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Abstacl
A berrch scalc $J,stem was braitt to sltad)t tlre .egefueolion of sodrm
hydroxida $ed lor theft obiorption ol sr.yar diatide by ,eaerio,,
with llmz suspensiort The ,nethod of Box-Wilson
design ws eteplo$d for the detern ina,ion of ,he optihut
conditions Nhiah gbe ,he highest tegeneraliot efiZciency, The
optirn,rm coid*i.r s af sadirrfti btdtoide rcgenetdion lecctio

Ieed rurio o,59,
reu.tion ten peruturc of 14C
reacrioq rtbre of 3 , aitl

fhese corrAvond ,o ahe D.Lririu$ tege eratio., erfrcie,rel, oJgS%.
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INTRODUC?ION
The remoYal of suli]r

dioxide frorn a gas stream can

be doae by either adsorption ol
sot1e active solid [1], caGl]aic
oxidation md sepantion bY

cooling [2] and absorp*on b!
various solurons sucl as waler,
ammonia, sodium h}'droxide
and lilrle [3]. Among the lrew

approaches is *re dry Proeess i,
which caicium hydmxide is

;Djeoted in the duct sysiem

followed by ahe separatlon of
the srlid particles corning rP
with thc fluc gas stream l4l.
Rerenrly, clclio adiYation of
Ca(OH! was inroduced b]
Krammer ot a1 [5] througi the

withdrawal ollhe sorb€nt ftom
the flue gas and its re-injection
uPstreams i, lhe ahicl to
eniance tlre solid conveasiorl

by increasing tbe residence

time.
The double alkali process [6]
irvolves lh€ use of one alkali
(sodium hy&oxide) to srrlb
the sulfur dioxide fmm the fhre

gas, and another. alkali to

regetrerate rhe initial alkali, and

to precipitate calcium sulfite

[7], which is sepamted ard senr

to waste as dewaiered solid:

SOr + 2NaOH -
Na:SO3 + HrO (1)

Na,Sq+ C'(OH), +
2NaOH+ CaSO3 \2)

The deiails were nci
publislri for double alkali
process as rega:d to pilot plant

opemtion and aemained as the
properiy of the licensing
coopanies. PattinsoD l8l
demons&afed sulfur dioxide
rcmoval techciques and

rcpo*ed ahe 30.40 double

alkali systemr have beear

irNtolled *orld-wide bY 1982'

The prcccss facilit, was

operable 93Yr of dle time over
a oney-'ear period snd average

SO2 removal of92% comparcd

with about 73% oPerabilily and

8G9ff/o sultur dioxide removal
Ior lirnestone sYsterns- Rithard
I91 rcponed that limestone is
sold for ir4 the cost oflime but

contaiN only one-itlfas much

calcium by weight as a

rcgeneration reagent and long

time is rceded for the

regenelatior al0l.
In ihA Pnper a sftdy was

carried out to eYaluaae lhe

oplimurn conditions fot the

rcgenemtiotr of sodlum
hydroxide used in the

absorptio, of sclfir dioxide bY

rescting ,he Producad sodium

sulfite solutio! .xidr calcium
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hydroxide emploling Box-
Wilson metlod of experimental
desigr.

EXPEiIMENTAI
Regenrmtion system:
In a round botiom flask. 250 ml
of Ca(OIl: slurry (eoffairing
50 g) was placed The flask
was haintained at the desired
temperature using a water tlalh
and cormected ro a drcpping
flll1lle1 to deliver the sodium
salfite solution (250m1). At lhe
end of each experiment. the
rcacaion producls were filtered.
The filtrate was titrated vs.
standard HCI soluiioo to
estimate the quantiry of NaOH
produced. The rystem is
scheouticdly shown i'l F'ig. l.
The gene.ation of SO: and
absorptio, were perfonn€d in
accoldance whh rceent reports
[6,r 11.

Chcmical$:
All chemioals atrd rcagerts
were of analytical grade,
Distilled water was r$ed for th€
prepa$tior1 of workifig

solutions a{d wasling of ihe
glassware-

Result3 Asd llis.r$ion
Box - Wilson oithoganal
centaal cooposite design *as
used ao condrct lhe
experiments. Three l-ariables
s,eae consid€red;
{eed raiio (Na:SO} : Ca{OH):)
of0.05 to 1.25;
reaation time of 5 to 40 min;
a.d rcaclion ternperature of l0
to 50' C.
The achra, values of the th.ee
vtriables used iI' each

expeatment 3re calculated bY
reananging the eodirg
cor!'e$ior Jl2l as giveo in
Tat,le l. The res{lts of tlre
rcsporlse (regeneration

effici€ncy) of the experir*e[ts
co(dncLd according io box -
wilso, dethod arc also lisled
in Tab:e l. The coded data ol-
rrhle : was fitted to the
qladralic tsecond degree)
multi-vitiable polynomial ! 3l
ao get the correlation equation:

Io tes! the signitcance ofeach
tenn i, equadon tl ), the F-
disaibdiotr tesl was used

Y= 86.3560716 - 3.9031167 Xr -5.8291468X? + 9.9401379 X3 -
10.7793089 X11 - 2.0531303 X:r - 5.6181728 Xrr + 0.000125XrX? -
0,000l25xrXr + 0.000125xr&

(3)

R - 0.99E4, s: 1.429'0
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Y: 86.35607i6 - 3-903I 167 Xr -5.8291468 X: + 9.9401379 Xr -

10.?793089 Xr': - 2.0511303 Xrr - 5.6l l l ?28 xr' (4)
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employing the variarce of each

tefm i1l mulai_variabll}
corelation [17]. The rcsults of
calculations are listed in T*le
2, where each comPuted l-
value is cr]mparcd wit! ihe
c.itical F-valtc afld :l l,ras

chose. to be 0.05 (9J%

To generate a more aseful
eqlation for dte regeneration
.eaclio, emciency, the atrual
data ofTable 2 are fitled to the

R=0.9987,s-1.018r;

'fhe ma.\itlrum regmcratiolt
ef&ciercr was evaluated by
dilferentiatioe the fi*ed
polynomial equation (5) wilh
respect to each iod+endent
\,ariable separately, and
equating the deiivatives io
zero. Wlefl these ihree
equatioos are solved, values of
Xr, X2 and X3 corr€sPonding to
ihe ma'cimum rcgeneration
efficiency % (y",,*.) can be

lound 0.588, 13.95",31.45 min.
and 95.225olu. respeclively.

$.tlbct ofTeed Ratio

confidence) with (n-j-l) = 5 to

sive Fa(1,5.)d.61 I141.
Accordiig lo Table 2, &e tems
oa interaclion betweel
variables (Xr&. X,L and

X:Xr) are itrsigificaIr| Th!s, it
is clear that lie best fc'rm gf
eq*arion {3) is

quadratic (second degxee)

&nhi-vadable polyromial [: 6].
The equation :s

Fi$$es 2 and 3 sho\r tlle effect
of leed rario on ,egeneration
cf{icienc} (E9lo) at differe
reaclior time inlerval$ ard
lemperature. respectively. The
(E%) increased *ith incrcasing
the feed ratio iiom 0.05 lo
0-588, where maximurn Eolo

ivas arained. Tlt E%
dec.*sed afterwards wilh
incrcasing the feed tatio. Slch
a beluvior is attlibuted to the
variatiro of aciivitY
coeflicierts of the ions b the

reaction mixture r*nh
conc€ntGton. Caicium
hydroxide is a sparingiy
soluble species in water and the
acaiviB coeficiet: of the OH-

Y = 6.8602065 - 105.458"1s'7 xt - 0.4324854*+ 3'4568255 X: -
s9.75398$ X,r- 0.0154935 X,:t - 0.0549517 &' (5)
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ion is airrosi constarrt
regardless of the percen&ge of
the rnaterial :n fhe suspeNion.
Or tle othe. han4 the a.:irity
of SO3-_ ion decreases beyond
tle optimum va)ue 0.588. Tius,
tle ratio (tOHT/tSorl)
decreases with the inclease of
SOr_ concentralion atrd'hence
1o\,/er rale will be expected for
the regeneration rcaelion, as

explained by Charles at al [7]
and Weast [5], which lowe$
the degree of corvelsioll or tie
E%,
Horvever, CaSO; productiou js

conholled by ihe ioaic produca

icar+l[So.=] and rhe ir}itial
pH whe! a soluble sall such as

CaCI2 is taken as the source oi
calciun Ii6].

Effect of Rerction

(loHlltsotr, riil decrease
\i;ifh i:rcreasirg b *e
tempemture 1171, o. ia odrei
words, the regene,ration
efiiciency decreases.
On thermodl,namic basis,
Cibbs liee energy of the
reaction goes to msre positive
lalues wilh i.crcasing aie
temperafure, Furdrermore, tl,e
exotheffric natuae of the
rcactior {AH'= -2.535 kJ. .C

mofil makes it more favorable
at low€r iempemtures in
accorilance with Le Chaleleir
p;ncipl€.

E fect of R€action Time
Figs. 6 ard 7 show the eflect of
reaclion time on the
regeneaalion is clsaa tha! the
elficien y ilereased widr
ir:icreasing reaeiion time lio11l 5

to 3 I .45 min.. tleyond rhis lime
the emeiency dec.eased
slight:y. Partiat hydrolysis oa
fie calcirm slifite lormed
accouni to this slight decrease
in rcgeneration efrcimcy in
acco:danc€ wirh che!*ical
reactian eqrilibri|Un pri.cipl€,
as exptained by Chades et al.

. t7t.
Fig5. 6 and 7 show tiat there is
,ro intemction between feed
ralio and Eaction ternperatuft,
feed ralio and reaction tirre,
aitd aeaction temperatlfe alld
.eaction tirne, respectiveiy.

4))

Temperat!re
The effect of reaction
tempe&ft{e on the rege eration
efficiency is shown in Figs. 14)
and (5). These figu.es irdicate
that at higher temperat!rcs
leager fbcd mtio and loflger
aeaclion time are necessary to
obtain reasonable values of
regeneration etEciency. Tte
reaso[ of this reaction
temperature behavior is thal the
activity coefficient of SOr"
decre6ses will tempemtute

1151" wlrile that of Oll- is
consfanf with tempern1rlre.
Thus, the equilibrium rstio
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Erfeet of sodium sulf.te
Among fie Possibie
consatueols of the gaseous

products of the sulturic acid
plants is the sulftr tdoride as a

resull of inco*rplet€ absorPticn

in sulftric acid. The abso.Ptiofl

of this SO: in sodirm
hydroxide results iq the
fomation of sodtum suliate.

Thus, it was necessary to
investigate the effect of sodium

sulfae on the rcgeoemtion of
NaOII iom sodium 6r1lfite.

Two additiona.l experimejts
rvere corducted a1 :he optitnum
conditions where NarSO. was

incorporaled ifl NnzSO3 aeed

solution.
As shown in Table 3, i}le
prcsenc€ of lodiun sullale i,
the reaction mixlue upon the

rcgmeration elEciencY is

insignificant (only 0.33%)- The
same conchliion was reported

by Charles et al t7l. This is d!€
to the fact thfi so&um sulfste
is a,l inert material as explai.ed
tly Rosenbetg et al 1181.

Efle.t of Crlcium sulfrte
T*o additional experimenis (1

and tC) \tere condlcfed 10

study the effect of the existence

ofcalcium sulfite (tLe air bY-
product of the regetreratiol
reaction) on the efhciencY of
the p.@ess. The dried solid
producl of the rcgereration l{as
incorporalrd in the reaction

mixture together with new

1ime. The results are grvm in
Table 4. TLe egiciency sheplY
decreased (33.66%), when

CaSO3 was paesent in lhe
mixttie. The calcium sulite (as

a producl) aeelemtes the

reaction to reach tlrc chemiral
equilibrium state as exPlained

by Charles er al. lI. Thtls rhe

solid plDducl, ol the
regmeralioll rcacEon caltnot be

recycled directly to the nexr

batch and washing/filtration
step is regui.ed to P!.iry
Ca(OH), from CaSO: as

suggesl€d by matry auihors [19'
201.

Resctiotr Khetics
The linetics ofthe regencration

of sodir:m hydroxide liom
sodiun sulfite was studied lo
fild the order and ihe rate

coflstsnt of ahe reaction !o
fulfill lhe nece$ary data for the
Eactor design. The
experimerltal data are given in
Table 5. Tkee relationshiPs are

exarnined:
1" order wilh respe$ ro sodi rD
sdfite I:
2 order wirh rcspect to
sodium sdfite 1l

and 2"d order ( both calcium
hydroxi& and sodiun sulfite
1rr.
HoweveE tle second orde.
Ielaion 4?e ll gave tlrc best

lineariry and passing tirougi
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the orkh (Fig. 8). This
conirms the reslrlts reponed
elsewhere 47, 2 I j. According ro
the integrated rate eq:ration of
the second oader reactio:t, tire
aate corstar* was evah:ated to
be 0.45 L.gmol"r.mir:-l at 40 "C.

CONCLUSIONS
Sodium hydroxide used in the
absoptiotr of sulfur dioxide
ftom rhe gases ofsultu ic acid
plant can be regenerated
efficiently by lhe reaction with
lime slurry. The optimu$
conditions fm the regenemtio!
are feed ratio (N.!SO.r weigbt
to Ca(OH), r,eighr) of 0.588,
14 dC and reaction tin1e oa3l-J
min. However, calcillrl1 sl,llfite
which is the lllain by-prMucl
severely lowers the rate of the
regenetation rcacron and
hence, ihe reaction efl]uent
must be aleated prior to ate
.ecyclirg of excess lime to dre
new batch.

Refereaces
l. Peirc€, J. l.; Weiner, i-f.

and Vesilan4 P.A.,
''Eovironmental Pollulion
and Conhcf', 4d Ed.,
Bu$erwoth-Heinmann.
Boston. i 998.

2. Miller, W.E., Chem. Eng.
Prog-,70(1974)49.

3. Sandur, U.H.F., Fiseher.
H-, Ro&q U. and Kola,
R., "Srltur. Sultur Dioxide

fid Sulfu.ic Acid", 4'b

Ed.. TLe Srittish Sslil
Cory., 19E4.

4. Sord, H.N., Development
in FGD, IEA Coal
ReseaIch, London, 2000.

5. C. Krammer. H- K.
Reissns arrd C-
Standinge!, Chem. E g.
Pi'.c.. 41e4A2) 463.

6. Mohamme4 M-M.
Ba.booti, M. M. , Rashid,
R-S. and Munir, H.K-,
lraqi J. Chem. Petroleufi
Eflg., 3 (2002) 31.

7- Charles, R., Lunq LR. and
Shah, LS., "Air IL Control
oI NOx wtd SOx
Emissions', 7l (1975)
314.

8. Parkinso., G., Chem. Eng.,
90 (198r) r7.

9. Richar4 G. R., ibid., 92
(1985) 73.

10. Howar4 WL,, U-S. Pat.,
4687648, Aus. 1987.

11. Ljppef, 8., Bach, P.,
Stejkalora, K-, and Mocek,
K., Chern. Lis1y, 88
(1994) 61.

12. Box, G.E.P, and Wilsor,
K.8., J. Ro-Y." Statist. Soc.,
Ser. B, 13, p 1-45 (195ti,

13. Da!'is, O. L,, "The Design
and Analysis o, Irduskial
Exped&e s" 2'd Ed.,
Longt an, New York,
1979.

14. Meyerc. H.R. and Ro.ald,
W.8., "Probabilitl rnd



Ens- & Technoloqt- Vol.2:1. \o-4. ?005

Statistics for Enginee{s
ard Scieltists",
MacMillan, Horg Kong,
19'72.

I5. Weast, R.C., "Haodbook of
Cheraistry and PhYsics",
66e Ed.. cRC Press,

Florida, 1986.

16. Kohircimaki, T- and
Malsuda. K., NiPPon
Kagaku Kaishi, 3 (1995)
19t_

l?. Smith. l. M.. " Chemical
Engineering KiDetics", 7'
Ed. Mccraw HilL
Silgapore, 1988.

18. Rosenberg, H.S.; Enaah:,
R.B.; Oxley, J.H. and

Cerco. J. M., Chem. Elg.
P:og.,7l (197s) 66.

19. 6a11, R.L. and Piasecki,

E.J., i5id.,7r (1975) 72.

20. Comeli, C,G. and
Dahlsrrom, D-A., ibid., 59
( r973) 47.

21. Seyftou.. C. and Hamld,
M., "Hardbook of A;t
Pollution Techtrology",
wiley, NeP yo r 1984.

Figurc L Sctefirti. Disgrsm O{The Regen€rafion Sy.tem.
1 , wate. irthi 2, Stirr€r conftoller; 3, Dropping fuon€l;

;r, rigltal thermometer! 5, R€acdon f:rsk; 6, Sfi er t.d ?. Sttnd

a5



En!. & Te.hnoloEv. vol.2.r- \0..L 20{}5

l)ltr.r.nt Rr,c!irr linr"

t

PIC.z: rHli EfrgCT Or F!€l) RA|IIO o:'{ i.iGLr.!1{n..-..-IION
gr:r:c1EIcy % 4T DIr].ERE!\I-f agaa-?loN ItMl.

t rc c:a ani 3 rt r lt r:5
Feed ralio

E'lc.J:'l Htl:f liaa:i Q! rEl:D lfl(} t\ $i6Et:?;lIO\
F l- rjlcru\{r} ',. 11 }li'Ell}:tiT r]:Atf aON 1Exlt3.l11r(ti

6
d

.!

g, ..
ia

0r0 a:5 0L a.:a 1ra 1:t
F..a d,.

426



Ens. & Teclrolog\'. Y.l-1.1- No.4.20OJ

rhs.ias i{rq.rute, 'c

a lar.,lr'l tl li I]"'I:CT (x' R liAa:l !{rN flrtt?tll-{ I I R! {r\
ttaiti\tilrar'!(taa1rftsr(rIEilai.,. a! ol!ljE&E\T F El)

RA'|'O

1r 13es[r laEatls. a

llc,li1lt! t T(:l ri REA{illON TE\JPER'^II:II
O"J 8af;t\taATlr)r,{ :r[tCI[NC'i'''.!1 DIiFIiRT:\l.

l(Itt1l IIo\ Tll!{[

E6.i..., 
'. 'r 

}llr.r* re, Bliit

o

?

5E--

121



Ere. & Tehnoioa- Vo1.2.1. No.'l. :005

s
a
'd

b
.!
E
5

s

,!40

ta

i!

t$

1'

20

i) rc :t 30 4a

Readinl llla€ . orfl

l-ili.{i,Il{! EI,IECI OF [flCTIoN fIME oN
RlGeNi!&{t,{}\ !IFICII,i (] "ro AT Dl]liEREN','

altEt) RATI{)

at Di1f.r$l l?.d RlIi!.

.:

!
!
L
d

l)
o1!aa&4!

&adlo. lirBc 
' 
niln.

rlc.?i :}]t EFI'ECI 3r BEACTION TIMII ON
N'GBNL(ITION ErrlC:ENC\''i'T DIFTEtrgN"

BEACTI3N ?'MPEIjITURE

428



F.ns & Te.hnolos \'ol-l+. No.+.100-s

0142030
Ime , min.

!tc.8 sLCoNl) oRtlER RIlAC',fIolv ' rs l
$rIH RESPc'T TO NarSO. {}N:.r)

.12

_̂.r 6

Lf

0

429



Eps. &-Iecbnolos-. V.l.2J- No..l. :00i

I!bl! LThe Eipcri&€nlal Rest ts A$srding To Dor,liibrn Metk

RuI
No.

lrtu$ Variablcs Co{t.d Yrrirb ies

\%xl xl xt x_2 x3

I 0J0,, l9 1,.4 I ,1 I 6i.1U
0,997 19 I -l -l 59.9t3

:] 0J04 .12 12.4 ,l I 1 5{8X
I 0.997 4t tl-4 I I t- 41.t02

5 0J0r t9 32.6 -l I I 8&r03

6 0.99? 19 i16 I t I E{).6I:
1 0J0{ 4) 3t.6 -l 1 1 7t513
8 0.997 4' 12.6 I I I fln2
9 0.050 30 2La -t.0712 , 0 61.001

l0 1.250 30 t.732 0 0 41.464

II 0.650 ls 0 -t-132 0 89.07,r

12 0,6s0 50 0 0 fl.1n
I3 0.650 l0 5.0 0 0 -1.732 53.3{]

t4 0.650 3t 10.0 0 0 1.732 86.069

l5 0.69) t0 22_5 0 0 0

Table 2. OtVari{.e for alYrirbks

sun of
Squrres

Degfte ot
Freedom

Yern
Squrr.

Conpuled
I

Cotrcllrrio!

xr 211.:68 1 213.268 105,945 s
xr .175.681 I {?5.68r 236J04 s

r3Et.211 I 1383.211 687.1t9 s

X,. 28936.L35 1 ,8136J55 11171.117 s
x,' 40361J09 I {0361309 2&51.Et8 s

3966,161 1 .15166.16,t 11618.561 s

X,X: 0.r:510r 1 i1.125',10' 6.2fl0" ts
X,X: 0.125't0' I 0,125'1rn 6.21',10" Irs
X!x3 0.1t1'1f6 I 0.125',t0n 6.2r'I0' lis
lImr 10.067 1.0t-l

430



Enu. & Te.holoEs. vol.2'1. No.4. 2005

Trble 3 Wilh .nd Withoul N&sor '

Ru.
No.

Feed RrSo
(gNrrSOy'gCi{OH}

Temp' fi e,
min.

A€gereaatiofi
EIEciemy %

, 0.65 {0 20 11.91

IN 0.65 40 zo 18.24

Trbte 5: Tim€ Anal Concenlrrtion Dats for Sbdiflr Srlffie And Ctlcird
D

tr gmol.L t C, gmol.L -'

0 0.394 1.351

l5 0J0f 1,065

20 0.08.1 r.0{1

23 B,U4 1.031

30 0,062 r.019

Rcsclion

4lt


