a
solid solution of oxides and oxyﬂ;orides. This is comparable to the d;.-compusition
range of La{Ol NCO, (425-525°C and 800°C) and LaFCQO, (520-550°C) |

(3 * Above 900°C, further changes in chemical composition are not ux{mctud. The cal-

cined concentrates have a fluorite type structure and consist of a solid solution of
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REOF and CeO,. The percentage of rare earth oxyfluor.ides in concentrate 4100 is

56+ 1%
(4) "To avoid losses in surface area, the concentrates should be used below 1100°C,

The major emphasis of the remaining discussion will be on bastnaesite concentrate

© 4100 because fewer impurities are present permlttmg analogies with the pure oxides or

oxyﬂuorldes

6.1.2 [ieduction‘

In the previlous ;ection, it was shown that adeqﬁately calcined bastnaesite concen-
trates consist of a solid solution of oxyfluorides u;1d oxides with a ﬂuorite Lype structure.
Since 83+ 1% by wetght of the total rare earth content consnsts of cerium and Ianthanum (see
'I‘able A4.3), the remaining d1scussmn can be simplified by consldermg the calcmed
concentrdtcs tobe made up of a solid solut.lon of LaOF and CeO,.

It is known that, in a reducing environment, cerium dioxide forms a range of non-
, T -

e ! v

stoichiometric oxides with related fluorite type structures containing oxygen vacancies (see

section 3.1.1). Thus, it is possible that CeQ), dissolved in an REOF framework can be

.

similarly redu'ced. A.'[‘GNDTA redu_ctiun‘ stud}.’, in cu_rhoﬁ monn;:ide, was undertaken to test |
this hypothesis. "II_\'drogcn wus not used ll\\f‘itl-g to the possibility of hydr;)Iysinp; nx_\;rﬂuuricles- .
Lo oxides (refer to section 6.1.3). Solid sumplus were iu'cvliuus;lir driud at I3U°C nvczl'nigf*

" Figure 6.3 |llustrau~w the DTA/LY I G ofh.tstn.ws:lc 410 {as received) in CO. The
cndothermlc peak at 400 600°C with corresponding wetghl loss of 1. 60+0 06% (refer to

Appendix 7 for culculauons) was s attributed to the dccomposltmn of 1051dual rare carth

ﬂuorocarbunatt:s

S {2) A DTG gives the rate ofwmght ch.msy.- wnlh mcreaqmg lempcmlm ¢ and is the first

derivative of the TGA curve. h '
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Figure 6.3: DTA and DTG of Bastnaesite 4100 in Carbon Monoxide

Using a Netzsch Geréitebau Thermal Analyser.
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" carbonates. Accurate weight loss measurements were obtained by TGA using Idrgc :,ampl},—j'%

 6.4). DTA curves'd), usmg small samples (~ 50 mg), were generuted on a Dupnnt. 900

'(88,89), and also provides g internal chcck of the '

as dlscussed in sec.t.xon 6.1.1. The exothermxc peak at 600- 850°C with correspondmg weight

loss of 2.35% 0. 06%, ‘'was concluded to. be Lhe result of some type of rcduction reaction. Two-

observations were made' 3 !

o

’
»

{(n 'I‘he Lheuretlcally calcuiated weight loss of 2.191£0.05%, a‘;socmted wal.h the

complete conversion of dissolved CeO in baslnues:te to '(3(:203 » s significantly less

-

Lhan the expenmenlall‘v measured weight lnsq 0f 2.35 + 0.06% (see Appendix 7).

v

. (2) : ’lheoretlcally, partial and full reduction of CeO, by CO, are weakly eﬁdothermic
' . ™ :

(58.4%6.3 0or 37.7£6.3 kd-tmol CeOz)“l-respecti\r‘élyJ; whereas, ;n'exothcrmic peak
wus obtained experimentally.

To resolve these contradictions, additienal experiments were carried out on LaOF,
! o { L _

0902 and bzfstnuesit'c 4100, previously cnlcin‘ed at 1000°C to ensure'removal of residuai

-
c- ..

{~ 300 mg) on a Netzsch Geratebau Thermal Analyser Model No STA 409 (refer to i |gurc

[

Differential Thcrmal Anu'yqer Thus, emct rcs{,mhlancc ni thc l) A curves, illustrated i in
l"igures 6.3 ‘md 6.5, should not he expected. Carhon monox:de or a gas nnlutc containing- .

929, CO/8 C(), was passed over the :.dmples in lhese etpm lmcnls P

he latter gas mi.\'ture ’

was ilso u'sud in subbcquenl dequlfunmtton studlcs (section 6.2.1

Figure ().4‘.‘:'10_\\!5 that LaC® (I;)es net undergo uny weight changes, 1:idicuting that

lhis‘colﬁpound is unneuct'ivc with C(), The endothel mic pegk at 505°C (refer Lb,l"igure 6.5),

corresponds lo Lhc rhombohedral to fluorite transition

emperuture reported in the literature

mppmturc mngcs rcportcd in this work
p . ‘

LY

(3) Owing to the larger sample sizes used in'the TGA studies, Lemperature runges for these -

curves will be delayed with respect to the DTA curves. Thus, only.the DTA temperature
ranges are reported. - . . o ‘ ‘ _ }\_/

) e . 7 . . .
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CeO, reacts endothermically from 400-500°C and exothermically from 85_0?400"0

Although, it is difficult to establish the Eosgline in the DTA curves; the interpretation of the
s "

curves is facilitated by overlaying the DTA and TGA curves such th_ut the DTA peaks corre-

spond to the maximum change of weight in the TGA curves. Under these conditions, it is

obvious thal the second reduction peak is exothermic rather than endothermic. In pure CO,

the exothermic peak is more pronounced. In 92% C(Q/8% CO,, the total wéight loss (up to !

995°C) of 1.09%, corresponds to the molecular formula CeOy g whtch is in excellent agree-

] -

‘ment with the composmon predlctcd by Bevan and Kordis' dmgram (41) given in Figure Al.1

of Appendix 1. i ' S . L

Bastnaesite 4100, caicined at 1000°C, shows a negligibic peak at 400-600°C {com-

pare Flgures 6.3-6.5), but the e\cothermlc peuk at 800 200°C still remmn:; The correspondmg
welght loss of 2.16 £ 0.06% agrees much botter with the predlcted value of 2. 19i0 05%. In

| addition,-it has been shown that rob:dual curbonuleq are not responsible for this peak. Since

oxolh(.rmlc peuks were obtamod for both CeO2 and bastnaesne 41'00 it was conciuded that

inaccuracies in the thermodvnam:c data are probnbiy responsrble for the dlffercnces !‘rom

thooretwalbehavnour o )
’I‘he following conclusions were made from the reduction study:
“{n . 'LqOFs{or REQF} in the buSlimesite concentrates is s‘f‘uble in roducing environ:

. ments (provided H 0 is not present in blgmﬁmnt amounts, sce bectton 6.1.3).

(2) 7 Dissolved CeO; in baqtnaeslte concentrates can be completely reduced to theA

e "'Co 204" form Smce the bastnaes:te concentrates consist of REOF and Ce(),, ina
ﬂuorlte type structure oxygen vacancies in the reduced solids probably exist,
' (3) The rcduchon process is mlldly exothermlc in carbon monoxide ruther than

endothermlc



Y

6.1.3 Pyrohydrolysis

During reduction and desulfurization, steam is produced as a by-product of ™

reaction;

CeOy(s) + x Hylg) = Ce0,_(s) + x 11,0(g) B 332
- . : ‘. :
-

Ce0,_(s) + H,S(g) + (1-2x)H ) = Ce,0,5(s) + 2(1-x)H,0(g) . 3.3.5

CeQ,(s) + H,S(g} + (1-2x)CO(g) = Ce,0,5(s) + H,0(g) + (1-2:;)002(55) 3386
It is possible for the rare earth oxyfluorides in the calcined basthac-.site concentrates to react
with.the steam, generating hydrofluoric seid: ‘

2REOF(s) + H,0(g) = RE,O,(s + 2HF(g) S 613

_ Smce corrosion, assocmted with the evolution of hydroﬂuorlc dCld may prohibit the use of

bdstnaesu.e concentrates for . desulfurlzatlon purposes, thermodynﬂm:c and kinetic evaiua-

tlons are-necessary to determme the condltmns when reuctlon 6.1.3 beeornes sugnlﬁcant

6.1.3.1 - Pyl;ohydrolytic Thermodynamic Evaluation
| Standard free energies of formation of rare earth ﬂuorldes and oxyfluorides (RE, =

La, Pr, Sm, Ce) were determmed in 1982 by Hong, using solid electrolyte cells, and selected

thermodynamlc valu .are gwen in Table 3 5 (15) Pertment equxlnbnum data for tht‘e

hydro\lysxs reactions were caltolated (see Appendlx 8)and are summarized in Table 6.6. |

i 1bnum constants indicate Lhat LaOF is reusonably stuble even in pure

: _ uted t.emperntures whereas CeOF readlly decomposes in air in Lhe presence of

smnll quantities of monsture However the stub:hty of CeOF is strong!y dependcnt on oxygen .

purt.ml pressure. und ina t,yplcnl coal gas (po = 10720, sz() = 0 015) CeOF could exist smce

the ethbrmm partia) pressure of H[" is small (1. 9 x 1078 atm).:

-
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9 Table 6.5: Selected Thermodynamic Val‘ucs of Rare Earth Fluorides and
Oxyfluorides (15), .

Compound . aH® - -AS?® Errorin AG® Valid Temperature
2 kJ-mol-! kd-mol-1.K-1 kd-maol-1 Range (K)
' LaOF- -1222.73 0.1831 663 950-1120
. LaFy ~1765.46 02296 11.36 950-1120
CeOF -1179.29 0.1480 ° 9.03 1077-1277

TaBle 6.6; Equilibrium Data for Pyrohydrolysis Reactions*

‘Reaction - o 2LaOF(s)+H20(g}
‘ La203+2HF(g) :
AG%kd-mol- 380569~ 156.2T

- Valid Temperature - |
Range (K), <1134

Kiioo. © '1.23x10-10
Pup(atm) . L1I'x10-5(py,q ;‘1)
at 1145 K : 222x10~6(pH20__004)

. Refer to Appendix 8 for calculations

2CeOF(s) + Hy0(g) + §O0ulg) =
2Ce0, (s} + 2HFi(g)

-118785 + 61.99T

>1077

“252x102 - e

231(p0 =0.21 pH o = 0.02)
L 9x101‘(p() = 10- 20, PHo0 = 0015)

. .
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. The phase stability dlagrams illustrated in Figures 6.6 and 6. 7. clearly show that

CeOF is unst.able above oxygen partlal pressures of about 107!2 atm. at ll%;( whereas,

-LaOF has a stability region which cxtends over the entire range of oxygen partial pressures.

Although thermodynamic data have not been previously measured for these oxyfluorides, the
general observations of other investigators are consistent with these predictions. Finkelburg
and Stein (91) noted that heat treatment of LaOF at 1200°C in mcygcn huq no effect, whtlc
tcmpemlures above 300°C are sulTicient for the quantitative tran«.[‘ormutmn of CeOF to CeO
Panneuer and Lucas (92) mentioned’ that CeOF iy unstable in air at room temperature and
dccompuaes to Cc()l 15 Fogs overa period of IOda\ 5.

The thermodynamie data presented in this section provide ddd:lmndl quantitative

.arguments for the ex:stence of a solid solution of CeO and REOF in calcmed bastnaesite

concentrutes Durmg the cnlcmatlon process, the temperature ( >550°C), oxygen and steam

partial pressures (po, = Q.21, PHo0 = 0.02) would favour the rapid decomposition of CeQF (if

formed) to CeO,. - -

2

6.1.3.2 - Pyrohydrolytic Kinetic !‘Ivaluption
| The equilibrium constants md'lcate that very low YL purtial pressures are
generated -when LaOF is cxpu:.ml to stcam at clcvulcd temperatures. The reactivity, of -
course, will be defncpdcnt upon ﬂw_chcmicul rale constanl. *
“To study the rate of hydroﬂuori-c acid evolution as a function of Lime, powdcrcd_
bastnaesite cdncenlrﬂtcs, 4100 and 4060C (i:zirt;ic[c size 1-65 :pm) were placed in an alundum
boat in't-hc“ccnter of a quarw tube heated by a rcm«.mncc furnunce (see Figure A9.1 in
l\ppcndlx 9). Sleam was passed over Lhe solld condqnst.d and L'itrutcd with slundura thnrium

/
nitrate (94) at’ regulur time intervals. With the exception of the choice ofmr.mt the lechm-

que is :,lmllur to one used by Powel and Menis (93). Thorium nitrate wits chosen because both
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hydrofluoric and silicic acids can be analysed by this method (the latter forms‘when FIF reacts

with the silica walls ;nf' l.hc reactor). To olitain hydrolysis curves }vi.t‘hin a reals:;nuhlc time
frame, cx;;crimcnts were carried out above 7(@. Ilig'h steam flow rates were used
(36.8 L/mind Lo climinute the effgets of gas film d.il'fusi_nn.

Figure 6.8 illustrates the pyrohydrolysis curves oblained by Giacomelli (14). 'l‘:he
results are included in this thesis becuuse the experimentak pmpulsul 1951, pt'uliminur} work

and the [inal kinetic analysis were done by the author. The leached concentrate, 4100, hydro-

lyses faster than the 4000C concentrate containing caleite. Thus, it appears that the caleium

carbonate inhibits the reactivity of the oxyftuogides in the bastnacsite concenlrates with

1

steam, ; .

. . ’ . e o
The pyrohydrolysis curve of concentrate 4100 is noted o level off at & slightly

" o
higher Mluorine content than anticipated from the chemical analysis given in Table A4.3.of

Appendix 4 (7.0 Wil F ovs. 5.0 wi€l £ 0.25 ‘The dilferences in agreement were atlributed to
P

the difficulty in estimating the gradual pink endpoint during titeation when the E:!'umgc in

-

. . o
.
Muorine content is small. The limiting vidue, howéver, is not expected to ui'l'(‘.'.c.L Lhe m‘y(_\l

N . L : - . ‘
rutes of reaction.

To-abtain the activation energysfor the pyrohydrolysis of hastnacsite 4100, the
mitial rates or reaction’were estimated from the limiting slopes (1-+11 of the hydrolysis

LY

reurves, illustrated in Figure 6 3. and used to clenlute the first arder vite constant, £ (see

Appendixd). An activation energy of b, = 121 & 15 Kb/l ix obtained from theplovat €n k-

r

versus UT, presénted in Figure 6.9. . This value is characteristic of reactions proceeding under

. L. \

N
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kinetic control {i.e. l'l,l>‘33.5 kd-mol™!, see section ‘.’..'2,”. - The sensitivity of the rates of
reaction to temperature indicated that, in stewm, HEF corrosion may be significant above

750°C. ' - ' o

The following conclusions were made from I.h;.- p_\,'mh.\"dr.ulsis study:
n 'I'he- equi!ibri;lm,coﬁstunts for Lhe.p_\‘;ruhydroly::;is rcuctinn..wi'th LaQ} ;md CeOF .
are 1.23 x 107 and 2.52 « 102, reﬁmclivcly, at | 1.(]{)K: LaOF s ‘rc‘lallivo'l.\'xluhle' in
L] R !
steam; whereas, CeOF decomposes in the préscncc t)fsmulliquuntilics of maisture
in air. During caleination, CeQFF \\'Quld aot form in bastnacesite s‘i nce the conditions
favour the formation of Cc()z. Thus, bastnaesite concentrates should consist
primarily ol a salid solution of LaOF and Cr.;().h,: ' _ .
2 The activation encrgy for the pyrohydrolysis reaction w.us esti maled !'_or
shastnaesite concentrate 4100 Small partieles (1-65 pm) and high steam 'ﬂow rates
: . . .
(36.8 L/min) were used to eliminate dilfusional and mass transfer Iimilutim'_n.t\:. 'l‘hf:
" value of By = 121. % 15 kd/mol was within the kinetic control regimeé. However,
: ‘ux-ulcr j_redlucliun uMd desulfurization conditions, wilth ‘considerably lower
concentrations of steam, decomposition of the rare euarth uxyﬂum'idt;s in the

hastnaesite concentrates would he slow. Corrosion associated with Uhe evolution of -

HE would be unimportant. d

G104 Desullurization/Reveneration ' ' '

.

Preliminary work by Kay et al. (104 1) conlirmed the viability of using bastnaesite
concentrates fqr the desulfurization of coal gases. Regenceration can he accomplished in air, -
permitting ceeveling ol the sorbent and lowering the capital cost of tHie process,
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‘The main purpoée of this study is to shed light upen the desulfurization/

regeneratzon processes. In previous sectlons, it was shown that calcined bastnaesite

concentrates consist primarily of a:solid solution of CeO and LaOF; thus two desulfunzatlon

. mechamsms can contrlbute to the overall hehawour

/"4‘?(1) - The reactlon of' reduced CeQﬁ. dlssolved in the concentrate w1th H, S
2CeO2 (8) + H,S(g) + (1-2x)H2(g) C‘e2 25(5) + 2(1-x)H 0 _ o ‘» ' 3.3:5..
. f&CeO2 s+ H S(g) + (I—Zx’CO(g) Ce2 2S(s) + H O(g) + (1—2x)CO (g) 3.3 6
(2')' 'I‘he reaction of rare earth oxyﬂuondes (mamly LaOF) wffh st '

REOF(s) + HZS(g) RESF(s) + H O(g) o o R .e._i-{d
Although a few rare earth th:oﬂuorldes have been reported (97 98), very ]lttle is
known about these compounds Equ1llbr1um constants for reaction 6 1. 4 could not be _
_ calculated because the !'ree energies of formatlon of the thmf’luor:des have not yet been deter-
mmcd However thxoﬂuondes must have an 1mportant role in the desulfunzatlon process ‘
"because Kay (10 11) and Baron (6) observed that bastnae51te concentrates contammg the:r
: ongmal fluorme are more actwe than rare earth ox:des or-treated forms of bastnaes:te (. e.
.steamcd leached, etc) —_ . - _\ L o
Since it was not poss:ble to study all aspects of the’ desulfunzatlonlregeneratmn

behav:our of bastnaemte concentrates -cerium oxlde sorbents were :nvestlgated for the 5

followmg reasons:

(_l)'-- - The behav:our of a pure component is easier. to study and relate to theorctlcal
predlctlons thana complex solid.

- (2) Cenum oxlde is a major component in calcmed bastnaesnte concentrates

.

(concentrate 4100 is approxlmately 32% by weight CeO,).

_- (:'3) ' '_'Thermodynamlc data are avaxlable for some of the compounde in the Ce:0-S .

1 . » '
system. e ' v

'VVM-Ch.6b



In Chapter.IIl, the available thermodynamlc data were consolldated mto the"

Cc OS phase st.ublhty dlagram and used. to predict the predominant

-l

.desulfurlzatmnlregenerat.xon reactmns and Lhe:r asgocmted equ111bnum constants The
' follow:ng dlscussmn deals with the experlmental verlﬁcatlon of these predxctlons and the ,

kinetic behavxour ofcerlum oxide sorbents.

S |

6.2 Desulftlrization/Regeneration Studies Using Cerium Oxides .

‘ 6.2.1 Desulfufizat.ion

Lo

A 51mulated coal gas, contammg L 2% H,5, 10.8% C02, 55% CO and 33.0% Hz- was
. 'passed through a fixed bed reactor contammg 17. 94 g of cerium oxlde sorbent (prevxously

‘.-sintered at 1400°C and reduced overmght wath 5% H 195%N e, = 0.114,

d = -0, 84l/+0 297 mm) A typlcal desulfumzatmn breakthrougll curve, at 1145 K, is

-1IIustrated in Figure 6. 10 (see Appendlx 10 for g c, traces)

6.2.1, 1 General Discussion ol'Breakthrougll Cury.res .
| Difficulties were encountered when using the flame photomet.r.io detector (FPD) in
obt,alrling t.he comolete breaktllrough.'curve. Despite the manufacturer’s claim that the FPD
.has‘ a d'yn'em-ic ronge for sulfur of‘ 1 ng to 600 ng, absoltlte in the volume injected (99),
experlmental work showed that only a'100 ng S limit could be ach1eved (equivalent to 1600 ng
SlmL or 1225 ppm by volume fora 1/16 mL sample loop, the smallest gas sampling loop which
can be practlcally used). Excellent reproducible data could be obtamed prior to, and durmg
breakthrough At the tail end of the breakthrough curve, gas chromatograph traces

contamed multlple peaks which is chamctenstlc of H,S concentrat:ons well above the

‘ detector hmlt. This observatlon was most apparent during the calibration of the gas
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Figure 6.10: A Typical Desu‘lfurizntiqn Bréakth‘rough Curveat 1145 K,
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.chromatograﬁh (g.c.), using the exponentlal dxlutmn ﬂask (EDF) described in section 5.3 ,‘
~and Appendu: 3. Even though cahbratxon samples contamed one detectable component the .
first few g.C. mjectlons resulted in mult.1ple peaks if the concentration of H,S was too hxgh
As the EDF.eﬁ'luent décreased in concentratlon smgle peaks were obtamed However at the o
100 ng sulfur hmlt detector saturatmn is difficult to detect. since the g.c. response glves smgle T
peaks w1th nearly 1dent1chl ‘responses over a fmrly large range of concentratlons (see
| calibration curve, Figure 5.4).

——

© 6.2.1.2  Verification of Th‘ermodynamic Predictions“

-

4_ In section 3,2, 1t is shown that the predlcted partzal preseure of H 25, correspondmg .

‘ to pomt C (see F:gure 3. 3) i550.2x 1078 atm; at 1145K. A value of (3.1 1)x 1075 etm (4.0 ng-

S/mL) averaged over three runs, was determmed expenmentally The: oxygen and sulfur

Ipotentials of the e:ut gas are plotted in F:gure 6. 11, and xt can be seen that better estimates of

the exlt H S COncentratlons are obtamed if the CeO /Ce20 S boundary is e'ctended from the

_ CezoalCezo S boundary Data points,. measured at three other temperatures (refer to Table

6 7), gave. sumlar results (see F:gures 6.12, 6 13 and 6. 14) Further work, using: a wide range

. of coal gas composxtlons is- recommended in order to locate additional pomts on the _
. Ce0,_JCe,0,8 bounda.ry R

' The expenmental pomt xlluatrated in Flgure 6.15, conﬁrms the posrtxon of the

Ce02/Ce2 2S boundary,.nnd was determmed from the solid electrolyte cell measurements.

BN

. reported by Dmvedl (16) -at 1072 K

6:2.1.3 The Eﬁ'ect of Reduction
Prxor to all desulfunzatmn expenments the cerium oxxde sorbent wag reduced with

_ 5% H2/95% N When the solids were reduced for 2 to3 hours 1mmed1ate breakthrough ‘o'f |

8 . - <
- b
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T(K)
1145
1189
1244
1296

*

-

- Partial pressures are

- .

Table 6.7: Equilibrium H,S Partial Pressure Measurements

CeO, . Phase

~w Ce@
CeO
_ CeO

CeO

1.935
1911
1.877

l1.862

pHgS

. 3.0x 10-6

6.0x 1075
3.7x107®

-6
A4.3 x 10

¥ Experimental_‘;fﬁlues

-log ps,
131
12.1
12.1

11.7

98

Theoretical Values*

PHoS

2.0x 1078

. 3.5x10°

5.2x10°8

9.0x 1078

Theoretical values obi’.ajned by extending Ce,04/Ce,0,8 boundary,

“logpsy
13.4
126
11.9

11.1

given in atmospheres. The stan&ard deviations are +1x1076 atm.
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“{’?H._,Snccurredin the subsequent desulfurization run; whereas, sorbents reduced overnight
' . . ) )
desulfurized effectively for 30-40 mifwutes under the same conditions. In section 3.1.1,it was

shown that CcOz_x has a fluorite type framework containing oxjg&m vacancies. Thus, the

reduction step must cnﬁahce the reactivity of the cerium oxide sorbent by providing empty

-

. ]
sites for the adsorption of sulfur. Since reduction in hydrogen is not very favourable

(Ktlrm =.1.03 x 10>, refer to section 3.3.1}, two or three hours is probably not sufficient to
'h—‘ . " ) .
conyert the CeO, to CeQ,__. This was verified by examination of the reduced sorbents; solids

reduced for L'wo hours were muinly White, with a small pale blue section at the ﬁxg;ed inlet,
¢ whereas, solids reduced overnight were deep blue. We_stmorcland and Harrison (27) judged
cerium oxid_e. to be an unsatisfactory sorbent be'cause‘ it forms a stable unreactive oxide. This
study shows that C-e_().z. -when reducéd, is.compz_:rat.ivel_v reactive. Reduction wilh carbon

. monoxide should be more favourable (K100

b

=.1.04). , <

. 6.2.1.4 l'lydrogen Sulfide Remdval Efﬁcienc’j and Adsorption Capag :

~

The H,5 removal efﬁcxcncy is based m‘-ﬁc gas phase conversion prior to break-
tluough and is deﬁned as the ﬁ"].Ct.lOl"l or percentage of H.,S removed from the gaseous inlet

© stream, '[‘he exil cohcentrations, measured in seetion 6:2.1.2, represent removal efficiencies

ol 99.98%. It should be llt:le(l;_lquvu\.'cr, that a direct comparison of removal efMicjencies for
different sorhents is valid only for inlet gases having similar oxvgen and sulfur partial

PressUres. .

Ihe adsorptlon capacity, on the other hand, is- Lhc fraction or pcuenta;e of solid

reactant convcllod at br c.tkthmu;_,lf”“

. _-.When the solid product has a s1g:_uhcuntly lurger

u e

(4)  Inthis work the br c.xkthmugh pmnt was duhncd us thc time at which Ci,s = 200 ng
S/ml or 150 ppm .
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molar volume than the solid reactant, the reactlon may terminate before 100% conversmn is
reached due to pore closure by the solid product as is the case in this 1nvest1gatmn {the

dens:ty -of Ce20 S ig 5. 99 g/cm comparkd to 7 2 g/em® for Ce02) In the absence—of pore

dlﬁ'usmn control the maxxmum theoretlcal capeclty, for a given-initial por051ty, can be
estlmated using the changing voxdage pore model of - Ramachandran and Smith. (77) Con-'
versions, Smaller than the theoretlcal]y predxcted values are obtamed when pore dlﬂ'usmn
control is predommant because o[fde sharp gaseous concentratton gradlents in the pores

reactlon rates are consequently mcreesed at the pore mouth w!uch results in pore closure at
earlier tlmes The por051ty of the cerium oxrde sorbent was 11 4%, thus the maxxmum_

capeclty would be 58% (refer to Appendxx 6 for calculatmns) Experlmentally, solxd cof- .
(]

versions less than 1 0% were 'obtamed Which suggests that- -pore” dﬂfusmn is. very sxgmﬁcant -

Thm conclusmn was conﬁrmed by exarmnatmn of reacted pellets which show a blue inner core *

of CeO‘.2 < surrounded by a dark green outer layer ;

The pore model suggests "that a..mmxmum porosﬂ:y of 18% is requxred, in the

absence of pore dlffus:on control to achieve solid conversmns of 100% (see Appendix 6] Thus

_ the next set of experxments ut1hzed a sorbent of 28% poromty S g . .

- N V?:" : St o
6.2.1.5  Kinetic Evaluation - L S -

In thls sectmn ‘the qualxtatwe effects of témperature pertlcle size and ges flow rate

upon the adsorptlon capacity and upon the rate of reactxon are dlscussed \ ) . n

Expenments were carned out w1th sorbents sxntered at 1250°C (c = 0 28, B E.T.
surface area = 0.45 mzlg, average pore rechus =1, 68 X* 10'5 cm) The sunulated coal gas was
1 - prepared by blending two gas streams one contauung 91 9% CO/B 1% 002, the other 99 0% .

Hzll 0% H,S. The high tempereture gaseous composxtlon fora gwen rin (see Table 6. 8) was

A . . ) . -. ‘.7:- "
\ ‘ =
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Table 6.8: High Temperature Inlet Composition of Gas Mixtures.*

Run No. 12 15 16 17 18
Component . Mole Fraction of Component *

co 0.702 . 0.702 0.699 0.710 0.701

H,- 0,235 0.235 0.238 0226  0.236

co, - 0.0424 0.0424 ° 0.0450  0.0468 0.0452
H,0 00179 . 00179 . 00153 00146 0.0153
H,S 0.00225 0.00225 0.00225 0.00212 0.00224
CoS '0.000209  "0.000299  0.000300 ~ 0.000303  0.000300
S, 376x108 - 376x10®% 214x10® 191x10® 214x108
(").‘;- - 13%10% 73x10% 174x107 136x107%0 1L75x 107

Ca_lculatea by F*A*C*T. Flow rates of the 91.9% C0/8.1% CO, and 99.0% H,/1.0% H,S

_gas mixtures were used to estimate the room temperature composition of the coal gas.
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calculated by F“A‘C"T (refer to Appendix 2), from the respectiv?/room temperature éu ﬂqw
rates multiplied by the appropriate molg"fpactioln. of the co{nponént. The oxygen partiai —
pressure of the coal gases were plotted on the Ce-O-S phase stability diagram and were shown
to be within 0.5 log units of the oxygen potentials of the coal gas used in section 6.2.1.1. The
high temperature composition was also used to est:imate. the molecular .difi'usivity of H,S in
the ggs'mixturé (A.bpendix 11), |

.The experimental conditions aﬁd results for five runs are' presented in Table 6.9,
. Figure 6.16 illustrates the corlresponding bre'ékthrou‘gh curves for four c;f thes‘e ruﬁs. Data
points, below the FP detector saturation limit, could not.be measu}éd for run 15 because the
curve was too steep.l

| As discussed in secE_ion 4.2, the slﬁpe of the t;reakthx;ough curve is reiated to th.e-'
| kinetic parameters By the following expression:
A 40 -, BFka- ev)yb}{

a8 - " 4.13a

v
0

where [(°, the modified effectiveness factor, replaces § in equation 4.13 when external mass -

transfer effects cannot be neglected.

Rearranging equation 4.13, the kinetic parameter §’ k, is given by:

.ﬁ.kz(ﬁ) Yo N 6.2.1.1
o Ade X(l—-ew)yb Lo _

This equation is further manipulated in Appendix 11 to give:

5k = (d(‘z’co)) p-g) - - 6212
. ‘ t ] " XC, _ . _ .
: \{afues of §' k can be converted to § k using: . '
Bk= U 416
’ B’k kap '

' where k is the mass transfer coefficient obtained from Figure 4.2.
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Table 6.9 Experiment_al Data for Determination of Adsorption Capacities

' ' ¢ andf'k anﬁes_(r;p = 0.28 for all runs). - ) % ' , ’
RunNo. - 12 15 16 17 BT '
~ Particlesize . o i
(mm) = -0.841/+0595  -0.297/+0.214 -0.841/+0.595 -0.297/+0.214 . -0.841/+0.595
Temperature ' .
(°C) 872 o 872 ' 802 198 ' 803
GasFlow ' .. _ _ L . C _ y -
{mL/min) 94 . 94 : 94 . 98 201
Weight of Bed _ ) .
(@) - 1999 2000 . 2000 . 2000 2002
Room Temp.. ’
“Inlet _ _ R _ _
HpScone. (%) 0255 ~ 0.255 " .0.255 . 0242 : 0.254 . -
Breakthrough
 Time - . . .
(min) 38.3 26.6 : 1410 ) 31 207
‘Pe . 0402 048 0428 - . 0069 0.949 .
K (crr/s) tez 0 st 162 347
" Adsorption »
Capacity : - S " D
(g HQ‘S/g Ce02)6.4x10-4 A4x104 78x10-4 - 65x1004 7.3x10-4
B'kX(s-!) 645 L '>208 - X 205 189
Sample calculations are provided in Appendix 11.”
Maximunicapécity.is}?.g x.IO‘ngéSlg(?eoz‘(:at}"{ = n.. o E _ C ) St
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| ® Run 12 _
¥ Run 18 .
.. H Run 17 1 -
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"’ Figurg 6.16: ‘Breakthrough Curves for the Determination of the Effects of

Terﬁpex‘uture, Particle Size and Gas Flow Rate.
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Although Bk values should be é.u‘:.npured “ratl;)er than B’k values, phys'u:ally
meaningful numbers c.ou-ld not: be ':;:OInptit,ed. A basic a.:ssurnption of the constant pattern
solution to the gruin'model equatinn is that 0 = Xe. prenmentally, breakthruugh oceurs at
solid conversions of 0. 004 0.008. ()bku:lv above these X values 0 > X, the model is not

valid, and B’k values have no physical signficance. Thus, to compute B k from equat.ion

6.2.1.1, avalue of X, below the adsorption capacity of the béd, must be selected. However, it

0 IJFI _E;r)yh

in order to obtain a pnt.mve value for ik, Therefore it was demded to compare §§' kX values

. : ' Vv .
_ . : do
- was subsequently discovered that X muft be greater than [( k ;: )( T ) v
. ’ L

for runs 12 through [7 since the k,, values were about the samé.
A 2 factorlal demgn was used Lo dctermme the-effects of particle size and
- ‘

‘temperature (runs 12, 15, 16 and 7. F or a constant partlcle size (rum 12 and L6 or runs 15

and l7) an increase. in temperature increases the observed reaction rate and decreases the

adsorption capacity. It was shown in section 6.2.1.4; that’ pore diffusion control is very
significant. 'I‘hus,"a ]éfger reaction rate at the pore mouth would resull in pore closure at
carlier times, and a smaller adsorption capacity would be obtained.

For a consmnt lempcralurc Lhc observed reaction rate -ngmﬁcanl.lv increases (as |

.

c\pccted) when Lh(' pmltcl(' size i dccrewaed (compare runs 12 .md 15 or &uns 16 and 7.

1

However, the'inereasi: in vxlernul surfice area did not result in a larlgcr adsorplion cupacity.
| Perha p“s. the I‘;u"gé':" kinetic ritg constants caused pore closure at earlier times. L

ThL‘ effect ol gas jﬂnw. rate wlu:_a st‘utliutl.'r'ising the larger particje size at 1073 K.V._ :
Breakthrough curves for high tempe;‘u-lurcs and small particle sizes were too steep to obtain

measurable H,S concentrations. Fhe 3" kX values for runs 16 and 18 again illustrate that
- :_ . L . ' “a oo . .
furger rates of reaction, owing o increased external mass transferveqeflicients, results in
v o \ : .
lower adsorption capacities.
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It is not recommended to base an industriol process on unsupported cerium oxide

sorbents because of the low adsorptlon capacmes Although capacities are usually 1mproved

“for small partlcles ina ﬂuldnzed hed powdered cerium oxides (-325 mesh or < 40 pm) were

unsurtable for ﬂu:dlzed bed studies because of poor ﬂu:dlzatlon characterlstlcs Future :

evperunents should be directed at 1mprov1ng the sohd conversions by the use of an inert

N N
‘

' support and obtammg the l-unetlc pdremeters for the new sorbent.

L - ‘

6.2.1.6 Analysis of Sulfur Loaded Sorbents

The sulfur Ioaded sorbent in the fixed -bed reactor, runged from dark green at the -

’ reactor entrance to pale green at the exit. The green product. however, could not be ldentlfied

" by X-ray diffraction because it is amorphous.

TGNDTA analysis of the darkest green-material indicated a weight -gain between

. 285-450°C owing to sulfate formution. Decomposition followed at 670-760°C. Further work is

requ1red ‘to determme the possible solid phases (see sections 3.1.2 and 3.1.3) before

_ ldentlﬁcatlon is completed. The thermochemical analysns suggests that regeneration should

be conducted above 760°C
6.2.1.7 Supported Cerium Oxide Sorbents -

A sorbent cont.ommg 143 wt% CeO was prepared by lmpregndtlon of fused .

alummum oxlde (nveruge pore radlus =2x 10'6 m) w1th ammonium cerium mtr..tte (detmls

in section 5.4, 3) L‘xammatlon of the lmpr,egnated sorbent prior to calcination, indicated that

-the_mo,]orlty of the bnght.oronge (NH4)2 [Ce(NO JgI,"was contained in an 'outer- layer‘

Surroundmg the fused alumlnum oxide., Desulfunzutlon cond;tlons are summarlzed in Tnble :

. 6.10. Comparison of the behawour of the supported and unsupported sorbents showed a five-

fold 1mprovement in udsorptron capac:ty (see ’I‘ables 6. l 1 and 6.9). Becuuse most of the CeO
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Table 6.10: Conditions Used for Experiments Us"&g Supported
' ' Cerium Oxide Sorbents
" Bed Height 126 cm
Bed Weight . 14.22¢
. L
Percent CeO2 14.3%
Temperature - 890°C
. Table6.11: Summary of Experimental Data for a Supported -~ -
Cerium Oxide Sorbent .
( . . Fresh Sorbent I Regenerated Sorbent
Flow rate (mL/min) 97 . - 93
Inlet H,S concentration (%) : 025 0.28
" Qutlet H,S concentration (ng $/ml) Lo 2.7 2.7
Breakthrough Eirr}e (min) p 16.9 : 13.3-
. Adsérption Capacity (g H,S/g CeO,), 3ax10® 2.1x107
Percent CeO, Conversion 3.1 ‘ 2.1 -
\. '

VVM-Ch.6¢c
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s on the external surface of the'suﬁport;ndditiqnnl improvement in adsorption capacity

should be obtained by lowering the percentdge olngEO2 impregngtcd, to the 1.0% range.

6.2.1.8

(1

@

- (3)

{4)
\
6.2.2

6221

13

~

Conclusions from the Desulfurization Study
Equilibrium peints on the CcOz__xlCe.zO.ZS, boundary were established at l'ouf

temperatures using a gas mixture containing 55.0% COQ, 10.8% CO,, 33.0% H, and

' 1.2%H,S. The results indicate that the CeOz_KICeZO,'ZS boundary can be obtained

by extending the Ce203ICe2028 boundary.

Reduction of CeO,, to CeO,_, enhances the reactivity of the cerium oxide sorbent by
: . . ] .
* L}
providing empty sites for the adsorption of sulfur.
Low cerium oxide conversions were obtained at breakthrough, owing to pore

closure by Cezozs. Further work sho(uld continue with a subported certum oxide

sorbent of about t wt%. The constant pattern solution of the grain model can be
- - -

© used to obtain the kinetic para;neters for the supported sorbents under conditions

similar to those used for the unsupported sorbents.

Regeneration should be carried out above 760°C.

Regeneration

Regenerationin Air

Air was passed through the fixed b.ed, at 1145 K, to regenerate the sulfur loaded

sorbent, releasing sulfur as S0,:

Co,0,S(s) + 20,(g) = 2Ce0,(s) + SO,(g) © 3313

Data from a typical regeneration experiment is illustrated in Figure 6.17. The initial part of

the curve shows that the SO, concentrations produced by the regeneration reaction are above
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{ng S/mL)
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Time (min)
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: Figure 6. i?: Typical Reggheraltio.n Curvein Airat 1145 K.
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‘the detectablllty llmlt of the gas chromat,ograph (i.e. greater than 0 1%, see g.C. traces in _-
Appendix IO) Regeneratlon was complete in about 5 minutes f'or.alr ﬂow rat_es,
ubproximately four L?mes gt;e-aaler than thgdesulfurization flow rétes; Figure 6.10 shows that
the regenerated s;drbent has 92% of the original adsorétion_capacit_v. |
6.2.2.2 [{eduz;t;ion of Regenerated Sorbents |

To activate the sorbent (see section 6.2;1._3), the reéené;utéd solids were i‘educed
with 5% [{2195% N, before the next desulfurization cycle. Figure 6.18 shows that during this

process, an additional release of SO, and H,5 occurs. The following feaction scheme explains

. N
r

these obs;ervations:
During regeﬁeration in air, the large concentrations of 802.incréase the sulfur

. potential of the gas phase, resulting in the forr'n'atio.n of cérium sulf"ateé

| | 2Ce02(s) + 330,(g) + O4lg) = Ce2(804)3(5) L '6.2.2.1_.

AG® = -859.620 +0.75280 T kJ .

K

1100 = 31.43

Subsequent reduction in ﬁydrogen converts the sulfate to the oxide a"n_d bxys.ulﬁde, releusling
| “SO.2: .
| Cez(SO4)3(s) + 201+ x)H,{g) = 2Ce0,_ ) + 350,(@) + 21 +x)H O(g) 6222

Cez(SO,,)n(s) + 6H,(g) = Ce2 ao(s) + 250,(g) + 6H O(g) o : | 6 2.2. 3
" The Cezo Sand H 20, produced by reactions 6.2.2.2 and 6.2.2. 3, react furt.her to form H S ‘
Ce,0,5(s) + 2(1-x)H ,0(@) = 2Ce02 8+ st(g) +U-20Hfg) 6224 |
‘The al‘orementmned react.xon scheme is rnore vmble than an explnnatlon based on .

the presence of residual 0920 S, since the Iatter cannot Justxfy why a muxlmum in H P

. concentratxon is reached after the S0, concentration begms to decrease. . _
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10’ - f i l. L] 1 T . T

Inlet Gas — 50% H, .
- 95.0% N,

Flow Rate 51 mL/min

(ng S/mL)
1

" Concentration

Y5 7% 125 TS
: Time {(min) ‘ :

L]

Figure 6.18: Reductibﬁ Curve fpr Regenerated C_érium Oxide Sorbents at 1145 K.
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Equat.:ons 6 2.2.1-6.2.2.4 can be used to explam the Longo proccss descnbed 1r-1
sectlon 2.2.3. [n the desulfunzat.mn of flue gases, SO reacts with CeO to form Ce2(50 )5 or
CeOSO 'I‘he format.lon ofuxysulfate is possible because the process Lemperatures are. Iower -
(500 800°C).. Durlng regeneratxon in hydrogen Longo not.ed that SO2 is produced mltmlly, _

and after 50% regeneratmn H S is the major species. The reductmn of” cenum sulfate

explams these observations.

Conclusions from the reduction study of regenerated ceriurrlo_-xide sorbents can-also
* be applied to'the desulfurization/rbgeneration characteristiés of calci e'd.bustnaesite conéen- i

. trates. Flgure 6.19 shows the desulfurization curves obtained by Kay (IO) for bastnaesxte

concentrate 4100 of pdrhcular mt.erest is the decredse in desulfunzat.mn efﬁmency
: (measured wnth H,S Drieger tubes) at the 20-30 minute mark Smce 41 45% of the

. .concentrat.e consnsts of CeQ,, the drop in efficiency can be explmned by the formatmn of -

. Ce2(504)3 during air regeneration and subseqjient reduction by hydrogen in t.he coal gabes

]

6.22.3  Conclusions from the Regeneration Btudy

() .. Air can be used to regenerate the sofbent.

oLm

_' (2) o A small'amount of cerium sulfate iis formed durmg air regeneratlon whlch subse— -

quently releases SOz and H,S during the reduction step The proposéd chemlcal

reactions can be used to explam the regeneration rcnct.lons in t.he Longo prucesa -

4

- and the initial drop in desulfunzatlon efﬁczency of regenemted bastnnes1te

{. X .- T e -
" concentrates,’ K o o
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. 6.3 -  Comparison of the Cerium Oxide, Iron Oxide and Calcium 0Oxide Desulfurization ..

Processes

The phase btdblllty dlagmmq for the Fe-0-§, Ce-0-S and Ca-O- S systems are given’”
in Figures 6.20, 6 21 and 6.22, respectively. ’I‘he dlagrams show that:

(1) - - Cerium oxide sorbents J'educe H.ZS goncentrations to the lowest levels becauee the

. CeO, /Ce20 S boundary gwes the lowest ps, for a given poy:

) Cerium ox.ldes are regenerated easily becau_se the Ce‘é(SO“)é phase is
comparatively l'ess stable than the iron o‘r calcium'sulfates In sectio‘n22‘2 itwas = -

mentloned ‘that calc1um oxlde sorbents are very d1fﬁcult to regenerate ’[‘he .

relatwely high posmon of the CaOICaSO boundary shows that the sulfate is

. o K .
d:['ﬁcult to decompose under atmosphenc condmons ‘ SV o A

(3) . Cenum oxide sorbents are not reduced'to tRe metallic phase. until very low oxygen '

partial pressures are reached. In comparisoh, iron oxide is reduced to'metalliciron .

e _22 - e R S0 . o,
_ forpo, < 107%%. " 7 MEETE N e

In addmon cerium oxlde sorbents can be used up to 1200°C (1473 K) bel‘ore 7

. "
smtermg begms whereas 1ron_ox1des ean only be used upto 1033 K This is an advant.age for

coal gases leaving 2 Koppers-Totzek gas:ﬁer where exlt. temperatures are about 1273 K.’

st

Although cerium oxide sorbents are rnore expenswe thun tron oxlde sorbents

limestones or dolomltes~fhey are more readlly regeneratedlhan calc:um 0x1de sorbents and - -

- See e -

can be used under conditions which are unfnvgurab_le for iron oxide sorbents. & ' o

.. . . " . o T
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Ch..!pter VIl

SUMMARY AND CONC[ USIONS

- With reference to the total program diagrammatically presented in Figure l.l,[

Chapter 1, the major conclusions of this study are summarized below.

Y

CharacterimtionSLudies ) T L ‘ ‘

Uncalcmed bastnaesne concentratéemsmt of a mixed rare earth hydroxy-

ﬂuorocarbonate RE(OH)! ,{F CO (RE = prtmdnly Cc La) where'x = 0. 56 £ 0.01. A solld

solution of' REOF and Ce02, wnth a fluorite type L,truct.ure is produced upon calclmmon

Concentrates can be used up to temperatureq of 1000°C without loss in surface area: Further-

+

chnnges in compos:tmn are riot ohserved

Reduction Studies

)

Cerium forms a range of'hon-stoichior'netric oxides bet;Ween 800 and 1000°C' CeO,,

CeO., ", CeOl 14 Ce,0,, , and Ce20 The formatxon of the.blue oxlde C{302 ,is Fuvoured in

gas mixtures with a CO/COQ, ratio of ~10/1 (typu:al ol‘COICO ratws in coal gaqes) mthm the

above temperature range. LaOF is unreactlve under rcducmg condltmns however calcmed

bastnacsite concentrates can be readlly rcduccd 'l‘he presence 0Fd1ssolved Ce02 is heheved to
be respon51ble for the reductlon churactenbtlcs of bubtnaemte concentrateb and in carbon

monoxide, Lhe quadravu!entnenum is ['ully converted to t.he Cea"' f‘orm

VVM.Ch7 - 122

- -



123

‘Pyrohydrolysis Studies

“Equitibrium constants for the pyrohydrolysis of LaOF and CeOF were determined
to be 1.23 x10'%4nd 2.52 x 102, respectively, at 1100K, 'I‘hcrmodynumit_; caleulations indicul.c
that the less stable CeOF phase would have hydrolyscd to CeO, during calcmdtmn whereas,

LaOF does not significantly hydrolyse d\fnng calcmatlon rcductlon desull'unzutmn or

. regeneratmn These results prov1de further quant{mtwe arguments for the exlstencc of a

"

solid solution of RbOl’/CeO2 in caleined haslnaesite concentrates.
The activdtion -cnergy for the reaction of bastnaesite 'éoncenl.raitg 4100 w‘ith'stcum

—

N

15 121, 15 kJ/mol.

: Desuifurization Studies

&, The Ce-O-S phase slubility diagram was compleied \;vith the best availablc duta fo;'

. the various oxlde and sulfate phases in the Lempemtute range 800- 1023°C A computer pru-

gram (72,73) was used in"Bonjunction w1th the phase smblhty dlagrnm to predlct t.he solld und~

‘Jgaseous products ofreactxon for a Lyplcal coal gus The predicted dcsulf'urudtmn rcactmn is:

i

CeO +u ,S + 61 - 20H, 2 = Ce,0,8 + 2(1 - 01,0 -.3.3_5.'

The posmon of the CeQ),_ /Ce, (). S houndary was cqtabhshed at four Lemperdtureq fm one gas .

N

cnmpo‘ntmn l)equlfuru.ltum |1rm(L(|- only with reduccd sorhents “which \.uggcsts Lhal.
Q ‘,
“oxygen vacancws mlh:n the: '\()]I(l facilitile the adsorption of sulfur I'rom lhu gas phd:‘u A

“fixed hcd of ceri ium oudu w:lwnt ver lll(d the viability of the pr()cewx b\ :emmmg 99. 98% of

the H,S from a simulated: coal Bas, l‘hc :.ulfur capacity. lncrease& with dccreasmg'

’lcmpcmture decreasing ptlrtlclc size and with lncreu‘;ldg gns veluuL) Iow ad'a(nptmn:‘-

cupacites were obtained due to pore clm.ute hv Ce,0,S and because. of -ﬂgmﬁc.ml. |mru

d:l'fusmn resistance. Capacnl.lcs can be increased by umng asupport.
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Regeneration Studies

,Regenerutiop of cerium oxide sorbents, in air, unde’r similar temperatures and
pressures, occurs readily with the evolution of SO,

Ce20;8+0=ce'o'+so S ©3.33

Due ' to the large concentrat.lon of SO2 produced during regenerntmn mmm‘ quant:hes of -

sulfaEe are Formed Inthe subsequcnt reductton cycle, the sulfate decomposew to SO and H S
Lhe former redchmg a max1mum in concentmtmn before the lattel The. reductlon of the
- sulfate to the oxyqulﬁde is belleved to be re‘;ponqlble for Lhese 0h~.ervatmns

Cey(SO, ), + 21 + xH, = 2Ce0;., + 3SO, + 21+ \m ;0 6222

cegtso“)3 + 6H, = Ce20 S +250, + 61,0 .. 6223 .
" Ce,0,5+ 2(1 H,0 = 2CcO LS (L 2\)11 0 6.22.4

SOlldb which are regenerated und reduced can be used elTeLtweI» for. subsequent®

: desu]funzat.loncycles

) Compurtson of 5esulfdrlznt|on Processes

o .Advantages of hlgh temperature desulfunmtlon‘pmecsses b.rbcd on cerium mudes -

' Vover s:mllar Lechnologle% based on iron oxides, hmestones or dolmmtea are Lhree -fold:

L) - - Certum nl'udes cun\be u-»erl for the desulfuru.ltmn u['mmc HUUHL,'} reducing rasc
: t}mn iron oxides. ) . | |

< 2) . lCm |1.mr uwdes dl“C more re.ldll\ tc;,en(,mted tlmn e.\luum onde hdH(}(l surhunta

3) ' Ccnum o'ude sorbenla can l)e u'-ed at’ h:g,her Lempenutunes than iron oxldc '

horh(.n Ls
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Recommendations for Future Work

To complete the investigation of the desulfurization and regeneration

) chulracteristics of bastnaesite concentrates, the following studies are recommended: ) P

-

Thermodynamic Studies

(n

(3)

Kinetic Studies R

The free energies of formation of the Fare earth thiofluorides should be determined
to enable the'calculation of the equilibrium constants for the reaction:

REOF(s) + H,S(g) = RESF(s) + H,0(g) | 614

. The stabilities, compositions and thermodynamic properties of the various certum

sulfates and oxysulfates should be 'resolved. In particular, Lhe_ free energy of
formation of Ce0S0O, and its thermal decompasition -properties 'shguld be

determined to complete the Ce-S-O phase stability Nagrum. -

- A series of gas mixtures with differing CO/CO, gas ratios should be used to

determine additional points on the Ce0,  /Ce,0,5 phuse boundary. <«

o ' .

(n

 The effect of reduction time upon reactivity and capacity should be determined.

~

Supported cerium oxide sorbents, of about 1 wt%, should be used to generate break-

through curves. The model.presented by Wang (80), can be used to determine the

—-u;
rate constants.

- .-'

The desulfurization/regeneration characteristics of a fixed bed of LaOF or

LaOF/Ce0Q, solid solutions of varying proportions, should be studied and compared .
‘., N — . . ) 7

to bastnaesite.

~ The techniques used in this st.u'd} could be extended to the desulfurization of

oxidizing gas streams containing SO, (¢.g. flue gases).

-

The effect of oXygen concentration upon fegeneratié‘;l‘ efficiency should be 'st.udiécf.
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- APPENDIX |
Sample Thermddy_hamii: Calcul:fﬁons for the Ce-0-S Phase Stability Diagram '

[

Ca]cu!ation of F:;ee Energy of Formation.ofCeszO 113

- The [‘c:'llowlng thermodynamxc values were obtamed from Barin, Knacke and

Kubaschewsk1(64) S T .

TABLE ALL ' Entl_nva.lpAies-and Entropies of Relevant Cohmunds

Compounds - - '-H(IOOO‘K)'&;_! ' 51000 K) cal’K
 Cey(SO)y(s) . -885663 o 16_6.‘[75' :
Cels) - e _26.-299 '
of0 . 5w 58.167
;Sztg)-)‘ ' 36775 - 64.636  * v
' Fp}rth‘el_'egction' . 7 '
\ o ) ZCe(s) + 602(g) + 3/2 S2(g) Ce2(804)3(s) S - ALL

o the standard enthalpy and entropy of renctlon are glven by "

, AH°m-,D° ~H(Ce2(SO4)3) SH(Ce) - 6 H(O,) - 312 H(S,)

= 885663 - AET03Y- —6(5387) 3/2(36775):
—_,-7_-9.85,353 cal/mol o
- AS°000 ;-166.176,2(26.299) 6(58.167) - 3/2(64.636)

o = -332.378cal -"mol" K
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" AG®; = -985,354 + 332.38T cal  mol" (900 - 1071K)*

T,

or
‘ L AGY —‘-412204+13904’I‘KJ mol' R VSN

-

~ Above 1071 K, equation Al. 2 must be modlﬁed to account for the t.ransl'ormatlon of Ce(s) to.
Ce(6). - e Coe TS _
| " 2Ce(6) = 2Ce(s) AC®, = —2610 + 2.436T-cal
For o . et ) -
2Ce(e) + so (g) * 3/25 {g) ce2(50 )3(5) .. L AL3
the standard free energy equauon becomes R hw..—.: . l

' "_,AG = -937 964 + 344 81T cal-mol e

o g ) - AGT=413285 + 1, 3881T KJ-mol- 1(10714273}()-"1 e Al

- -—"’.. S 1oL
: - . . - .
- et e g - .-

-~

Lo "-"-The Ce02/Ce2(SO4) Phase boundarywascalculated as follows

Ce2(504)3 G=2Ce O F 602(g) + 3/232@ AG® f_ 987 9642 33481 T cal.

2ce(e) + 202(g) = 209.0 (s) = -519 aoo +'99; OTcal

Addmg the two equatxons . e ". .f' '_, REE, _.' . SRR,

Ce2(804)3 () =4 02(g) + 3/2 sg(g) + 2 CeO (s) e ) Ly

_AG = 486 164 . 235 Bchal

o A= 195343_ 098648TkJ— T e

K" p0 pS ph undiogK .='—AG° /(2 303 R'I‘)

Thus, "+ = = e T A Do
“4logp), + 3/2Jof p; = (468164 +.235 8ITH(2:303 RT) ~ -~
- '- “ -;.:' --,- ; s P ﬂ'!:.‘."..“-:. e el .;,-‘-h“_ P . -l - . ﬁ” - N ;

' T e B L1 [ S
|0gp§¥=_;.::§ logpg, — =+ 1288 1T CLOALE

5 o
- , N -
R . - .
’ -
- . . - -
. o —~- - .
- .. M -
- - ~l .- - e

’
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' ’l.'he _Ce()gl(?'h.z()zS, @ESZIIMII atpl (fe:()._,/Cc:!S:] phase boundaries were caleulated

similarly and are summarized in Table 3.4 (sce seelion 3.1.5).
The boundaries between the cerium oxide phases wergsdglermined as deseribed in
_ _ . ~ o . . . .
section 3.1.5. Table A1.2 summarizes the values used in plotting the Ce-0-8 diagrams given

\ |n Figures 3.2 and 6.12 to 6.15.

T TABLE A1.2: Datafrom Bevan and Kordis (41) )
used for'Ge-0-8 Phase Stability Diagrams *
- Houndary
o Cey04/Cey0y . Ce0y, /CCO, 5, Ce0, 4/Ce0,, - Cel, [CeO,
'l‘(_l‘) . ) \/'.ullucsfof—-lug Pus : ‘— o '
1206 031 1976 1976 9.69
1244 - 21.79 2120 2088 10.38
1189 ~2313_ . 2264 0 - 2233 130
flas 0 o24¥7 < . 210 23.40 C 150
1073+~ 26.96 . 26.63 . 2556, 18.55
5 -
- v
|
R}
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Figure Al.1 The Cerium-Oxygen Phase Dlagram of Bevan and Kordis as a Functlon of
— & . Temperature and Oxygen Partial Pressure (41).
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APPENDIX 2

Computer Caleulations of High Temperature Gascous Compositions

The [°'*A‘C"I"s_v:-:ti:m (72,73 is an on-line interactive” vtnnputc program that .

enables users lu perform Lhet modynamic. L.llr.uldtu)m by Lnt(-rmg Lhemicui equations and

defining variabled such as tcmpt-l,tluw and’ pn ssure. The dited wsed in lho uuh:_ul'nfimf.\ are

dumnmtlcally retrieved from a Luge data Imst.- The I'QU[I IB prng,rmn uf‘ the l"‘/\ (“"I

¢
system determines the equ1|1brlum concentration of chcnucal spcu(.s whcn spcc:ﬁed Llomcnls
. - <

or (;umpounds partially veact. Ihc user Nllpph(_"-. the uuu,t.ml.s in th(,u rchpecl.l\'c mole
- lractions at their initial Lempcr_*uturc and pressurc to u chem:cul cquutmn. " The fmul

) l.cmpctatune and presaure ui the unknnwn pmducts are also specified. The program ]l‘-;l‘-v all

» .
possible compounda found in the dat.l Imsu and the user ‘:pOL‘lllL‘» wh:ch of' Lhese specics are Lo

he considered in the [)lU(IlI(.l.‘-s The pmp,mm then calculates the equilibriuni compcmtmn by

mm:mmnf,r the G:bhs lrec (-nelp,y Iunctum for the pwcluu BEroup. ’[he ei]uution cannot

. "uml.un maore len 6 IQ;ICL:!IIL compounds noy more than @h!‘fvront elemetr&'s React'mr. mnle

numhcr«. shoultl be hotwcun 005 lmd UU to avoid Insing signiﬁc:mt figures, A sumplc

. . B L

calculation I'or gils I\ (see Table 3.7) ut 'I‘.).73 K is given in the computer listing on pages 137-

. rr ‘ . ) B
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TABLE A2.1; Equi!ﬁvium Composition of Gas B at 1145 K and 101.3 kPa

Companent
co

- H2
'C‘O?,

. H,0

-

<

Mole Fraction

B9t

.289

679x 107!
_420x 10" -
©.101x 107!
SH14x103
1159 x 1078
015108
784 x 108
388 x 10'1'5.1
.339x 106

192 x 108

Component, /Mole Fraction

HCO -

H-

50,

<

T e6lx 107

1360 x 1077

127x 108

A413x 109

143x107

%54 x 10710

272x 10710
C127x 1010

497x 10157

906 x 10°'8

265 x m'r
8

 2Blx mk:_
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9

" . EQUILIBRIUM PRODUCT CALCULATION - A

] --oiii'EHfER'REQETANTs Seeana-
l? )

1273

137

"@M@EILL - MUSIC,» SICN ON.

/id #deffct
SPASSWORD?
ENANESR

*CODE LAST USED 12136 31JUL8l | <
sseeAlL SYSTEMS.WILL BE DOWN SATURDAY Qucusr ! FROM NOON TO. 9 P. n. .

*3ICN ON FRT JUL 31: 1901 TINE- *12148\ PORT=04C RESTART-BbB -‘\\\j"'““\
[ 1r{s] <

fact e :. . '
#IN PROGRESS . Co o .

‘F'AlCiT SYSTEM» MONTREAL, OUEBch CRNADA

COPYRIGHT 1979 THERWFACT LTD/LTEE -
(NCGILL UNIVERSITY/ECOLE POLYTECHNIGUE)
C.W.BALE: W.T.THOMPSON; AND A.D. PELTON

*seess ENTER A PROCRAN NAME OR PRESS’ “RETURN" TO EXAMINE FeAsCeT LISRARY
[ IITYYY - . '

? SR S -
euilip - ' ‘

*

GQQI'IDIUGQIIIQ!I.I'Q!'IIIII'..

You po 1) OR Do NOT (2) WISH AN EXPLANATION
? . ’ L
4 ) . - -

#11h2s ¢ .llcwoZ + 332 ‘e - 5360 v .
SUBSCRIPTS ‘ Lot
? -

Eter)  (thed  (f2r)  (ter)  dtsp) .
SPECIFY A VALUE FoR HE PRODUCT TEMPERATURE “T» (K1
? : _ S

SPECIFT A VALUE FoR THE PRODUCT PRESSURE “P"lATH } .
? 1] . -
1 . .

POSSIBLE PRDDUCT COHPOUNDS FOUND t- MAIN TRBLE

1 CeDes : G GAS' . 298.8 K - 1088 .
¥ L | ‘ _
2 Hzse04 “ . 61 GAS T 298.0 K - zees



5>

HeCaDaO#H
COHIC#H20%H

c2H40
CeHIOH
CeHZ0
HaCaQ
caoz
Ce02
ce0

. H202

H#02 -
H20
O*H

Gl

-Gl

- 61

G
Gl

5t

G1
Gi

.61

Gl

- G1

Gl
Gl
G1

C6t

G1

G1

Gt

G1

" 6t

-Gt

ot

i
Gl
Y]
‘ c‘
.6t

¢l
c1

c1”

[}
G
Gl

GAS
GAS
GAS
GAS
cas
CAS
cas
GAS

" GAS

_cné'
GAS

. CAS
CAS .
CAS -
CAS
cas

cas. F

cAs

cas -

GAS
cas
CAS
CAS’
cas
cAs
GAS.
GAS
cAs

"STEAR.

cAs
‘GAS
"CAS
'CAS

. 298.9

‘298.0

298.8

298.8

298.0

298.0 K

298.9 X

298.8
298.0
298.9

298.9

X X X X X =

298.9

298.0

x

298.9

298.8
298.8 .
298.9
298.8 .
298.0
298.9

z%8.8

298.8
298.9
298.9
298.8°
290.8

298.9
299.9
298.9-
298.0

TR X X X X X X =X

i 296.9 K

298.6 K~
298.8 X

X X X X X X X X X X .x X

3

2pp0

200s
1898

‘2080

2089

2008
. 1Mas

1808

- 2890
2090
. 2009

2000
2o08

2009
r{I7]
2080
2000

1308

1309
zo0e

1909
2009 -
. 2808

2000
2589
2380
1380
290

2508 -

e

2908
=T [] 2

138 -




B K .
38 CloH22
.0 K

37
8K

38 CoH1S

P K
39 ,C8H18

MK
49 - CBH14

0K

41 CEBH14
. .

42 CBH1e

43 caH1e

47 C&Hi4

8 K
- 48 C&H12
B K

49 CbHs
-8 K o
39 . CSHa

0K

31 C4HlP
8K

32 CAHe
.0

33 C4aHs

B K
34 C3Hb

A K )
"5SS C3H4
B K

S6 C2H4
B K -
57 c2H2

el K

36 C2H

coHZe -

Gl
Ci
Gt

Gt -

G1
1]
G2
(3]
G1
Gl
G1
G1
C1
G1

G1
GI
. G1

Gt
13}
73}
ot
3]
1]
Gl
Gt
Gl

-Gt
"G1

Gt
Gl

1
G1

Gt

cAS
cAS
CAS
cas
CAS
CAS .
O-XYLENE

. GAS

cAS
CAS
CAS
dAs'
cAs
CAS
cAs
CAS
cAS
CAS
CAS
“¢hs
CAS
“cas
CAS -
GAS
GAS .
cas
CAS’
GAS
GAS
CAS
CAS
GAS
+GAS

290.9
29e.8
299.9

“
290.8

299.8
298.0
298.9
298.9
296.9
296.9
296.9
298.9
298.9
. 298.9

- 290.8

290.9
' 290.8
2968.8
298.8
298.0
298.8
298, 8
298,98
290.8
290.8
290.9
298.9
290.8
296.0
296.9
298.9
296.0
299.8

' X X =X X

_xxxxxxxx:xxx‘xxxxxxxxxxxxxxxx

13509

1588

1509
1589
1509

1580 -

1399

"1308

588
1300
1500

1348
1389
1388
1389
1380
1509
1509

1209
26000
2008

2008

2008
.lel
2009
2089
e
2880

e
2098

2098
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':9K o Gl GAS " 29B.0 K - &899
ry" e
g 78 Hz3e04 \ L1 LIQUID 298.8 K - 553 .
’ ‘70 Hacesa L1 Liouip 299.86 K - 3
72 ehsz ) ' L1 Lrauto 298.8 K - 319 '
ﬂ'gak s (1 LIGUID MesK - 718
T4 ecaasonn . L1 LIouID 298.8 K - 374
B K .
75 CHHICOHZOWH , Y u Lo 298.9 K - 332
76" cenaoen . L1 LIQUID 299.8 K - 339
7 b0z B L1 LiQuID 298.0 K - 431
: ';ak 20 o JL1 NATER © 298.8 K - 374
"2 cienzz . | L1 LIQUID ©  290.8 K - . A48
.88 comze’ L1 LIGUID  298.9 | - 424
"8t temns . L Lieom - . z98.8 xfs 399
. "% cemes Ll LIGUID - 298,80 K - 483
" %o ceHis - - L1 O-XYLENE 298.0 K - 418
"84 conte S - Lz ETHYLBENZI.  298.8 K - 489
. ‘85 C7HLs o ~ 7§ Lioum ' 298.8 K - 372
86" CrHie | : L1 Llavp 2980 K - 374
‘87 c7me - " L1 LIQuip 299.0°K -~ 384"
"85 cent S o L1 LIQUID 298.6 K - 342
"9 CoHi2 o L1 LiauIp 298.8 K - 43
’ *90" Coms o - L1 LIQUID 298.8 K - 333
oK : : :
’
- 9 s S1 RHOMBIC . . 298.8 K - 348 ‘
0 s R ' SZ MONOCLINIC  348.8 K - 380
A B 31 CRAPHITE ° 1100.8 K - 4873 .
.6 K B . RARY _ b 4
. e Sz DIAMOND - 298.8 K - 120¢

ENTER CODE NUHBERS OF SPECIES TO BE CUNS[DERED (GRSES FIRST)
R ’ .27128!31:30]9:1thl1'1613-l?vlh?r?rl?rb‘?tﬂ-SZvl6l4o25015724r2lr34 _
‘ PRESS "RE'[UR,N" HHEN RERD' FOR OUTPUT . . . .
» .

+ e - . c



T .". ’ -

COHPU?GTION TIHE CINIT HILL BE 32 SERVICE 'UNITS

!XX!XX!!XIIXX!X!!XXXXK!XX!!!X!X!X!XXX!XIX!!Il!!X!!XXI!IXXXX!!IIXIIXK!X!X
XXXXXAXX .

".Bl11H2S + ,11Ce02 + .33HZ .550-0 -

ATeP)  {T+P)  (T4P} (TP}

~

1.0901 ¢ 399 - Ce -
.289 H2
\397E-91  C#02
JS982E-91  H20.
1PPE-B1  H2S
.FILE-D3 Ca0eS
T2ZAE-pS 52
ABLE-BS  SwH
J202E-95  CeS2
JIB1E-9%  Cas
L794E-95 \Hihz
JI7IE-8

+18BE-94 u-c-o
85E-8&  CaHZOD
.21BE-87  S#02
1PIE-@7 -S=0
.3B9E-28 §
.689E-89  O#H
G49E-99  S3
«279E=-09  HeCaDsQsH
<263E-99 S20
J138E-13 sS4
772E-18 02

. «297E-14. Se03

. L1S4E-18

i

PR L Pt b E AP E bt

ss L, y
(12739 1,86 .G .

CALCUL&TIUNS'RRE BASED ON THE INDICATED NUMBER DF'ﬁRAH MOLES

QI'IIIll‘II..Ili'IQlQlQ.Gl.||l!lllllQIO'.l..ll.l!!llllllll..l'.!.l..l..’
SSRARRNS

(48] {3} DELTA H DELTA G DELTA V  DELTA § .DE
LTA U . . : -

(£.4] (ATH) <. (CAL) - {CAL) wp (CAL/K) T
CAL) .

.l"".QQII'IIIllIl.ll.llQll..lIIlIl‘l.l..III..C...!.’I‘II’QQI!.!..lll!l
ABANben

SPECIFY 2 PROPERTIES

.

/derart
< .

~

XX!X!XIX!XIXXIX!!IXIXKIXXIX!lx!!lK!lXXKXXlX!XIIXl!!!l!!l!!!!!x:!!!!!!lll
XXXXXAX
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N

" Calibratio
Procedure:

(1)

<

4

APPENDIX 3.

nof the FPD Gas Chromatograph

{)etector conditions were adjusted as closely as possnble ta the recommended values

- (H 50 mL/min, O, 10 mL/min, air 50 mL/min) and the g.c. was a110wed to stablllze

(2

4.

(8)

"The sample loop to be calibr;l'ted was installed.

at the conditions shown in Figure A3.1. The temperature program mo‘de was used

to oyer-ride the slope compensation .program for isotherthal runs within the péakl

procéésing unit. Otherwise, the integrator failed to process sharp peaks after a ten
minute.ir‘iterval. K

Valve V-4 (see Figﬁre 5.3) directed the EDF effluent to the gas sampling valve V-5.
. F . .

The nitrogen diluent velocity fhrdugh the EDF was adjusted. to about 100 mL/min.
. e n : ‘L

The automatic gu‘s sampling valve was programmed to inject EDF effluent at 2.0

minute intervals. .

o 50 + 1 pL of C.P. grade H,S was injected ff'om-a 100 pL, gas tight syringe into the

ED§ whlle snmultaneously initiating the chart recorderlpenk processor A
magnetlc stirrer ensured that EDF content.s were mlxed eﬂ’eﬂwely

Cal:bratlon runs were repeated using 60 and 70 pL m_]ectmns -Other expenments

.varled detector ‘conditions, dlluent. ﬂow/rates mject.mn times and frequ&py, and

sample loop sizes.
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Sample Caleulations
Runs-1,2,3
ljctectf)i' Conditions [T, 47 mL/min
O2 10 mL/lny _
-Aar 45- mi/min | ,
He 29 ml/min
¢ Sumple loop size 0.5 mi, -
Dituent velocity 105 ml./min )
In_ieétion size. . a0, 64,70 p[-. .
[)etéctur:C(.mditions I, 50 ml/min
. | E 0, 10 mL/min
Airds mL/min ‘
| - He 29 ml,lmin.
- Sample loop size 0’5 ml |
Diluent velocity © 99.0 mL/min.
' _lnj(.:ction size 50 pI: .

The initial concentratlona C,, were c.lh_tuldted usmg (.qu.mnn 5. 3.2, Conccntrahons of thc.
! -

I DFE effluent at t.tmes after t.he 1mt.1ul m_[cctmn are given by equallon 5.3. 1.

Example: For a 50 pL. 1njectmn

B 32,000 (50 pl, :nju_ted

;= ) 304 ngS/m[. ‘
‘ 245 215. . :

C,_, = (304)expl —+45(1.0¥215] = 187 ng S/mL



. s . . . . . ;
/ B
“Table A3.1 -
‘Dytta for Calibration Curve (Concentrations in'ng S/ml.)
A . Run 1 : -+ Run?2

-'I'_imc (min) /1 C, =304 o P C = 355 E

c Res.s.gonse.- _ ‘Q . Itésgonse, -

1.0 187 . 6351000 223 599,000 " -

307 358,300 85 412,200
500 26 142200 - 310 477000

7.0 . " 30,640 H. 43950 -

9.0 . 38 4167 . c44 esge .

I TE 1.4 A & 517

“Run3 - . ' Rung °
L ‘ ’ ’

~Time (min) o C = 425/ a _\ o 'A'Ci.'—;-.304 ST
C coo T 7 " ReSponse oc . 'Resmnse -

e}

10 © 261 745200 191 ‘628,600
3.0 . . . :98 . 465400 - 75 353400

5.0 37 21190 . ' 30 . 164,700

7.0 14 - 59860 12 ssanoi

kl

9.0 . 52 . 9TM4 46 1ge20

.o . _' 2.0 . 1,167 - - 8 ._,-'3?,710-.__.-.
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L VEMPY
TIiMEL
CPRTE
TTEMP
TIME:
TNy TEmP
FID TZnr
0ven ﬂH\

. CHT SPD
ATTH 2t
HUX SGHL
SLP SENS

SHPEA

LR

-— e

178 17@

A | ’e
15.8 .
0.p1
T

a.5
’e -8

g-C.
175 conditions

"vaive V-5
injection:

DECoOrTRDap

Run 4

Bl 5 _program.
T L ;-;,'.J-‘ o N
Do gt a
A Y T ]
. Yhw EAT a .
SRR R - S @
S g
Loo3 e - a
8.8 sTop :
STHRT H2$ mlacted |nto EDF ' -
‘,L>EDF effluent sampled _t= 1 mm .
—_— 1.00
=7
7.73
\} :; (
- AR% o
S1.48,
28.94
13.49 .
8.4z S0
4,54 . Lo
1.24 .
a.3e
B, a‘ ."~;. ) . .
Flgure A31 'I‘race from hbratwn Run
; R _- e D LN ~
. N
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| ,' . ';\—/T‘ableA{:l )

' ) L, IS
X-ray Diﬂ'l_'acti_on Patterns of Bastnaesite Concentrates 4000 and 4010

. , N
N o Bastnaesite 4000 " Bastnaesite 4010
. ddiy)  Hliue4)  dlobs) T I(obs) ¥ d(obs) . 1(obs) -
- o ' . 4.95 41
4.881 42 . 488 . 3 4.87 57
3.56° 71 -3.58 S >100. 357 100
o 3:50 27 S
3.41 a7
1 3.32 10
12 3.21 - 10
. : : 8 |
major CaCO'3 line 19 .
T e > 100 . 290 ° ‘ 84
2.879 100 69 - 2.88 91
1 : -8 .
. s _
2.610 1 . R - S ' i
. : " 253 8 : ) :
© 2,445 9 - 245 20 ' 2.45 16
2.273 3 228 7 2.27 A 9
2238 .. 3 .. _ _ - o
2,057 | - 42 207 . 35 2.07 41
- : 2.05 30 2.06 - 64
2016 N 42 X ' 203 | 40
: : - 1.96 12 - , :
1.898 42 . 191 . 32 - B ) B "A85 o
o - 18y - (25 shoulder - . .
L7838 - 9 180 | 18 . 180 ¥
‘ . o S O/ IR PO . . N
Y S 169 - 19 . Les 1T
1674 T2t 167 13 - 167 T
1629 © -1 . - 3 | :
RNt X1 i SR (- G U1 S ¥ 1.58. .o T
. R | 154° .- 71 - . .
o\ . L4817 T g - ‘148 .0 5 1.48 .9
1._4:_;9_ o 11 ) ,_“‘1.45 : 5 145 | 12
R % A L35 .6 135 ' 9
« 1.298 .15 131 SRR T R U<} 17
o ' o 1.30 © 10 shoulder ’
1277 7 ' ' . :
1.223 2 121 4 121 - T
. 1.204 -6 ©1.20 : 4 1.20 S
1,180 9. SN B §: I 9 B 5 §: I 12 -
. 1.156 n- e 7 1.16 ‘ T a
-t } ) N * '
L]
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X-ray Diffraction Patterns of_ﬁast_naésite Concentrﬁtes 4000 C, 4100, Sintered 4100 -

EuQF

.dlir.

3.18

lCaCLO:‘

L2797

1.956

"1.668

1.587
1.383
1.269
1.237
I.119

(800°C)

lit
i
100
.30
50

35

10

Bdstnaes‘ite Bastnaesite

.4000C 4100

d mn,. d u,
3.49 29 >

3.39° 17

3.26 26

3.18 . 100 3.21 100

314 49 :

3.01 17

‘ - 2.88 ‘9

2.76 26 2.1 27
- 2.43 14 N 3

2.03 g -

. 1.96 46 ‘1.97 44
1,93 o

1.66 29 1.68 27

Hé)
160 5
1.28 7

Bastnaesite 4100

Sintered-at i'300°C ;

d

3.20

2.86
2.76

196

1.67

160

.. 1.38
1,27
1.24
113
1.07

I,

© 100

74

57

t3
11

\fﬂg
13

17

15

[}
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. ‘Table A4.3: Elemental Ana]ysis of Bastnaesite Céncectratek ~% by weight -

Component Concentrate = , : Erroraf Present in
T _ Uncalcined calcined ' . Oreas’ _
. 4000 4010 4000C 4100 : uncalcined/calcined
Ce - ° 2810 3230 3100 3870  +1.0 RE(OH);.(FCO4/Ce0,
La 16.30 - 18.70 18.00 "ZX80 - £05  RE(OH); F\CO4REOF
Nd - 6.30 7.30 7.10  8.10 .° RE(OH)y. F,CO4/REOF
Pr 2.30 2.65 2.55  3.00 " RE(OQH)F,CO3/REOF
Sm - 030 035 034 - 038 ‘ RE(QH) ., CO4/REOF
Gd S04 0.16 1014 - 0.19 ~© RE(OH)y. F,CO4REOQF -
Other 0:05 0.056 0.05¢  0.060 - RE(OH); 4 FCOg/REQF
Total RE  53.49 61.52 59.18 - 74.23 ' .
| : ' P
© -s/-;.@s 4.60 4.10  5.00 £0.25 . RE(OH);.(FCOyREOF
CO4 S 1951 2070 848 405 . RE(OHT,  F C0,/CaCO,,
' B s L & . fresidual RE
ro CaCO;3 ~ y/carbonates
Sr 570 . 110 710, 1.20 - ~ stréntianite
Ca 425 0711 670 .64 . calcite ,
‘Ba 112 - 0.78 103 120 . ' ‘barite .
. . 4t . ! . . ' . ¢ 4
Fe 043 039 047 039 - ) |
Al 010 . 0.08 0.11 0.8 LW .
Mg 0.29 - 0471 0.33 0.18 T Yy . achhite @ ‘
‘Na - Q022 0016 . 0.02 . 0023 - - -
K © 00250 0027 D030 0.018
P 046 0.34 043 056
. - V‘ | - - .
Balance ™ 1045 957 1202 - 1243 ..

(miinly

The analyses were caqriéd otit using DC Argon.Plasma Emission Spcctmscopy (ekccp_t Fand .

COu} by Glohe Metallurgical Laboratories, Ohio, U.S.A. Systems «Sed were the SpectroSpan
IV and [TIBN(SpectraMetrics, Inc.). The sample preparation involved an acid decomposition
procedure developed by Globe Metallurgical. Standards were prepared by combining the pure
oxides, in proportions similar to the composition of the sumple. Further detuils of Lhe
technique and sample preparation are given in reference "101. The COy content was
determined by weight loss upon ignition at 960°C. The fMuorine content was determined hy o
carbonate fusion method (Barringer Magenta Ltd., Rexdale, Ont.). '
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i Table Ad.4: Compositional Analysis of Bastnaesite Concentrates
. Element Moles of Element in 100 g ‘ Error
4000 4010 4000C - 4100 \
. )
S . ] :
Ce 0.2005 0.2305 - 0.2212 0.2762 . +0.006
La 01173~ 0.1346 0.1296 0.1713 +0.004
Total RE . 03811 04382 0.4216 0.4729°
F 0.2184 0.2421 __ . 0.2158 02632 £0.013
CO3 0.4434 o.uMm 0.0921
. . : ; .
Ca L0.1060  © 0.0177 0't672 0.0160
N Molar Ratios - '
4 . ‘
. FREMD 0573 0 0552 0512 . 0556
COM(RE + Cai® 091 13 N/A . NA
/. CoyCam CONIN NA . s 56 .
FARE-Celd. . ~qa1 | .1‘.1‘7’ 108 134

-

12y

wh

This gives the value ol x in RE(OF), 5 l"x'C.O;;’.
-"ﬁﬁ?‘mﬁh{nute cbhténLdfunculcined concentrates is present as RE(OH)  F CO4 and
“CaC03. A theoreticul value of 1 should be ohtaired. ' .

[n calcined congentrates the carbonates ure mainly present as calaite (since process
temperatures used by nunufacturer are too. low to decompose this mineral). A -

. ) W .
“—residual rare eatth curbonates..

theoretical value of [ should e obtained. "l.tgur v;g]ucﬁ indicate the presence of

This ratio ,wduld_ be equal to 1.0 the ﬂhol;in(_,;'\'vus asseciated” with rare carth
elemfints other t}mn cerium. A value greater.than one suggésts that at least part vl
the certum is g)cigltc<l with the fluoride. = S

M

r

-
]
/
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N .
< Theoretical Weight Losses of Bastnaesite Concentrates by TGA.

, ' ‘From Table 6.2, the L}']ﬁical reactions are:
REFCO,s) = REOF(s) + COL) . <600°C
RE(OHICO(s) = § RE,0,C0,08) +160,(g) + §11,08) - < 600°C

§ REL0,CO,8) = § RELO,(s1 + § CO,lg) ‘ > 600°C -

Fol'r ez.u:l} hmlclof R!']I.'“COH, one mole ui'-CO._, is lost. For Ac‘:QhJUc)lc'of IlE(()l'l)COa, { mole ;)f
C()3 urn.d ymoleol H,0 is lnst.bcljow 600°C; im'd a further } mol‘c n{‘(‘j()2 is lost a)f‘l)f)ve 606"0.‘

. | ‘l

Sample caleulation for concentrate 4000 (hasis 100 g).

. . . : ’
o : L :
" f Weight loss - ‘ - . :
( - . ) = (moles RE(OINHCO ) UMW CO ) + § (MW H O
< 600°C - , 4. 2 =

+(moles REFCO ) [(LNMW CO
= (1-0.573)(0.381 1) [§(44) + HIT) + (0.573)0.381 (1 144)
= 14.57 /190 g bastnaesite L S '_.- C o

Weight lu&;. iy ‘
( 6 ) - (mulesR_E(O\["I\‘)EOSJ(-}HMW co,)

> 600°C _
se =(1-0.573)1{0.3811) (})(44) . :
) =3.58g/l00g. - ' -
Weight loss contribution from calcite = {moles Ca) (1) (MW CO,) -
o e ' . R
7 . "= (0:1060) (1) (44)

T =4.66g/100g. r\
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APPENDIX 5

. Phase Relationships ofNon—SLoichiometric Cerium Oxide (;tO) . e

I‘l}gnon -stoichiometric cerium ox1des CeOz ¢ are oxygen- deﬁelent exxdeq g
_involving single- -charged vacancies near the stonchmmetrlc composmons Accordmg to del'ect
theories, the muse actlon !aw can be. used -to express the coneentratlon'of defects in terms of .
temperature and partml pressure ofoxygen if the defects are randomly distributed and non-

mteractmg These conditions are normallyc satisfied near btmchlmetry, but the mass dCthn

law is somet:mes extended to slightly greater concentrations.. Thus, the devnation from

-

] 'stmchlometrlc compos:tlon x, in CeO,_ ¢+ has an oxygen partial pressure dependence of

—1 /s

XA Pppy ', where s depend& on Lhe type of pr dommant defects present in the ox:des and t.he

1

partial free energy is given by:

. 800, = RT¢npo, a-s RT EQ; T | As.i_'-

. Equatmn A5.1 shows tgat a linear relatlonshlp is obtained when R’I‘ tn po2 is plotted agamst
- hY
¢n x at constant. temperature ifsis. const.ant

Con51dermg the phase rule criteria fora bi'na.ry 'oxide'-system‘ in equilibrium with a

gas phuse the plot gives. 1nformatmn about the phase relatlonshxps of the system. For -
example, a horxzontal hne is observed fora two phase rané-since the ‘system will-have only7
" one degree of freedom Vertlcal lmee prove the exnstence ofdlscrete compounds of a narrow ) ' q

composition range. Lines of intermediate slop\aindncate the existence of non-stoichiometric -

Al

‘phases or ic-m/tly;ous seqﬂences of orderedor partly.ordered.ﬁhnses.

VVM-App.5 o 152



APPENDIX 6 |

: Prediction of Maximum Conversion using the Single-Pore Model

o . 3 : .
Whenever the solid product of reaction has a larger molac volume (ié. smaller

L . :
den'sity) than the solid reactant, the reaction will eventually terminate owing to pore closure
by the solid product. Accofding’tfoﬂ the pore mod&l of Ramachandran and Smith (77), the

“maximum conversion is predicted by thé equations

_ =g, —— S - L
= i y—1. .. A8
(n)min_l- l —¢ ' ' BT :
- 1]
; [ 4
dp, M - S
BD . ' - .

F © .= ———— = ratio of molar volume of product to that of reactant 1\_6'2 )

b-pDMB(l—cD) S L B : . )

. ) 52".8‘. - 80 . o ] " - 'A6,3
D 1—¢ ' :

1 * o

’ where *initi.nl porosity

. L ) s
r b = stoichiometrjc cdefficient of reactant solid
. d = §toichiometric coeficient of product solid
pg = density of rea'ctnnt.(glcms)
pp = density of solid product (glcm®) R
. —. T LS
Mg = @lecﬁmlenghtofsohd reactant \ I
M, = molecular w 1§ht of solid broduck ' L e :
. : . ' . - —
ep = porosity of product layer ' C L . L
£ = porosity of the completely reacted solid' . - 0T

\-'153 X | 'd\

- .
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T'\;'o impor.t.apt. points must be noted: g
(1). _ T'he aBove“_éqi_.;gL,ion assum.es no diffusional resistance in the pore. When
'concleritrai:ion gradienis exist in the pores the above equation overestimates. the
‘maximum conversi(‘)n for a given initial pbrosity.

| (2) Wbén g, 7 ('y—l)ly,_'c.pml.)lct,e cb__nv‘érsion ts ensuréd'providcd there are no
concentration gradients in the pore. When.concentrati'on gra‘éionts elcislt, a largér

porosity is required for complete cor;version. For the desulfurization reaction:
2CeO2 (s) + H 93(g) + (1-2x) Hz(g) Ce 023(5) + 2(1-x}H O(g] 3.3,5

the following data are substltut.ed into equatnons AS. l 6.3.

- . b=2 , “ . /_._.
)
Pg - 7. 2glcm3 forCeO . ' . .- _ ‘ | .

L pp = 5. 99 glem’ C
L "/

“Mg = l703g/mol(f’or Ce()l 885! | L . |
My, = 344.3 g/mol - - . | o F
Assume the product layer has no porosily ieeyy = 0. Thus, e
| (1)17:2)(344.3
v = (1) (7.2)( )‘ =129 |
. S - (2)(6.99)(170.3)(1 <) ™o

g (y values greater than 1 are indicative of a reduction in porosi‘t:y upon reaction),

1If dilfusional resistance is‘ne'gligihlo,/complete convgrsﬁin of the selid will oceur il

the pofosit.y is greater than:

ly— 1.22-1 -
S =D _122-1

= =0.18 o

o ey .22 -
For :fi\pe/llqt of porosity 1 l?}he theoretical maxlmhm conversion would be

- —(0.114)(1,22/0.22) . - o
(m =1- = = 0.58 L

max 1-0.114 .
. o
.-
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If the experimentally measured vﬁlue of the maximum conversion is significantly less than

58%, diffusional resistance in the pore is important,

el

§Fx



APPENDIX 7

Reduction Data for Bastnaesite 4100

Analvsm uf'I‘GA Welght Losa Pe‘lkq of Bastn'mmtc 41 00 in Carhon "Jonoxlde

Total- wmght of saumple 1281 mg -
Weight loss 200 - 600°C 20mg |
Weight loss 600 - 900°C - 3.0 mg

P

% weight loss from decomposition of Muorocarbonate = 1.60%

% weight loss from reduction = 2.35%

-

Table A7.1: Predicted weight losses for full und partial reduction d['CeO‘_z.

o . » . .
_ Reaction o % wt loss
2Ge0, + CO = C&,0, + CO, LI

. CeO, + 0.18CO = Ce0, ,, + 0.18CO, 1.7

.«

Expected weight lpss if entire cerium (44} content of bastnaesite 4100 is reduced to the

cerium (4 3) form

No. of mole‘; of Ceper 100 g of haatndeslte 4100 = 0 2762 + 0 006 moles (see' Table Ad. 4

A _ . Appendix 4)
(ﬁk}lecula: wetghtol CLU = 172 l2 g/mot oo L L]
h . - 4.6 lost 172. 123 Ce0, 0.2762 molesCe .\ -
. % Weight loss = ) - ),(100)
o 100g CeO,, mole CeO, - 100g Bastnaesite g
=2.19 + 0.05% e .
D e



Enthalpies of Reaction

-~

Table A7.2: Heats of formation calcul%xted at 1000K (64)

Compound AH® (keal/mol)
CeOyls) .. -259.619 £ 0.5
CeOygols) . . 246113+ 1.0°

Ce,0,(s) -433.608 * 1.0
CO,(g ' .94.355 + 0.03
COg) -29.754 £ 0.05

CeOy(s) + 0.18 CO(g) = CeO, 4 (s) + 0.

CeOyls) + 1/2C0(g) = 1/2Ce,0,(s) + 1/2CO,g)

-

157

_ A.H"[(kJ/m.ol) ‘

-1086.25

-, -1029.74

-1814.22

39478\

111,094
AH = 13 + L5keal

=5.44 £ 6.28kJ

.AH® = 9.01 % 1.5 kcal

=377+ 63kd



APPENDIX 8 - _

Determination of Equilibrium Constants for the l‘ly'drolv'si.s Reactign -

“Table A8.1: Thermodynamic Data required for Hyarol ';s Reuction Caléulations B

Reaction - : Standard l' ree Energy Equat:on
: E ' (cal/mol):
1/2 Hz(g) + 172 Fz(g) HF . S AG = :65247.0-0. 920'I‘
Ce(f) + Oy(g) = CeO,ls) AG, = -260581 + 49.82T

(<1 134"0} AG%)1gq = 7422547 +64.95T *
2La(s) + 3/2 0,(g) = La,04(s)

y " .  (>1193°%C) 8G? 5, = - _429665 + 68. 591'
Ho(@) + 1/20,(g) = H,0(g) ~ - G = -59543 + 12.93T.
~Lals) + 172 0,(g) + 1/2 Fy(g) = LaOF(s) . AG = -29239 + 43. 76‘1‘
+Celt) + 12 0,fg) + 12 F,(g) = CeOF(s) © AG = 281858 35 38T

Hydrolysis of LaQF (T < '1-134 K) v

©2LaOF(s) + H,0(g) = La,0,(s) + 2HF() IR
AG° = 4G ;(La,0 o)+ 24G( (HP) - 246, (LaOF‘) AzGr(H oy ‘
=90980-3734Tcal - . . - I . L
- ;380569-156:2_1‘ J |
A;imb K AG® = 49906 cal |
K = (pygg)¥pig0) = sgp(-AGYRT) = 1.23x10°10
If pHo0 = latm S ) p =L ll_x105
prH20—004at.m o B . _ _222x10‘°

The equnllbrmm const,ant mdlcates t.hut LaOF is very staw mmst atmospheres. g

- o- . . . .

158 AN
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% 2CeOF u,) + 10 ()(g) Yo, (g) = 2(300.,(&) Felrg
x“--."-".'A‘G;f" 2A( tCe() )+zA( (lm—zAG°(Cu0n AG"ui 20 = 1128G%Q,)
'L _zam + 14 82 I‘ca[ A |
:-':- —118785 +.61.99°1 R z) :

| Auwu K,AG* = -{2095 l Boey
‘: ‘ -K (Dm J /((PH:U)(PU))\: = E\p( AG"!R'I‘) =2 52 x10%
.. / . 3 "l hc Luu. u]ulllb: !umumsmm lndu_atea Lh‘lLCc()I' \wuld re.ullI\ (Icunnpm.t, inair
A/\ ."_" dthgh Lt‘xlperatumb ((,g };().2” 21 p”,,.() = 0 002 = pI;P l- 2.31) llowevc inuty pical coal
| / _I ' g.u.ofmmpobltmn 7]% C() 23%}[2,4 7% CO,, 1. 5% H U p(,, = l“ ; :
e e T e ‘

: v -'pf rz 52»(10 (0. 015)(1020)”"’11”

A "— tgno” U Q’ " 'fm
- ’ 'I‘hus CGOF couid cust under desulfunmtmn condltlons
(Partml pressures o.re gwen in ntmospheres ) S

T e T s

V . ) (‘T . -

. -'. . .

. .
) - |- . .

. : - oo

. } o | ,
‘}'.h. : . . Y S
- ) “""‘b . ' B [
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APPENDIX 9

-The chemiéal'rea;:tion can be represet}ted as
© " 2REOF(s) + H, ,0(g) = RE 205 (s) T 2HF(g)

l['the rate of reaction cambe expressed as'a first-order reactlon t.he rate per unit welght of

solid, r, is given by: : ' 2 : C e
O P e
fT T REOFT TTH0 T RE0; T 2" HO . : ‘

The lmtml slopes of the pyrohydrolysxs curves are- therefore related to the rate of reactlon by:

1o (A‘Cup) _kC" e A9.2
2 'HEV 2 At -/ - H20 : ’

o — . .

" Thus, the rate constant is given by: )

;2 ) . ‘ 9.3
o ) ko= E( AL )t_..o ICH20 | /A .

rd . ]

where Cy,0 tap be calculated using the ideal gas law.

&
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" . Table AS9.1: Pyrohydrolysis Kinetic Caleulations

o T VT (ACuat), ,,  Cugo(mol/K) -k /‘en'k

704 124x10° . 714x10?  1.25x107 286 1.05

. ! v 752 9.75x107* . 2.00x107! 1.19x10~? T 8.42 2.13

868 8.76x107% . 4.00x107! 1.07x1072 18.7 293

880 8.67x107% .00 1.06x1072 473 3.86

v . / - N . t
According to the Arrhenius ec{uation:
: | .

k= k, exp(-E /RT)
Til.ﬁs, a plot.of €n k versus 1/T gives a slope of(—Ealﬁ}.
From Figure 6.9, |
stope = (~E_/R) = -1.46x10 4 K1

E = (1.46x1"* K-1(8.314x102 kd-K~'-mol~1)

a

= 121.2 kJ-mol"! J
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ﬁ ) . : APPENDIX 10
[ . r - .
Traces for Desulfui-ization, Regeneralion ansi Reduction Cycles
- ’ ]
. . " Data for Desulfurization Run [llustrated in Figure 6.10. v :
) . . ‘ . : A A
\ _ Unsupported Sorbent N . , z : R .
*}“"\ ) -/ ParticleSize . ~0.841/+0.297 mm (-20/ + 50 mesh)
/ Si.ntering Temperature 1400°C S SR
[} . . . ‘
} ' Por-osity of Sorbent _ 11.4% .' \ x
We:ght of Bed (CeO,) . .17.94g .
Heighy of Bed . 8.2cm :
P . " Temperalire - . B71°C, 1144 K L
‘Reduction Time (5% H,/95% N,) 19 h 40 min :
R Simulated Gas Composition 1.2% H,S$, 10.8% CO,, 33.0% H,,, 55.0% CO " -
- . . "2 2 2
L. . Flow Rate ° : 27 mLEnEpw,
. ¢ .
Inlet Gas Corﬁpositio'n Calculated by F*A*C*T
: : " Species Mole Fraction =~ -
Voo co . .0.591 )i )
H, © 0289
co, 0.0679
H,0 T 00420
H,S 0.0101.
_ ~logps, = 6.00 | -
- log PO, = 18.6 . o
Predicted Solid Reactant, using Figure &l:'l.is CeOL935 . . ()'

T+

L1

¥ . - l—-_/';‘-—

- A yyM-App. 10 -

. - 63 . Ly
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ml‘ypical Desd]furi%, ‘
. . G.C.Trace -~ ' .~
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Desulfurization Experiment

-

- o
B9
. . ! W
‘ TEMP1 ‘s S8 _
. TIMEL 50.8 g.c. and .
.  RATE a.81 _ :
=~ " rEnp2 71 integrator. - | FEB 18 1322
SRR TIME2 8.2 . .
iNJ TEmP 58 'SB gettings
FID TEMP 175 175
OvEM. MAX 188 . o .
CHT SPD  1.a8 | Detector Conditions(mL/min)
ATTH 21 19 . ‘ ==
AUX SGHL A - . =
SLP SENS d.18 - . H, 50 ’
ARER REJ 1 S : - ;
FLOW A B o .
FLOW B 24 — —_— - 0_2 . 105
~  OPTH 11 : T . .
8.1 ZERO ' S
8.5 WYLV/ZEXT a valve V-5 Alr ?3 : .
B.8 VLY EXT— . B & oo a: . ‘ , . L
. s.@ vLvrExT - @ Injection : . . :
: 5,3 VYLV/EXT- .4 ' _ S _ - .
° + 7.5 VLV/EXT a g Program LN ;
v 7.3 . YLY/EXT- 8.~ .
18.8  VYLY-/EXT g
L. 183 VLY EXT- a
12.8  VLY/EXT ]
} 12.3  VLV/EXT- a
, 14.B VLV/EXT 8 R . .
_ 14.3 VLV/EXT- - B
i 16.8 VLV/EXT 7]
16.3  VLVY/EXT- a-
C— 8.8 VYLV/EXT a )
: "¥3.3  YLV/EXT- a
. '28.8  VLV/EXT 2 .
. ! 2B.3 VLY/EXT- 2 - A
T 22.8  YLY/EXT a . @
. 22,3 YLV/EXT- a .
. © . 24.8  VLV/EXT g - . )
-~ 24.3 YLVY/EXT- B ; ]
26.8 VLV/EXT )
25.3 VLV/EXT- a .
23.8 YLV-/EXT a ' .
. 28.3 YLV/EXT- @ : .
33.8 - STOP , - PR : PR -
’ . ' ) - . i
. . _ .
8 ' baselin i . .
ISTERTHCRY B8 — — — ageline _gdju.stmen_t________: et
et ] ', R :
. ~— F
’ ; % . - . cL
’ SW _ '&'\ ot
s . o i . ' . ' -
‘ ATTH 21 4 a . : .
) PRS- Attenuation Change AN,
s+ EyToa Lo ) : ‘j -




| o 166
o
—— - o
\‘ w
\\ O
/ _
4'/ ' .
)/ -‘:THRT H »S Stream introduced . into reactor- (Tine delay between reactor
‘ d le loop i
R b3 Valve In]ection , ;’:) ;l“:)'f“‘“ oop I8
e . . . ) .
‘.‘. \- | . . ’ A N -
1 ‘'mL Sample szp used
- ‘ R 3
VE
= . giz9 - . L |
\ Retention time‘of HaS.In column=@§.32 - 5.0=1.32 min . ‘ R
' : = “e.32 \
| el | o
, yg 723 COos | L
WL7O . : , ‘ ) _
- ATTH 2t.6 3  Attenuation Change | , - .
. ‘ . = s—s> Area =40 ngSi"LH
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‘{ ﬁff o : i
~ N @ "
r ) o g T
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“hp 583

RTIME
5.29
5.32
7.232
72.79
3.32
2.73

1g.29

11.32

12.23
12.29
13.32
14.22
14.29
15.32
16.23
16.29

L 1?.32

13.23
13.29
19,32
2@.23

BA

28.29 .

21.32

22.23

22.29-

23.32
24.23
25.29
27.29

29.29

START
ATTN 2t 2 @ . -
VL }

VE
YL

ARER™ - AR% - Printout.of Peak Areas
67 ®.Bl ‘ '
44418 9.75
188r = A.24
68  B.d@1 ~ N
SB26H .11.083
S48  B.12
©59% | @.81
S1378 11.28 -
248  B.85 -
4¢  @.81
52198, '11.46 C g
264 B.86 . .
51 B.R1 Printing Time(s) .
$1888 11.39 Somesmeslass me e
, 228 . B.8S5 ’ ,
43 . g.@1 . 132.4 s '
51288 11.26 ° :
188 2.84 ?
.35 B.B1 .
58648 11.12 : ‘
138 .B8.83 :
- 38 B.B1 .
SEASE  1@.99 .
.125 ° @.83
33 a.81 '
4938 1H.82
144 B.83
314 @.@7 . ran
273  B.Bé ./’
262  9.86
Peak processor restarted -
1 T 1.79

ATTH 21 1-%33

AN

L4 LN

Attenuation Change

6
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-
J/ 1328
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17-25 numerical ., .
values of
peak areas
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21.23 in this [
‘ - range
23.23
-
== 25.23 - .
- L 2 ,
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== 27.23 :
—=29.22 #
hp . )
PTINE .  AREA .. AR%
.79 TH98A - @.68
£.27 arviséBa’  2.28 : .
719 528 B8.88 :
BTT Ot 29548R  2.48 ,
9.59 1319 8.81 , '
11.235 Fs228B  4.55 .
12,19 3211  H.83 P
12,449 116 @.88: <
13.25 739288 6.62s v '
14,47, 12488 B.18 ] \
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28.49 . -
29.22

"'STBRT

33333
482%
12450840

44058 -

v 5734
1214808
52524
7818
1176268
s6328
12188
1132828
s7san
13388
1184808
ssgz@
1438a
1187888

a.33
a.a3

8.4 .

.=

L U

g.8s
18.113
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a.87,

9.86
B.47

B.18.

9.89
8.438
B.11
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g.5a8
B.12
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Nitrogen Flush
) after Desulfurization.
. ¢ : -
55388 1 mL Sample Loop
Am
: 31 1.82
- ‘o
L)
> 6.32
ﬂTT‘N 2t 1.8 @ At{enuation Change )

significant a'm_ount‘s
of H,S are not .released ,
“in Nitrogen -
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f .
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25.32 42188 5.91 o
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TEMPL 79
TINE1L 25.8
RATE 8.8
TEMP2 71
TIMEZ . B.2
INJ TEMP 78
1D TERP 175
OVEN MAX 18d@.
CHT SPD 1.
ATTH 271 6
AUX SGNL R
SLP SENS a.
ARER RE.J 1
FLOW A B
FLOW B8 24
0PTN 11 -

8.5 YLY,EXT
B.3 VLY EXT-
2:5 VLV/EXT
2.3 WYLYS,EXT-
5.8 VLY/EXT
5.3 VLY EXT-
7.5 YLVY/EXT
7.8 VLY/EXT-
18.8  YLY/EXT
18.3  VLV/EXT-
12.5 VLY/EXT
12.3 YLV/EXT-

“15.8  VLY/EXT
15.3 VYLY/EXT-
(7.5 YLV/EXT
17.3 VLY/EXT-
28.8  VLV/EXT

T28.3  YLV/EXRT-
22.5 VYLV/EXT
22.8 VLY/EXT-
25.8  VLY,EXT
25.3  YLV/EXT-
27.5  VLVY/EXT
27.3 YLV EXT~
38.9 VLV/EXT
38.3  VLY/EAT--
32.5 . YLVAEXT
32.3 VYLV/EXT-
35.8 VLY ENT

. 35.3° YLVY/EXT-
37.5 sToP

quﬁhd

integrator

mmmmmmmmmwmmmmmmmmmumm [+1] mmmmm'm

settings

Regeneration

valve
injection

©
=
o
Q
=
]
3

sTarT Air introduced

ZBEGH 2t B 2

YE
YL

1.34

vE

WL

into reactor
(Time delay betwesn reactor s

Attenuation chapnge and bassline adjﬁstme

Air

1/16 mL Sample Loop used ,

nd sample loop = 17 min)

m 2t 4 3 Attenuation Change

T .

N\

nt

174.
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l wL " ' H.S

3

Detector Saturated :1
Sy ’ ATTHN 21 1 B 3

39.49

E ’ : :

T'Tﬁ'&f'ﬂ*‘a—‘-/-r_—./‘?ZERU Attenugtion Change and
- : Baseline Adjustment

t2.22 Retention. time of SO, = 2.0 min

14.52 A
)
1855 : SN

o-------- 1 mL Sample Loop installed
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-34.53 '

AR%

#2.82
H.88
4 82

47.18

7.4
12 -gg...n
B.47
H.22\v
g.88 |,
B.&1
H.28
B.g22
2.a8"
g.1d8
8.82
B.48
a.a1
B.HS

YE
35128
Q%x 37.85
‘ ST
" S338A
RTIME RRER
1.34 464
3.34 .+ 2858
5.33. 1a4saa
523 ... 22 X b
B.31 955EB b %
6.95 184308
T.87 1216000
7_.:5____ . _4_-_5_8853
P T 76146
18. 25 . 12zp8
12.88 S65H
12.75S 63
$14,52 131
15.25 L. av
17.73 479
13.38 ' 65
19.53 -, 2597
28.:23 . 429
2z.84 . 2Bvd
22.78 37A
14,53 1379
25,289 319
27.06 999
2T.72 277
22.55 497
38.23 244
32.83 , 373
z2.78 223
34.53 171
35.23 211
3v.8s . 131
.
ke .5330R

--Printout of Peak Areas

7l1e .-Detec'torr Saturated

i,

L

A
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Nitrogen Flush

After Regeneration o FEB 23 1982

3TART C - : ‘ i
. & Valvé Injection ‘ -
VL -VE"\\S‘ SO,
RTTH 2t 4 3 | 1+ mL Sample Loop



AR
7.B6

11.23 .

g.15

11.21°

B. 14
9.96
8.14
"11.85
8.15

18,35
B.15" .-

8.62

B.14

7.48
8.15
6.38
B.14
5.78

B.13
4.72
8.18
4.83

‘8.11

n

.
)
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- Typical Reduction G.C. Trace -
Regenerated Sorbent

e~



[N 2 (RN B

\

e e 11

LM e

J

L T T T T R

W d D G I D 80 O ek 13 ) o el £ U M el s s -

.

Sy e
©ondl G R D ek [ e

AN o R PIC - G (T R DR Lo DI T 37 1) e,
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a

TEMS
FEJ 1
R g
B 24
‘ 11
WLMSEXT

LY ERT =

VLY ERT
WLV O EUT~
VLY CEYT
VLW ERT -
VLY EUT
VLY ENRT-
VLY ZERT
YLV-RRT -
YLYAERT
YLYAERT-
YLYAERT
VLY EART-
VLY EXT
YWLYAEXLT -~
VLY A ENT

LM ENT -

YLV AEKT.
YLV AERT -
VLY AEXT
\,’Ll_}/E}{T_
WLYSENT
WLY A EWUT =
VLY AERT

VLY A ENT~". -
VLY SERT

YLV ABXT-

S WLWERT .
VEY/ERT=

S sTRP

NEOOROOCDNONDNNORENCNYNDE0D0000E,

T 50% Hy in nitrogen

POTTH 21 8.3,

©iC Valve Injection ©

o
Reduction” Cycle

g.c. and

integrator
settings

valve :
injection
Program

LD

. P . ,-

FEB 23 1982

1/16 mL Sample Loop

introduced to reactor
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we 2
o D . g
S.67
. .
3t ,
]

YE
o .
| _ L ~
ATTH 2t 4 A 1 mL Sample Loop..

YE e
Ve . ‘ . ) .

s ys5.87 H,S

3 17.85 S0p -
YE -
I.L : . -

18.34 - 1/16 mL Sampie Loop

= 13.49
) 22.83
) 24.53
} 27.81. -
e -
’ S} ze.st
A : ’
:-‘ ..,a‘.34
. ) 22.82
TES .
34
- 7'.'._
. \ .
- “" ‘ 1



» S830A
RTIME AREA AR% - :
15.87 26528 1.12
17.85 284588 8.66 .
18.34 28 B.84
19.49 288498 1.19 ‘ &
28.85 1279 @.85 -
22.83 19688 8.87
23.35 1732 8.88
24.53 316888 13.41 o
25.35 4g38  B8.17
- 27.81 396988 16.81
23.35 5876  B8.25 .
29.51 442988 18.75
38.34 11748 B.5SH
32.82 423988 18.16 ; i
I2.74 . . 3515 @.15 Printing Time (s)
33.34 9796  B.41 :
34.57 195588 8.28 .
35.84 256804 1.89 o
37.13 66328  2.81 no25.4s
' RT <& 3%,9 min .
VE :
M - ,
_ . - > 1.36
- YE 2.69
e v X 5. 2s
= 4.69
ﬁl:V'E L )
. ~ ' = 5.8S
' 7.2R
E
VL
s 8.36

—=  9.59
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: r
i = * 15.38
] )
(8]
= -
¥
> 13.3%
a7 -
VE 1%.72 ~£
vl
> 28.36
22.22 :
VE
YL
23.36
=
RTIME ARER AR
1.35 51148 © 9.54
2,563, 15158  3.82
« 3.35 84588 13. 34 ‘
4.69 15838 2.37
5.35 94d4d@ 14.33
.20 12628 1.99
3,35 77888 12.1S5 .
9.59 15748 2.48
18.36 49258 7.76 .
v o1zo1e - 13338 . 2.110
13.35 48558 6. 39
14.70 11248 L.77 -
15. 35 35498 5.59
17. 21 7418 1.17
13,35 31130 4.91
13.72 5235 B.93 -
0.2 23578  4.S0
22.22 4826 B.64
2335 25278 3.93
2473 2361  B8.37
DELETE TIME TEL Valve V-5
YLV EXT @ MIN? . 5 a .. .
YLY/EXT B - MIN? . 8 2 injection timetable
YUY CEXT B MIN? 5 . B 2. : :
YLW,EST B - MIN® S . 3 @ IS reprogrammed
VLW EXT @ MIN® 1 B . 8 &
YLYCERT 8 - MIN? 1B . 3 a4
WLY/EXT 8 MIN® 1S . B @
VLW ELT Bo- MIN? 1S . I @
YLMAERT B MIN® 2 @ . 8 a
YL ST @ - MINT 2 0. 3 4 .
YLYOERT B MIND 2S5 . @ a
LW ERT B - MIN? 2°5 . 3 3 -
LLWsEST B MIN? 38 . 8 &
YLYSEXT B - MIN® 3 @ . 3 &
Ve cERT B MIN? 3 S . B &
WL CENT Deom:MIN? 2 S . 3 @
LW ENT gﬁatno 48 .8 3
FLYCERT @ ~ MIN? 4 @ . 3 @
AL AENT @ MIN? 405 . O a8 ,,.
CELE IS i ol TV ST S | b BN -
v -



S EXT A MINT S B g
ALY /EXT B - MIN? 3 A .
S
]

YLY-/EXT @8 N1 S . g
JLY/EXT B - IN? L= A
?TOP MIN? & . 8B oa

W

B.5. ¥YLVY-rEXT -
8.3 VLY EXT-
5.8  VYLWI/EXT
5.3 VLY~ EXT-
18.8 VLY-/EXT
: C18.3 VLVAEKT-
15.8  YLY/EXT
15,3 VLV/EXT-
28.8 VYLV/EXT .
28.3 VYLV/EXT-
25.8 VYLYrEXT
- 25.3 VNILV/EXT- ¢

3.8 YLV/EXRT
3B.3. VLV/EWUT-
35.8 VYLV/EXRT
35.3 YLV/EXT-
48.8 VLY/EXT
* 48.3 YLV-/EXT-
' * 45.8 YLY/EXT
45.3 VYLVY/EXT-
SB.d - VLY EXT
SH.3 VYLV/EXRT-

NONONNENECNNRNERODEE0 00 ME D

s - 593.8  VYLVYr/EXRT
53.3 VLV/EXT-
éB.@ STOP

CHT SPD . S a

—flérgé% 4—-éméﬁmf‘

i

’ -

1% 5 um HO Y gec

v

-
i

LI 3.6;
¥E ¢— 0.5 mL \OOF

sT8st8 *9.4% +69.9 - 79.0% min.

we  5330A
RTIME ARER AR%
1.34 ‘17888  B8.76

5.85 185388 91.24 )

" CHI SPD . 2 5 a
CHT SPD p.25 .
1STERT, <~ 79.60 min

Bl 1

/f“E‘)? P lIB_._ i 1

18.36

15.36

28.35
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iad

wp S83HA - ¥ :

RTIME ARER AR%
1.35 1732882 6.85 '
5.27 g © 26 A.aa
5.36 * 29358R 11.56

18,28 ' 22 \a.ed

18.36 277788 16.94

15.86 T 259288 18.21

.208.86 242108 9.53

25.86 2258088 8.39

38.87 21888 8.38

15.87 196788 7.75S .

1B.87 183484 7.22

45.87 16587084 6.64

58.87 1581848 6.23

55.87 - 149588 $.89 .
15TQeT (

YE

29.35

2a3.37
15.37
5Q. 37

355.87
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’ APPENDIX 11 ' &L'
@(Adution of 'k, Drand Adsorption C;muc_it;' )
N - _ -
Culeulation of 'k Valuos T . . . M

In section 6.2.1.5, it was shown that:

bk '___(d_U') T 6.2.1.1

- de/ X(1 —¢ )y :

, v h
where -
0=C/C

v Cptv, v 412,454,460

e , | SN

R

P, = p;(l - tp)

L4 v

_. - Substituting for ¢ and p, i equation 6.2.1.1, the equation reducesto:

de\ P11 —¢) L 6.2.1.2
k= ) oA — *
dt/ € X .

a

l‘hc values of (d87d|.) were dctcrmmed by lincar regre‘-'.qum usmg the data points

gwc,n in Table AllL I{efer to Figure 6.16 for breakthmugh curves,

-

-

.

VVM-App. 11° : 186
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2 - ]
- Table A11.1: Data for Breakthrough Curves lllustrated in Figure 6.16
Run #12 . : T Run#16
“ k] o -
t(min) cc, - t{min} . CiC,
30.6 0.0009 . 39.0 0.0009
32.6 0.0244 a0 00151
366 . 00889 . 43.0 0.0489
T 406 Joazas N L aso 0.0756
) : ' 410 0.0844
- v 490 o g
slope ='0.01276 = . - ~ slope = 0.01138
Correlation coelficient = ‘0‘.992_6 . Cérrelation coefficient = 0,9844
S Run #l:i"‘. o T ' - Rug#18
t (min) . C/C, - o tmin) . C/C, ™
361 - 00009 . 177 -7 00000
38.1 0.0613 - ' 19.7 0.0670
40.1 . - 01368 21.7 0.145L
42.1 0.2311 ) 237  _0.2232
\ “slope =’0.Q:_;831 ) slope = 0.03725 .-
° _ Correlati@_ﬁ'c‘oéfﬁcient = 0.9951 Correlgtion coeflicient = 0.9992 _- _ -
. 1 - - <
W .
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Thus, for run 12, the values ul"up =028, C = 1.00x 1077 moles ll.ZSlm[,, p'_‘i =
(7.2 g/cm‘?)/(l?OB g/mol Cer), (d0/dt) = (0.01267 min~"460 s/min} are substituted into

equation 6.2.1.2.

Caleulation of Adsorption Capacity

The breakthrough time can be defined at any convenient valiie. For this study, the

breakthrough time was chosen to be the time corresponding to an exit HL,S concentration of
200 ng S/mL (150 ppm) since EPA standards require source coneentralions to he less than this
:value.  Since the breakthrough curves were very steep, the adsorption capacity, as

g H,S/1 Ce,), can be approximated by the expression:

-QC, L(J:ZIKJ(MWH_:ZS-) R

A = CALL
. wt. of fixed bed -
Calculation of Mnleculqr Diffusivity
' For a multicomponent mixture, i.th._,S d'iffusi.vit_v is given hy -
) t- Vs .
D = - - - - :
HS - w " o - '
: ' RSN Yeo S0,y Yi,0 Al12
e, )
_Dnz-‘ugs_ : D('n—‘n:ls : D('t),l_u,_,s Du‘_,(),-‘ugs

-

wheve y is the mole fraction of a component and the binary coefficients are given by
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am l ‘ { 1r2 '
1;'1"~(F)+(—) - : C L.
. 1, - MB , All3
D, ., = .
AR Pr 1o .
ABRD
L Loy 4 AT1.4
B={1085—2.50 —-—)+ =) )0 .
. My ML T
ryF e
= ——2— = eollision diameterin A ftabulated in reference 26)
MA, Mn = moleculir weightsof A or B
) [} .
P = pressure inatm » o
T = absolute temperature K
T . . . £ graphsavailable
[, = vollision intepral oblained from correlationsof | = . ) :
D _ Ck Sap ' ivrelerence 26
where ) . . . ) ‘ - \d}\
| (1), =), (5) S
k/an k/atk/g
and '

( E ) isa characteristic number for a given component
k /5  undisobtained from standard tables(26).

If(e/k) is uﬁ.l'mtuvn, estimates can he obtained from

[}

I .
(—): 0.77T =1.18T =1927T AllS
k ¢ Iy m
where
T, = i’r"’itical}emp., K d -
T, = boiling temp., K
. ™
T, = melting temp.,, K _ ' .-

The diffusivity was used to cadeulate the Peclet number Pe = v, dp/”f'



APPENDIX 12

Constant-Pattern Solution forthe Grain Model

{taken from reference 80).
[n the constant pattern case, the shape of the reaction front (X versus v*, usin
Figure A 12.1) is unchanging us it moves through the bed. Therefore, the slope of Lthe reaction

front at any given-extent of reaction is independent of time, and is only it function of the
S o

particular value of X: . ‘ : ; ,
aX \ . dX o ' .
«-.,(—)-:-—(h = £ (X) - ; AL21
CNay* /. dyt L.

Furthermore, all parts of the reaction front must move through the bed at the same constant

.

veloetty u:

‘ dy * ' | -

( = ) = u (independent of X, t*) At2.2
L at* X _ _ .

When the leading edge of the reaction front reachés the end of the bed (dimensionless Iéngth

_vh‘},.'hrcukthrmngh commences. The shape of the breakthrough cu'rw_-, 4 = [, (t*), can be

calculated when all of the following have been determined:

1) the shape of the reaction front, £, (X) (equation A12.1)

2) the velocity of the reaction front, u {equation A 12.2)
. o
3) ©  the relationship between 0 and X

Using the chain rule and the constant-velocity condition (equation A12.2) vields:

ax *\. [ X i 9X Y L
(—;) =-(§7)5(*—*)--=-"(.—) ‘ LoeEs
| /. arlyNaytho a s B
The differential mass balance equation for a fixed-bed reactor (see Chapter V) is: -
‘ G dX . R
n — = — = BB . i c 4.3
-~ AT : -
-
VVM-App. 12 : e -

-
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Combining equations A.l 2,3 and 4.3 gives the lh!luwing relationship between 0 and X.
(."'“ ) u(i\i )., ’ A12.4
_ ayt . aye !, ‘
This can be integrated with the houndary condition
X= lau'ldﬂ = Laty' = 0,4 >.0
- 0—1=uX—1) A12.5
Since X and 0 have Lhe h’ildﬁ limits (3 to 1)
=l A12.6
0= X ,' 1{12.7

Now the shape of the reaction front, £ (X) can be determined from equations A12.3 and 4.3;

’ X | /dX " 1
f(X)E—L—z——((—)=——(8[i)=-IJX A28
! av* u N dt* u :

The shape of the breakthrough carve (0 versus 1) is delined by the following equation:

do "~ dX B |
— = —— = [0 =X : Al2.9
Cdtr o dir .

' Extent of Reaction, X

Dimensioniess Bed Length, y*

Figure A12.1 Constant Pal.tern@*ion Front



crme el e

)

APPENDIX 13

Grain Model Equations

e~ "

The lollowing example is given for a spherical pellet consisting of spherical grains

{refer to Figure A13.1) ‘ o

Kinetic l‘)qgutinns for the Grains

- Within the porous pellet, each grain reacts according Lo the 5hrinking core model.

{L is assumed that the reacted layer surrounding.cach grain represents

no diffusional

resistanee. Thus, the rate of reaction per unit surface area of unreacted core, for a first order

-

Fl

reaction, is given by:

where r

- VVM-App. 13

N : .
_ 1 dNB: -h d‘f\zb’.c L INER
g dt gnp? dt A :
¢ ] c

length coordinate for the grain

radius of grain

“radius to the reaction interface in grain

stoichiometric coefficient ass'ociuted with solid reactant B (refer to éqn.- -
4.1)
number of moles of B, the solid reactant

number of moles of A, the gaseous reactant

first order intrinsic chemical rate constant for the surface reaction in the

L

“grain -

gaseous concentration of A at Ll(e reaction interface

time.
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_Flyid Reactant -
Odtuses intg Sobd

- Fluld Product -
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© ' Reacted Solig

N . : (xxjcumcitd . ' . ' -
_"/‘ PR 2R Region - 0 0 BN
" B R
"
P
. o : . Raocted - -
i ‘ T L) Region,

.. Gasla

o F"ig'ure Al3.1: Schematic d;dgrz{ms of a'spherical 'grali'n, a spherical pellet

consisting of spherical grains, and a fixed bed reactor. o
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Since the reaction is not diffusion limited, the concentration of A at the reuctiuri interl’ace. C A

is equal to the gascous concentration at the grain surfaceie. C, is conal..mt fromr = rgto r=

. In terms of Lhe bhrmkmg r'ldum tho moles of';olld reuctant B,is glven l))

—d{Ny) = —bd(N )—_—p div) = =P, d(—ue‘)_ f}l_rtp;rf'drc T ;‘A_“lz.-z:

. Thus, equation A13.1 becomes

lvllere ps".:‘true'lnel_ut? (lensity ofthesolid. == . . - o
The lluitiql l:n}':{dilion isre |
| : att= O,M‘ rL= . l'or'u_ll R . - 3 ‘l\_lSl..-ll X

At any time al'tel leam,on commences, the cuncentratmn at. the :,urface of the gr.un

- -
»

C .

- i, l‘or_t>'Q, =r ltov=r) - .7 aAlb.S 'l

B

.

The dtl’fercntlal .mass bal.mt.e equatmn 4.2 (sce clmpl.er 4) is appli‘cuhle.A The -

followtng ussumptu{ma are made:

I(-z_ll : [he system is quasi- stea(ly state.
‘ ) S Bulk flow wnthm Lhe poruus mat,.rllx is negllglble B - |
- ”'[‘hus.,'equullt;n 4.‘2,._hccc;mes: ) o .
| 0, v‘%e -R -;-o s " A6

e = elTe(.twe dtl’!’u:.mty ofgas,eou-.-, redctant in the pornus matrix.

£

=
=R
N
=
(=)

I

:c ‘.
il

A local rate oi'canumptmn of A (a functmn ol'pumt:on in pellet)

For a qphencal pellet equatmn Al3 6 become:,



-

cdbctal o o Pa

CooL T
D ,aC. ' L B
v d o
-RZ JR JR, ‘ : . i . o

The relationship betwee lho lncal Lnnsumptum of A ..lntl the local rate uﬁmumn l()r g: ains

,of..my -,hape is gwen hv

' o AP A ek ' g g )
SR ==k C ‘L'(‘_“‘L ‘ ) A A , A28
A n AV VY R r o '
£ e

“where - £, =pel|'étp6rusit§

A, = external surface areaof grain_ )
, \;’“ = vollu me of g:"u:'in |
I‘k = ..A;lha-;pe factor of the grain - R .o .‘ T L
-For spherical Kgr'uins, l" = 3 and. -F' 'V /A g = ’I‘o obtain the snlutlon f'or the c_oncenl.mtmn

proﬁle in a smgle pellct equatton Al3. 7 tuget,her w1th equtltmn AI3 8 are lntegrutqd

numer:cully over the md:ua of the pellct {sce :cf'erence 74) 'I‘hc hcmndary 'condltmns require

. L o
that the conccntmtmn profile is a continuous f'uncunn i.e. -
R OC . LT . S BN Co . "
v A . . . : ) A
— =10 al.l{_o S : A.13.9
aR ' . o _

and that the reactant cunccntrat:on i5 mmnt.nnud at Ca, at the outer qurf.\ce of' thc pe[]ct a

mncc it was assumed Lhatexternul mass Lr ansf’cr is neglualb!e)

CA'_ Cr\" ;1LR=RP J‘t;>'0‘ ..‘.lAils.‘lo .
The lnltldl cpndition (gguires‘ . . . | |
| C,=Ca, at t=0 forR=R I Ais.‘l‘l‘
[‘q““t“’" Al3. 6lCcln be rewrltten in dlmenslonlws form; - s

- RA w—owa*- =0 T AR
where . o -
P = N .= dimensionless concentration within the pellet - -
. A‘ .. w o aes . N
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™

Nl
~
I}

dimensionless position of reaction front in the grain
and -

A I

v -
5 - 0y | _ A13.13

{ [ 44

_shdpé factor for the pellet

i

.
] \ . .

i

'volhme of pellet _
‘. : o ) : :
external surface area-ofl the pellet.

=
u

r
) G i5.a parulﬁctmj _'which‘}.lus a _r()le.uk'in to that of the Thiele modulus in-heterogenenurg, .
~ . catalysis. The length coordinate of the operator is dcﬁhe&us 1, where
AR x |
N . -
Fy o : . .
pop -

n

The rate of reaction withinan individual grain in the pellet is given by:

dg -

R TR Rt}

. ' di*
-where. - '

R 1

- - )L = dimensionless time
F oy J0 0 CIMEIRRIess e

. . Py et

The overall exterit of reaction X, is given by:

. Inn .P| “_E.h)dq : . : - ALY

R =D
el

Lt

(]

' _."‘Kinc:tlic El(lll-.élti(.)fls‘r()‘l‘. the‘ [f‘ixéci Bed .- o .. ' -
v "'A_St;hc:l_hdtic 'diagl"'un_l of Lhc. reuc.l.tl)r- is given.-.ih-.l"i.gu;'b. !\,-13."1.; ff‘.hréc u;c!éi-j..ici_iiall
di'nlé;';si_on_les.s.'\;.a_li"ia'll)_les .ne"édll.n hudcﬁnc(l R
C .Al-;" : : .

o= = dimensionless guseouséoncehtmﬁon'égtcrnal to'the pellet .
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e .

T

3
where
s = externul concentration of A at position y in bed
r\n
¢ = concentration of A at reactor inlet
A, = C,in Chupter 4
It D . ..
K= = = rate constant which is a function of position ol hed
k ‘
where -

It = local rate of chemical reaction
k = rate of reaction at reactor inlet _

Redefine the dimensionless time as

L* = . 1) )t,
‘ S o P P::vg -

Then the rate of reaction of an individual grain in the pellet iggiven by
c . ‘

9 _ k B Au C:\

. . L S ==

. k C,‘\ Cr\

o 4]

=KDy

‘The overall rateof the pellet is given by

)

_ | N [.3" :
~dX . d (_I,,n P =€%dn

- T\ )
L a dn
|: l-‘p'-l " E-‘g.
At F 8 Fwdn
- L F -t
| - fon " ‘dn
which becomes *
A.: . o ,_.‘$=_.1-<0B. .‘
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Al3.16

A13.1T

. -A13.18

A13.19
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B is the effectiveness factor und depends on 0 and k through the~dependence of X on 0 and «.

Fora ﬁxedgund X. b will be the same.

Gas flow through the bed will be assumed to be plug flow. The additional

-

assumplions are:

. The bed is of constant cross section.

{2) Pellet propertics are uniform z;!ong the bed.

3 The dispersive and diffusive mass transport in'the direction of flow is negligible, .
(<) Mass LrunsI‘Pr between the gas and the external surface of the pellet represents a

negligible resistance.

(5) _ The quasi-steady state assumption is appl icable,
{(G) " One mole ol'gaseous reaclant yields one mole of gasevus product,
[ . . . )

Thus the material l_mla.ncé_on the gaseous reactant yields:

30 _:(l—ep)(l—cv) . 9X

[fadimensionless position is defined as

Equation A13.20 becomes’

— = p — Al3.20
0 Jy B s gt
W“_tp,“ —eJy
Y I
a X . .
— = — =x0p . . A13.21
ay* aL* . _ . .

KB=f in Chapter 4

-P





