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SR e 'ABSTRACT B A R IR
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- A COntlnuous flow welL-stlrred tank.photochemlcal N

'x

“[1reactor of known surface area was used to obtaln measure-,

1Qments of the rate: constants for the ozonatlon of free

2

.fcyanfde at varlous UV 1nten51t1es and 22°

The ozonatlon of free cyanlde,'w1th concentratlons

'7ranglng-from l l4x 10 3M. to 7 69><10 -3 M, was carriedfout -

zfat pH 12 w1th and w1thout UV Whe reactlon scheme was
V;regarded as’ con51st1ng of the main- cyanlde oxldatlon reac—

tlon, a parallel ozone decomp051tlon reecthon, and - a conse- Coe
'cutlve cyanate ox1datlon reactlon. The rate constant and

-

““st01chiometry of the cyanate feactlon were assumed from

HfBalyanskll s work whlle the ozone decomp051tlon rate cons—
tant was predlcted by Stumm s and Czapsk1 s correlatlons BN

,:“

"1nterchangeably, A- fast reactlon reglme quel was used to

R}
. AL

Adecouple the mass tfansfer’from the ovérall reactlon.,_ihe"

'lrate constant “for cyanlde was - found to be 1ndependent ovaV“~'-'

' rpten51ty and had an average value of 19086 ‘M -1 JT“w1th‘an.

‘uncerta;nty of 18% BT B . ‘ - "v*_vﬁnj'

A tran51tlon from fast to 1nstantaneous reactlon

reglme model was also applled to the free cyanlde ozonatlonf,

B s 2

reactlon, and the value of the rate constant obtalned was

higher than ‘that of the fast reaction model by 5% The gas"'

S
phase re51stance only accounted for 2% of the total re51s-;»
tance. ,'_‘ v ' ' , e ,'j_

e o . - . '_.V.'-; i ~‘ B N b L " RN AR SV



.

,e#ozdiatlon of ferr1cyan1de,.w1th concentratlons;ff\

rang ng. from l 84 XIO 4b4 to 3 68x 10 b& was studled at ﬁour

it

‘,‘dlfferent uv 1nten51t1es and pH of 7 and 12 The rate con—'

‘stant was obtalned by'characterlzlng the reactlon to be in-

,ga tran51tlon from slow to fast reactlon reglme u51ng elther-“

1

l*a flat or quadratlc cyanate concentratlon proflle A reac-'n

}tlon scheme 51mllar to that of the free cyanlde ozonatlon
' was assumed 4 The rate constant for the ferrlcyanlde ozona—*

'tlon reactlon depended on the Uy 1nten51ty=when the cyanlde

fcontent was lower than l Sx 10° 3 M oq 40 ppm above Wthh a'

.",value of llOOIﬂ«lswl}was obtalned 1ndependent of UV 1nten—il

s1ty.‘ The rate constant at pH 12 where the/ozone decompo—'
‘~s1t10n accounted for 90% of the tgtal ozone consumed agreed
V gw1th that at pH 7 where the ozone decomp081tlon was neglle
_glbler The agreement at dlfferent pH ‘s supports the model
Proposed "?W“;h/;f g_lp}fp.Lu”r‘ L o | |

\ The dependence of the rate constant K on UV lnten31ty

“f_and ferrlcyanlde concentratlon was: 1nterpreted by prop051ng

. a molectilar’ mechanlsm 1nvoﬂv1ng the formatlon of an ozonlde
. I

1ntermed1ate. Two other reported mechanlsms, i. e. free radl—

’

'cal and ferrlcyanlde dlssoclatlon mechanlsms, were also con-i'e
m51dered Even though these two mechanlsms do not comply w1th

; the behav1or of K observedl= the p0551blllty of the presence

'of these mechanlsms cannot be excluded The ozonatlon reac-

i i Dy

:tlon proceeds most llkely throuéh a comblnatlon of the above-:‘f
’.three mechanlsms., Further work to eluc1date the mechanlsm f'

-

and reactlon klnetlcs of ozonatlon reactlons s required
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CHAPTER 1 . .+

,INTRODUCTION"
A :
Cyanld is’ one of the most p01sonous chemlcals &nown

(1)

4 0

by man. Wuhrmann dlscovered 1n 1948 that the tox101ty

fof cyanlde comes chlefly from’ the molecular Spec1es HCN,
,'but/éﬁf the ron CN~ . Generally speaklng, the tox1c1ty
_blncreases w1th temperature and the age of the v1ct1m and ’

decreases w1th the oxygen content in the. air and the pH.

(2) (3)

‘As reported by Doudorff and Mckee Y cyanlde causes

s : -—

osmoregulatory!andvexcretory failures,ilnternal hemorrhages
as well af the 1nh1b1tlon of the functlonlng of ox1dase
'.respon51ble for transferrlng oxygen from the blood to the

tlssuesu Exposure to alr contalnlng a hlgh concentratlon.“

‘of HCN (lO ppm- by volume) causes. the symptoms of acutei.“_

o cyanlde p01son1ng to appear almost 1nstantaneously, namely,'

3 a

,glddlness, headache,'uncon501ousness, convu151on and flnally.

"cessatlon of resplratlon as.a result of the para1y51s of the\
resplratory center located 1n the braln( ) ‘An-exposure
ftlme longer than one hour - may cause serlous health damage

e -

i.and even death At conCentratlons hlgher than 200 ppm,

o

'fatallty happens almost 1mmed1ately._ WltJ ralnbow trout

'as a test SpeCleS, the 48 hour LC for cyanlde (the concen—

50
;tratlon Qf cyanlde that klllS half of the test organlsms 1n

:‘48 hours) 1s 0. 07 mg/L ThlS serves as a gulde llne forv'
_cyanlge dl5charge.l The'Ohlo.Rlver.Valley“San;tatlon

-~

T2



)

Commission, U.S.A. recommendéd tHe permissible level of
J : .

| cyanlde in recelvlng waters (1960) to7be'0.025 mg/L, and

: - a dlscharge level of 0.1 mg/L the same'standard'had,heen
B adopted by Canada(s). | |

i

The use of .cyanide for 1ndustr1al process1ng -is not

exten51ve_1n'Alberta(s),' However, on a natlonal'scale;‘lt

is by no means negligible : Cyanlde waste streams result
from 1ndustr1es such as gold and. 51lver mlnlng, electro—‘v
platlng, photographlc process1ng, cok% furnaces and synthe—

b .
t1cs manufacturlng.. The. major ‘source of waste cyanlde is

"(6,7)

the electroplatlng 1ndpstry in whlch-a cyan;de.bath is B

h used to hold ions such as zZn' +2 and Cdl‘-'F2 inlsolution asrwell
i .

as to\glve a unlform and lustrous metalllc coatlng on the

W
“~plat1ng solutlon contalnlng cyanide-a

-2
4

'haths. The cyanlde 1n the rlnse water ranges from 10° mg/L
(6)

"-gurface of the ob]ect to be plated ' Drag over® :of the
Ld metal cyanlde com;
plexes (e g.‘Zn(CN) .Cd(CN) 2) contamlnates.the rlnSLng .
to 700vmg/L .'hgor“a typlcalﬂyedlum:srze plant,'the waste_
'contalns an‘average c§anlde‘contentnof~535mg/lgatfa . |
idiScharg; rate;Of 206,000 gaFlons §é£ month.v.Another‘
najor source.for:waste cyanide ishthe‘gold mining industryV
‘,1n whlch cyanlde rs used to extract the prec1ous ‘metal from_*
‘the ore.v The gold mlne operated 1n Yellow Knlfe,’North West
Terrltorles, dlscharges 200 000~ 300 000 gallons of barren

[~ilqu1d per . day contalnlng\30-50 mg/L of cyanlde Thls'

t

/

%

'/”vcyanlde has a major 1mpact on the env1ronment and in‘ordérV



lfchlorlnatlon
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"to comply w1th ‘the gov rnmrnt s env1ronmental protectlon

regulatlons, the cyanl e level has to be lowered‘to 0.1,
mgéL before the effluent can be dlscharged
The" major 1ndustr1al sources of ferrlcyanlde are 7.

blast furnaces in steel plants, photographlc processes and .

1o

the 1nadvertent mlxlng of streams contalnlng ferrlc ion and
cyanlde. Fe(II) and Fe(III) can both react w1th cyanlde to
 form extremely stable comp]eres ferrocyanlde and ferrl—
-35 42 w>
..cyanlde, w1th the 1nstab111ty constanh>of lO and lO

‘respcctlvely _-The_compl$Xes.are.so,stable that'the'tests'
.for cyanide and'ironnare bot'”negative in aqueous so]utlon
7Themcomp1exes are not only tlermodynanlcally stablc out

v

also 1nert 1n a kJnetlc sense as ref]ected by the s]ow

' ' ‘ (9)

llgand 1sotope e\change rate (t 52 hrs at pH" 3.5).

1/2

-'chcrtheleés, ferrlcyan!de and ferrocyanlde may undcrgo
UEREEEE B

{'photo—decompOSltlon ubder sunllght to lJberate the por—

sonous compound HCN In order to keep the free cyanlde

i
.

level below the 0 l mg/L llmlt the allowable ferrlcyanlde b

‘dlscharge concentratlon has to .be lower than 1. 5 mg/L.

N B u\

The current popular Cyanlde treatment methods 1nclude

; o >
"'ac1d1f1catlon(lo), 1on exckange§ll) (12)

blologlcal ox1datlon R
eJcctrolytlc ox1datlon(13 14), carbon adsorptlon( 5:,.alka11n

only’thevlast two'receive'widespread attentlon

As a comparwson of alkall chlorlnatlon and ozona-~
(20) '

thﬂ chemff/ﬁ ox1datlon by chlorJnatlon rQQULLCS a
: hlgh conccntratlon of chlcane to drlvo thc Leactloq towards

A

‘.

(18 19 20)lﬂ.f”

TN

A
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_ completeness.OWingito the lower potential for chlorine .
(E—-l 36\/for Clz,-and 2.07 v for'ozone)" The“residua14

chlorlne bullt up in the effluent has to be dechlorlnated

while the re51dual ozone at 2 ppm level can qu1ckly decom-
ipose by 1tselfe1nto a’ harmless product,_o2 and also there
is no formation .of the”undesfrable'fin'l products llke-the
chlorlnated compounds in chlorlnatlon. Furthermore, ozdne

may be;generated only as. needed o) tha» there is no,translel;

i

portatlon or storage probleq - On the'other hand the basic
chlorlnator is less expens1ve than the ozonatlon equlpment

vl but requlreS‘exten51ve support:equlpment. Wlth the advent
- o - ST "
~of modern effective ozone generators, the total equ1pment

cost tends to be equallzed, and the more economlcal opera—ii

\

'tlon of ozone equlpment w1ll more than compensate for any

'equ1pment cost advantage remalnlng to chlorlne. The»trend
) N \

of ozonatlon repla01ng chlorlnatlon can be foreseen.iuv °
. While the reactlon between ozone and free cyanlde as
fwell as other metal cyanlde complexes 1s qulte spontaneous,"\

’ the reactlon betWeen.ozone and ferrlcyanlde lS slow partl—‘

cularly ‘at low f<;§i yanlde concentratlon. Fori/xample,
ffozonatlng for 75 mln'tes causes negllglble decomp051tlon of
ferrlcyanlde at the 57 ppm level(zl).' Ferrlcyanlde ;s

’c1a551f1ed as a "hi hly refractory compound" 1n waste water

\ /
treatment teﬁhnolo y, nd has a Refractory\Index RFI of
‘ \ 'S T
.270(22) (cf! for free cyanide, a sllghtly refractory ST

'a measure of the dlfflculty of ox1datlon

\

vcompOund)l lREIrif



of a-species, and is defined as' R

. B%(mg/L) 't, (hrs)
| RFI=’jO 72 .
T Aflmg/L)(

‘ m (mg/mln) t (mln)v

V(L)

0

‘»where BO is.the cumulative ozpne'pumped into the'SQlution”

A .
» E IS

.from t-O to t- t; per llter of the solutlon, t1 ié»thé;-]

“_tlme requlred for 50% conver51on of the’ reactant component

Al is the 1n1t1a1 amount of the reactant component, mB is L

- the ozone mass feed rate to the reactor, and V is the,solué-
“.tlon volume 1n the reactor. ; ;f¢ 'r-“ : Ce T

Whlle the rate of ox1dat10n of ferrlcyanlde can bq

v - . Sy ot

enhanded ‘by elevated temperature and hlgh ozone concentra— R

'

’tlon, nelther of these appear§ to be as effectlve -as UV

'1rrad1atlon(23 24 20).. The UV 1nten51ty 1s an lmportant

7

factor and should be optlmlzed The ozone treatment of<
‘ferrlcyanlde has been proven.to be technlcally and econo— .

'.py' -mlcally fea51ble for 1ndustr1al purposes.

|

‘A llterature rev1ew of the : 3/CN "reaction«

:u‘shows that the reactlon rate 1s llmlted by the ozone mass
- )
— transfer from the gas to the lquld phase. Presently, the
‘"great excess of data lumps the mass transfer and the 1nter—'”

k-.nal reactlon processes 1nto one overall effectlve' rate
'ﬁjconstant" Thls makes the 1nterpretatlon of data almost

mp0551ble.“ Thesev‘rate*constants are valld for a partl-f

» . / Ve

.{n1 JK‘,,,culc’:lr contac\pr and at certaln narrow gas flow rate and
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fconcentratlon ranges. They are obv1ously not suitable for

de51gn purposes.- The mass transfer CUaracterlstlcs, reac—.

1

tlon klnetlcs and mechanlsm of the uv- Ozone—Ferrlcyanlde'

freactlon still remain untouched ,It is the maln purpose

t-&‘

tof thlS research progect to further explore the CN*‘and"'-

=3
=Fe(CN)6 ,/O /UV reactlon systems, and hopefully, from the‘ 3o

experlmental measurements, to determlne klnetlc rate cons-

tants that are entlrely separated from hydrodynamlc

) - I\

‘1nfluenCes."The ozonatlon reactlons are conducted in a

contlnuous flow, well stlrred reactor w1th knOWn 1nterfac1al‘
area and mass transfer characterlstlcs,»and the theory of

81multaneous absorptlon and chemlcal reactlon is applled to

";determlne the parameters that characterlze the chemlcal

‘klnetlc processes.



'710% O are obtalnable o leferent sizes of ozone gener- ‘

2.1.1 Ozone Chemlstry

. CHAPTER 2 -

LITERATURE REVIEW

2.1 Chemlstry of Ozone, Cyanlde and Ferrlcyanlde

Ozone 1s usually prepared by the actlon of a statlc

a.electrlc dlscharge upon O2 or air and concentratlons up to

(25)

'ators are avallable commercraily from companles ,(such'as.

‘_The Welsbadl Corp. and PCI Ozone Corp. (26 )) ranglng from

laboratory scale (3 48 gO /day to-industrlal scale'”

e(so 1ooo 160 /day)

The chemlcal react1v1ty of ozone as a - hostlle com—

ponent of the env1ronment is w1dely recognlzed Ozone lS

fcharacterlzed as-a Very tox1c compound and has a charac—"

terlstlc‘odor readlly detected even at low concentratloﬁ~

'Ozone can be regarded as an allotroplc form of dxygen.-’
‘Because of 1ts ox1dlzlng power, it tends to be reduced to

\bthe more stable O form elther by reactlon w1th other f

I

byredu01ng agents or by self—decomp051tlon. One proposed

mechanlsm for - ozone oxidation 1nvolves the formatlon of:

the actlve oxygen atom(27) (s;nglet oxygen) as”an inter-
medlate,";y
C)3&_ 02,+-O5_' L TR .

2

Lyt . e . c . 7

e

.

”-a“d/thisféiﬁglét7°XY9€ﬁfis believed to be the key component



AN

3.; potentlal of 2 07 v,

Ozone reacts w1th alkene to glve an ozonlde

"
C e

respOnsible'for smog formation'infthe atmosphere_ The

frate of singlet 0xygen.prodUCtiOn‘is increased'b uv

\
1rrad1atlon as 1ndlcated by the strong absorptlon band

in . the H&;reglon (2000 3000°A Hartley band(zg))

Belng f powerful oxidant w1th a standard half cellrld

’_03 +-2H¢..v'+-2e': o, #H,0 2.07v -, |

LI

ozone ‘has’ an ox1d121ng power 51m11ar to that of the peroxo://,f//f

'dlsulfate 1on and’ larger than those of permanganate,i
,chromate and hydrogen perox1de Because of its high’

: potentlal ozone w1ll ox1dlze most of the metals and nOn-'

metals to thelr hlghest ox1datlon state by the 'transferr—

3.

‘,1ng of an oxygen atom through a fr%§~radical mechanism
‘The actlve oxygen atom in ozone can also be transferred to

".the substance to be ox1dlzed through an ozonlde 1ntermed1ate,y

(29) “which con—

 sists of a 5 member rlng, and thlS ozonlde Can rearrange ',_‘

rapldly to: glve anothFr dlfferent 5 member r1ng compound

AN

0L N C s . oo . RN
. _ Ly o . N . VAR .
o S O/ 404—i—o_v

whlch is qulte stable at low temperature but becomes

'exp1051ve at hlgh temperature. This ozonlde can decompose i

: 1nto aldehyde, ketone or carboxyllc ac1d by hydroly51s 1n

. te
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| e b
the)p(esence of a reduc1ng agent eg Zn, or i may undergo

. -
~

"1rate to be lower 1n an alkallne medlum ’, Shambaugh

'fand Melnyk

\and pH in a. somewhat dlfferent manner

r

o hydrogenatlon by H2 w1th Pd as catalyst

The decomp051tlon reactlon

e

. fK 3 ;
R 5.0,2
- is very exothermlc (AH==-142 Kcal/mole) (30), ‘and 1s cata-
el y

"lyzed by catalysts such as platlnum, nlckel and ox1des

In the absence of catalyst the decomp051tlon reactlon was

found to be %1rst order w1th respect to ozone. The reactlon

rate, r mole/z—s,'can be ‘expressed as (31 32).

LR

L1

7Where Kb-is the rate constant/at a certaln temperature andv >
' PH. The effect of pH on the decomp051tlon rate is still

- v L »”
"controVer31al Whlle some w0rkers found the decomp051tlon

(30,33)

~

$3l) held an>opp051te oplnlon ’ They clalm that

'Stumm s correlatlon can be used to estlmate KD 1n the pH

.range from 7. 6 to lQ 4

Kp = k[OHf]0'75T secil,Tat:ZCQC"J-Tf:. (L)

‘andjk ='242‘if‘[OH_]'is expreSSedxin:the'unit'ofvmolar con-

<3‘2)' |

_Si?;elated‘Kb g

SRR R -Kb,_:ﬂ»v_o'o'roﬁ"l‘_ ?"s,e'.c-?lf at2sc @

centration At the same tlme,‘Czapskl

IS

10.< pH < 13 .7
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The dependence of ozone decomp051tlon rate constant

on pH c¢an. be explalned by the mechanlsm proposed by ‘Alder

“and Hlll(34) ‘ : , :
”o | + H,0 Ll ot + OH'-."‘- | i
ST3 0 2T 3 Lo e L
" HO, + OH ' '— .2HO
. 3 c K= 2 . -
i Ce a3 .
_ - K4 .
O, +.HO2 f—f'HO'+'202 .
. .' ' KS\ . N " ‘ . . :
HO,+H02—>H20_+02‘ . ‘

The change 1n ozone concentratlon can be expressed by the

follow1ng reaction rate equatlon -
SRS

93

;dt'

= - 3K.K. [Ho’“]l/z[oﬁ"]l/ztod'%
3% 1H05) L

Both correlatlons 1nd1cate the p051t1ve effect of

hydroxyl ion concentratlon on the decomp051tlon rate,_and'

10 .

yleld 51mllar KD values at the same PH. "The fact that the e

decompos1tlon of" ozone becomes 51gn1chant at- hlgher pH

v

1mposes a llmlt on the use of ozone as- an oxldant in the

chemlcal treatment of waste water at hlgh pH For 1nstance,

g Stumm' and Czapskl predlct a KD of 7. 65 and 7 respectlvely
at pH 12 ‘whlch means that half of the ozone w1ll be ‘
destroyed by decomp051tlon in 0.1, sec (half llfe),-thus a

large percentage of ‘ozone will be wasted by decomp051tlon

?

L

espec1ally when the. reactlon between ozone and the pollu--

”

tants is slow, as’ in the case of ferrlcyanlde-o3

LI

'reactlon,

R



f.at 25°

is- only second to tgat of chlorlne 1n water treatmept

,rIn summary, the typlcal appllcatlons of ozone 1nclude t

.fOllow1ng

“2;1;2 _gyanlde and Ferrlcyanlde Chemlstry

‘by man. Belng a strong complex1ng agent, cyanlde has the

n cyanlde, w1th the 1nstab111ty constanusof lO

Ow1ng to its hlgh react1v1ty, the popularlty of ozone

5
NUmerous artlcles have been pybllshed in, that fleld(35 36

) _ N ‘ Lo
ay Treatment of 1ndustr1al‘waste water contalnlng

bcyanlde, phenol sulfur compounds, surfactants*and'

N -\
Cyanlde 1s one of the most porsonous chemlcals known’

- T

iablllty to form stable complexes w1th,v1rtually every heavy

‘::metal 1n the tran51tlon metal block In’ aqueous solutlon,

~

1t can undergo hydroly51s ea51ly’to glve a volatlle wéak

1'4a01d HCN whlch has a dlssoc1atlon constant of 4 93x lO -10

(37)

s

Fe(II) and Fe(III can both react w1th yanlde to

o . -

form extremely stable complexes ferrocyanlde and ferrl-v

-35 and 1042 ‘@

"polymers, ‘ ""wi o ff;, P

h)_' Dlslnfectlon of process water. and delonlzed wateqv” h’l..

fcl . Algaec1de for coollng towers, ~ ‘f dh ~ &?‘f ’ﬂ

d)f” Bleachlng agent for text11e<and paper 1ndustr1es,i~

e) ' Odor control Anc water treatment plants and 1ndustr1al

vf)'ri Treatment of domestlc waste water (tertlary treatmentL'
’,S)gfl DlSlnfectlon of blologlcally treated waste water."

o el v
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respectlvely. The qomplexes are so stable that the tests - o

-
"

for cyanlaF and iron are" both neqatlve in aqueous solutlon.

The complexes are’not only thermodynamlcally stable, but'

also 1nert in a klnetlc sense as’ reflected by the slow.
1sotope exchange rate (ty = 52 hrs at pH-3 5)(9)._ Both
: 2

complexes may undergo photo—decomp051tlon under’ sunllght

Q‘

to llberate the p01sonous compound HCN Devonshlre and
(3 8? found that UV 1rrad1atlon of ferrocyanlde and

s

other anlons leads to an. unstable Spec1es w1th an: absorp- oy

tlon spectrum 1dent1 al w1th the spegtrum of the hydrated

'electron ( 700 nm). - The mechanlsm of the photo chemlcal

center.,h e L R R . R e

: et may react w1th any ox1dants 1n aqueous solutlon, for ¢ A

'ferrocyanlde solutlon 1n a quartz vessel The follow1ng

reactlons are observed

).

prlmary process in aqueous ferrocyanlde solutlon is a
»

predlssoc1atlon of the ferrecyanlde 1on leadlng to the .

trapplng of an electron at some dlstance from its parent

CFe(CNI 4 nv — Feem AT excited son . . &

1'Fe(CN):,tf—*Fe(CN); t e

e:+‘trap.—¥ﬁeetf -.1'trapped electroni7

1nstance,'H30 , dlssolved oxygen etc. Ohno(3?) 1nvestlga-
ted tbe other aspect of photo cheﬁ1cal dlSSOClatlon of
ferrocyanlde in aqueous solutlon by u51ng a hlgh pressureid

Mercury lamp (366 nm) to 1rrad1ate 10 -3 lbjz M pota851um

. ‘>n
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S ol hy, o3l
=T Fele T s H0 2 Fe (CN)¢ (OH,)" '+ CN
CN 4 HZ‘OV \‘-;’-HCN + OH~ o

kThe spec1es Fe(CN) OH is 1dent1f1ed by 1ts UV absorptlon ;{7;

3=
5772
bl 'peak whlch ranges from 410 nm at pH'1. 14 to 450 nm at

ey

_'pH-—6~5 Ferrlcyanlde reacts w1th UV in a 51mllar_

(40)

"fashlon o a dlssoc1ated product Fe(CN) (OH) 1s pro—

:duced upon uv 1rrad1atlon at the wavelengths of 254, 313

~ -

405 nm

2;2' Ehysical Proberties'of'Ozone-‘

T 2201 Solublllty of Ozone in Aqueous Medla

The values of Henry s law constant are not conslstent
‘Fln the llterature A Value of 67680 atm/mole/cc at 20°Ck
is quoted from Perry s Handbook(4%), whereas 79400 atm/
mole/cc at 20°C 1s(t£Sm Matrozov s publlcatlon(4?) 'The

“temperature coeff1c1ent of Henry s law constant AH/AT is

's. work < The coeff1c1ent in the range . .

.; b from 20 to 25°C 1s found to be 2870 atm/mole/cc per °C by

'f*vlnterpolatlon

- . . . . . . . 3 - - R AT

2.2.2 D1ffus1v1ty

-“"T .The Values of dlffu51V1ty of -0 in water can be

3
estlmated from the Wllke and Chang correlatlon or obtalned

from experlpentalmworks.; The values from varlous sources

').. - T Ty LN PEEN Cw
" @l

pe)

Y _ g e e S
are as folLows- wo T el e e ; 1“ oL e

LIRISEE R T e



'-:d1ffusxon controlsmechanlsm, They r p

'fisﬂot? order w1th respect to cyanlde for cyanlde concentra—

h:“ Sondak found , fe,_l.; ;:.T"A.j.~45”

D=1.26 x 10 °cm?/sec at 20°C from Metrozov {43

Te
N
v

,2}3"Ozone/Cyanide Reaction

Coe L

DEjl.QSQXIO-ScmZ/Sec'at'25°c from Wilke & Chang correlation

14

‘The ozone and free cyanlde reactlon has been stud;ed o

-in a batch reactor w1th contlnuous O3 fIOijy Sondak and

(44 45) Khandelwal et al (4 6) (47)

1. (48)

uDodge , Balyanskii'et al.

(49)

fKandzas et a -as well as Matsuda et al. . For the

most part these studles are unsatlsfactory because they
fall to decouple the ozone mass transfer step from the

1nternal reactlon step : For.the ozonation reactlon"

. ' . - . . . . ‘ »
expressed as’ CN 4—0 (g) Ji» O (2) + CNO", the rate law can

be written as

Ien

. = e 1

when the partlal pressure of O3 1svconstant' Sondak and
‘iﬂDodge found that the overall og‘gatlon rate constant K'

o LA

is almost 1ndependent of temperathre,'"

L4

- .t

1tlons greater than 4 ppm, and pseudo flrst order for con—5

Tf;centratlons between 2 to 4 ppm.: In addltlon to the

varlatlon of reactlon order, K' was: found to depend on the

gas flow rates, and the ozone and cyanlde 1nlet concentra—~

,tlons 1n a very compllcated way.,'In sUmmary,fDodge andt

/

ch 1mplles a ;:;nfj;j,ﬁj

ted that the reactlon"‘fhfu



TR cN"(z)'+'1ﬁ3o (g) ==, cNO~ .o '_ffw (a)

".4.% ‘. . ‘
v
. ° 15~
" ma=1 - 4ppm> [CN], > 2 ppm e
i "K' = ) f 1 )
oK E(Fg, [CNT,Py) |
. However, Khandelwal et al. found that'n, is equal to =

PN

'1/3.over a’large cdncentration range.

Balyanskll et al. investigatedgtheWCN—/og,reaction

in more detail at pH ll 12. The oxidation_of-cyanide ions

-t

by ozone was descrlbed by two consecutlve reactlons

(unbalanced)
’ OH™
3

» CNO (2)-+4 5 O (g)-——+0 7 NO3+-0 15N2+-HCO (b)

fN

: Both processes are pseudo flrst order w1th respect to CN . 5\‘f‘

'and CNO respectlvely. They report that. the rate of cyan-.

~ide - ox1datlon is’ about 5 1 tlmes hlgher than that for‘

N

Syanatel (CNh 0. 634_m1n l “eno” o 124 fin l“at Fg “f 7 A

"' e LT

fL/ﬁin '5 From reactlon (a) and (b), the ozone consumptlon' S

S . Loa e »,-_' L

'ls found to be far - above the value predlcted by S1Mple

Al.fsto1chlometry : ThlS may be due to the fact that the p0551—,'

. blllty of- ozone decomp051tlon has been overlooked

A e

s

‘-_ Selm(4§)

talso "‘dlcated that the ozonatlon of cyanlde-

=ion is’very fast wi

t

no‘ozone ex1st1ng 1n the solutlon-

untll the cyanlde 1s pletelyjox1dlzed The overall

- =

R R . R e VI

*?conver51on of cyahlde*was determlned by how fast the( zone ]*ZQ

\

‘can be transferred from the gas phase to the lquld phase

Pe e T



-1rrad1atlon. Prengle et al.

., (50)
Helst( 0) suggested that ozone ox1datlon of- cyanlde

-

1nvolves an electrophlllc reactlon eijther 1n1t1ated by a

51nglet oxygen or proceeded through an ozonlde 1ntermed1ate

as. mentloned 1n Sectlon 2 2.1 Ozone Chemlstry It is

efstill not clear_whether the ozonatlon of cyanlde proceeds ‘

T

* . through a free radical, the formation of ozonide or a com-

bination of the two. o o o

‘It:haS‘been mentioned in Section 2.1.2 Cyanide and

,Ferrlcyanlde Chemlstry that}the.reaction between.ozone and

(21)

'fferrlcyanide is slow """, and 1t can be enhanced by uv.

(20,23, 24) studiedfthe uv-

V Ozone Ferrlcyanlde reactlon in both laboratory and pllot
E3yscale reactors.: A batch reactor w1th a contlnuous flow of

fozone was used to. study the reactlon characterlstlcs, and_

16

the gas, phase was. well d1Sper£ed to enhance the ozone mass'w

e . - i

~TAt:t:ansfer.- The concentratlon of cyanlde was recorded at ,:f

‘fgdlfferent tlme 1ntervals and the effect of UV temperaturé

t\"-.

v'varlous condltlons.. However, ba51c k netlc parameters and

|

the- reactlon mechanlsm cannot be obtalned by this approach
:_because no attempt ‘is made to decouple the ‘mass transfer'
__from the ‘reaction step. Generally speaklng, Prengle et al.

found that the reactlon is favored by hlgh uv 1nten51ty,»

" -

?ﬂhlgh temperature and hlgh ozone partlal pressure.‘

' '?and concentratlon of ozone studled qualltatlvely by com—:{"

"ﬁ“parlng the cyanlde concentratlon vs tlme curves runnlng at Lo
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A 51x stage contlnuous flow reactor*System'has been

\

developed by the- Houston Research Group( Q),iin which the

’~concentrat10n of ferrlcyanlde can be reduced from 4000 ppm

at the flrst stage down to 0.3 ppm at the sixth stage.
- uve 1rrad1atlon (75 ‘min) 1s only applled to the last stage
-where the ferrlcyanlde concentratlon is below. 20 ppm." |
”There seems to be no- apparept advantage to use UV at fetrl—

yanlde concentratlons hlgher than 20 ppm.
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1 ‘ o _ /CHAPTER 3

' “THEORY

(51}52;53)'“

»3;1‘ Background for Mass Transfer MOdelling
_Each gas/llquld two phase reactlon 1nvolves the-"

. \
.transfer of a component A from the gas phase to the

h_llqu1d in which the reactlon takes(&éace and 51multaneous.
’transfer and ‘reaction in the llqu1d phase.. The llqu1d
-phase reactlon may be a very compllcated one con51st1ngh

of a serles of parallel and sequentlal reactlons 1nvolv; -
ing A and B ‘the 11qu1d reactant, as well as a number of : ﬁf
Tlntermedlates. The technlque of studylng a compllcated e
.‘gas 11qu1d system is to cla551ﬁy the system 1nto a reactlon
regime and 'then. reduce the system 1nto a number of 51mpler.w\‘,
'_elementary steps, from whlch useful klnetlc 1nformat10n S \
bhcan be obtalned by - the appllcatlon of modeIs.' The fllm:
_model and the penetratlon model serve equally well for

thlS purpose.

Con51der a: case where the gas component A trans—

7fers 1nto the llquld and reacts w1th B 1rrever51bly'

-

accordlng to the follow1ng reactlons_
el A(g>.——> A(L) " -
'uB(l) * A(z) \aB e . S | SR

AR Sy SRR LI B A S

' 5If the reactlon lS flrst order wrth respect to bothNA and

”57TB the reactlon rate can: be expressed as ff.ja ”,fLMVi’"“

I Rk R S N A B Loy
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- _ ® — ’
BT AT KA'BCACB E o B

. 5, R » . .
”By materlal balance on A and B the~fdllqwingxdifferentialuﬁv:»;f

'h_;equatlons can be wrltten 'j"

e .scA.' L T e
B A,,'.2_ 3t KABCACB S A L SR
I

'Diffusion accumulation reaction

azc‘B ’.‘_:]l.” ' 2w ale .- .. 3o L e a0 et
Dy ——=.= b
T ‘B ‘ axz _ LU
k steady state, the‘eqUatiéns'can be'simplified=as R

L A 27 "ABAB

‘and

TS -
‘In the film model; it is-assumed that a‘fictitious
: stagnant fllm ex1sts near the surface; out51de whlch there -
hls no concentratlon gradient.. The thlckness.of ‘the fllm- SO
RN 6 is not dlrectly measurable, it-is even questlonable
whether such a. fllm ex1sts at all._ Nevertheless,'the
Athlckness 1s related to a well deflned phy51cal quantlty""

]

”KO, the mass trpnsfer coeff1c1ent, by




3
. v RS NN
B ~ -

The penetratlon model takes as 1ts bas1s the replace—'
'.ment at 1ntervals of elements of llquld at the surface by

‘lthe llqu1d from the 1nterlor whlch has the local meanb
4 e .
bulk comp051tlon.' Whlle the element of llquld 1s at the

-;-. »,4 -

'surface and 1s exposed to the gas, 1t absorbs as though 1t

xwere qulescent and-lnflnltely'deep.; The rate of absorp- -

g@g,tlon is a- functlon of ‘the tlme of exposure of the element

J; g'. :. L

“fi(contacf time e) ‘and can be talned by'SOIV1ng the

T R R
P

>v;unsteady state partlal dlfferentlal equatlons for materlal

balance (Equatlons (4),' 5) The phys1cal mass transfer

coeff1c1ent KO is dlrectly related to the contact tlme 6

Wthh Aepends solely an’ the hydrodynamlc condltlons-'~'

e '-z-ff.ne el ey A

,In case of mass transfer w1th chemlcal reactlon, the trans—

fer of A across the surface w1ll be augmented ow1ng to the

addltlonal dr1v1ng force on the gas molecule. Thus for f

t
®

4

- 'Slmultaneous mass transfer and cvemlcal'reaction
,J__SK_(C_Sy~ CAQ?~._ SR - _(11)\
l,Kw is always greater than K " The extent of .the 1ncrease

in mass transfer because onChemlcal reactlon 1s expressed

"3quantitatlvely by the ratlo of KL to K0 known as. the




'begintroduced in order to deflnefthe»reactlon reglmes:

’“The dlffu51on tlme,:tf

‘”fthe hydrodynamlc condltlon.j The solutlon of the 51mul—”“

- taneous ordlnary dlfferentlal equatlons, Equatlons (6) and
'vthe boundary condltlons are, in turn, governed by the'
irelatlve magnltude'of t and t Several reglmes are'”
v,solutlon procedure. Astarlta

'fmlnlng theﬁeffect of the llquld phase reactlon on KL

PR,

21

h

Two more 1mpprtant parameters tR tD Wthh are-. eS'ff-: T

‘borrowed conceptually from the penetratlon model have to ?1

—‘

% T <2 :
- O ‘ ’,
-~,,‘ng T R e e (14) -

‘5”‘fAB~Bﬁ-?;‘f¥“F~'»*?“f~*??“”3xl°°?“?t"""
D' 18 the average llfe of the surface,

»'». '.A

elementr-rn:other words, the 1nterva1 of tlme among

successmve m1x1ng processes whlch makes the concentratlon

ST

‘w1th1n the llquld element unlform.. The parameter,'tD,?-%"'q

W'rdepends solely ondthe'hydrodynamlc condition, ~The reaction‘f\;

is- the ]gngﬂ1 of tlme requlred in- order that

tlme,‘tR;

the reactlon may proceed to an appre01able extent. t

R
1s only affected by the klnetlcs of the reactlon but not-

n}.,». - e .

. ‘-.

(7’/ for the fllm model depends on the boundary condltlonsf'

'at the surface (x-—O) and the tqlckness of the f11m—(x-6)

R D’

[

deflned for the sake of convenlence and 51mp11fy1ng the .

(51? prov1des both ‘the’ crl-

terLa for deflnlng the reglmes and the methods for deter-‘

[

1 : s

A slow reaotlon reglme refers to the case where the o

¥ e »..“»7‘

reactlon is’ slower than the mass transfer,‘L e.f"



unghe solutlon would probably (but not always) be- saturated
‘,';w1th~A, ‘the system is regarded as reaction controlled
. s ) '
Either using a mathematlcal approach by settlng the appro~ o

:prlate boundary condltlons or solely by phys1cal argument,

R T I

ZLV?It can be shown that K. is equal to K. . If the reactlon is-

L 0.

b TR

in the klnetlc subereglme where Sg ol AS ?> VKABCASCB

T S Y T A A

3y S r =r =VR..C..C. =-v BT ERE ('16) A

"A "B TTABASTBo U 3%

'Slnce the reactlon is unaffected mass transfer and C S

v ois well deflned (P /H ), the reactlon can be studled by _{”

‘thegconventlonal tlme-dependent batch reactor, thus the
. \ a N

' value of X g can be calculated from the slope of the log C

“vs t plot. For & | CSTR, the mass balance w1ll be ‘;fff"'

i a"‘.'._,,‘-n‘.‘:, e e

"J-'."=’»2F:?ZSC-"'-—K ECn v

} Rl NN oo an

o NS

- : . j‘ R PR . .
In the case of slow mass transfe: i e t <j/tD where
\

-fthe reactlon 1s fast yet not fast enough to ;j;éct the con—

:centratlon proflle of B 51gn1f1cantly, and if’ the reactlon .

r St ¢

~can be regarded as pseudo.flrst'order;:th']system ;s.Sald

. to be in the fast reactlon reglme The'solutionaof‘

wpquatlons (6) and (7) 1s

o

e
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. A system 51tt1ng somewhere between the above two
extremes 1is sald to be in a. tranSLtlon reglme, where e

-

vtﬁ“é'th7 An analytlcal solutlon can be obtalned from .

'Equations (6)vand (7) by the-boundary condltlons -
h . ‘ ‘ Lo - ¢ ‘
X f‘? . y°CA. Cas | PA/HA'D‘: poe
X =6 CA'= 0 . (19)
.~The- solution is.. '
| - /D K_.C. B S . - o
KL= A AB BO ’ T ‘ ‘ _(_20) :
ST : D.K__.C ' , S
 eamj22TE%Re | e .
o " 2 i 3§ e ‘
ThlS general solutlon can be reduced to. the “two extreme
“-g ‘ . o N -
“i cases by taklng the llmlts fx*‘*; ﬂ““’ o
lim K. = Kaf;- f.glow reactionfregime ';‘1;(21)_”f'
Romw L0 A b R R et
et T A -
‘ 11510 Ky /DAKABCB - fa.st: rea..ct;i’_o’nz_r-eg’i‘rn'_e S ,1.3;)':-‘,“,
‘“vKth@)ff ' o o
whlch is in perfect conformlty w1th the solutlons of the
s S . : ,

EI

fast and slow reactlons.

If the reactlon 1s faster than that descrlbed by the

fast reactlon reglme, the concentratlon of B w1ll not bev .

i

A constant any more, and the assumptlon of pseudo flrst ;.Nj'

order reactlon does not hold-’the reactlon is. sald to be -

-

in a tran51t10n from fast to 1nstantaneous reactlon reglme.

.



| “
'

IfThe‘boundary conditions for'the'differential equations are*

¢ =c | a£Nv:x =’Q aA . _ - o (22)‘

(@]
In
(@)
-
rf'.
bd
i
o

-~

a’ L ‘ T . - B A
An analytical solution of this set of equations is not

aVailable, but van Krevelen and Hoftlzer(sz)

(1948)
computed an approx1mate solutlon and expressed the enhance—

ment factor E as follows: -

_ BO .,
s | FATAS

q is the st01chlometr1c factor for the reactlon A+—qB-+P,

-KAB can- be solved by trial and error.

Danckwerts suggested that 1f .
‘_ VM }v>"10, ,E.ix“

e RS 100+ i@a—) N T TR (24)
e g , 2Ca ~
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l\ : .
the ‘reaction is in the 1nstantaneous reactlon reglme, andv:
_the solutlon‘can -be reduced to
E = E,
l .
: “K. . b, e
ice. K—If= (1 + —B—'&-) R ¢ -3
0 ﬁ “as’ |
Similar approach can be applled to the penetratlon
fmddei‘ In the tran51tlon reglme, the.second order react;on
“is agaln approx1mated by a pseudo first order one. The
~initial and boundary;condltlons are. .
: . i b
t ="o . all".x ,CA = C'AOI .-cB = CBO‘-A_ | (_26)‘
. S R At \ SR
A ‘x.. s TA # T R S TR Bo
ddithen Equatlon (4) can be solved readlly The‘flufo*dié.
- found to b 51, 52) S |-
DR : 'Q Y :
SR %A-_ . ' .'-am(KMBBt)
3t = oD, (==2) =c, /K .C D, erf/K c t + ‘
T TA'3x %=0 AS TAB Bo - /IT—CT_——
' ' S AB"Ry . .
9gv i _'v"(27)
wherev
| - . - x : : . i
‘erf xfT‘jL 1dexp(-x2) ax .
, 0
' Taklng the average J' over a perlod of tlme from t = O‘to
td#*e,‘the 1life tlmezof an element, then it can ‘be written ‘



5 : o ,"*\9 . :
N . exp(=R. . .C_ 8)y"
Cy=i 3 dt—c Y e erf/K Cp 0 11+ 1 _/AB BO
' 9 AB Bo A 2KABCBGJ ’;74-——-—TT_K c o
: 0‘ s . - “AB Bo
N B / 'KL | : ?
=CpgK - L o ey
‘The limitihg’Cases are:
lim K‘_=YK0 : 11(21),' slowfreactionbregime
ilﬂo KL JDAKABCBO (l8)v fest reaet;on regime. .
"(tD+m)

o

-

DeSpite the minor difference,'the:result is entirely
compatlble w1th that of the fllm model espec1ally in’ the

llﬁltlng cases of slow and fast reactlon reglmes, where they

26

Jay

N

_are. 1dent1cal Elther one of - the: models can bf applled satls—h:

factorlly to the O-—ferrlcyanlde -uv reactlon under study

The, approx1mate solutlon for the. tran51tlon from fast

+

to instantaneous reactlon reglme ‘is prov1ded by Brlan.‘

ta]_(se) o ‘." _

S (29)°

=3

'.'4‘;5';!“

where

~
b
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LT _jCBéijB Pa
Py T'gC, . /D, T Dy
-t Tasya U

.1 /M=10E, Lo
vies jzﬁ_» 10 (2 2By T
T

~

= (‘E.i

oo

then .. .

s . D

o D, : CBoDB
ol o S o
~ | Pp s A

g

‘“ka,
)

: - N o . (30).

’Usingaa two resistances’in series'model,vthefoverall

mass transfer coeff1c1ent in llquld phase, K can~be'

TOL' .

expressed as a serles comblnatlon of the two' re51stances
N e .

_1n the gas phase, gg, and the llquld phase,'KL;'"

1, RT e
o ¥ K S

.v_fl,‘

- K

‘where H--has Units,ofbatm/mdle/ccxand Kg has units of cm/é :
='67680 + 2870(T < 20) . ,
I I RT

oL ng K {67686 + 2870(T-—20)}

(32)

A

e

‘If the gas phase transfer re51stance 1s very small compared ‘

w1th that of the llquld phase, the above equatlon can be

Hi reduced to,

®
.18

i‘ i ; .': ..t . o
\}7

)

[}

e
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©

o (85) : L :
'JJ', owley g measured the gas phase re51stance for

the same reactor under a 51mllar operatlng condltlon,'a

e d

rvalue of 1. 53 cm/sec was obtalned for Kg, hence the term

,"/J i B~ P . ey o . .
__RT/K H would be equal to 2. 15 cm/sec at 22°C. 15 ~#-~ e e
. () ) . '. " ‘
va the reactlon reglme 1s well" characterlzed he

ba51c parameters can be obtalned by applylng the approprlate'

- . ™

,solutlon for that reglme.v

LY

3.2 Modelllng of Ozonatlon Reactlon

|

©3.2.1 St01chlometry of the Ozonatlon Reactlons

‘L

It has been revealed 1n Chapter 2 therature Rev1ew

vthat ‘the ozonefconsumptlon 1n Balyanskll s work is, far above

-/the value allowed by 51mple mass balance. ThlS may be due

~,»t10n and completlng

.to the fact that ozone decomposltlon is, 31gn1flcant at hlgh

’ pHé the add;tlonal consumptlon of ozone by decomp051tr0n Vo

.causes a hlgher apparent ozone/cyanlde or cyanate ratlo.:_

'Attrlbutlng the excess consumptlon of ozone to decomp051-

thexmaterlal balance in the follOW1ng

unbalanced overall reactlons prov1ded by Balyansk11(47)

CeNT 4+ 1.304 ——«>,CN0” Ay
cNOT 4 4..5‘o__3 — 07803+ O.jly5‘N2v,+' cho3v b)

‘ .

'“;the second reactlon can be expanded 1nto 2 balanced

'”_parallel reactlons c) and d),'one of ‘which 1s the cyanat_

.oxldptlon reactlon whlle the other 1s the decomp051tlon

P i

- : o ' i
reactlon, R
S i O



0.85:H)0 + CNO™ +3.25 05 —» 0.7 no3 + 0.15 N, + HCOy

43,250, + 0.7 H - ¢c) -

1.25%°0, —» 1.875 0 Ld)

T S B s : );,
'By ﬁummlng up these two reactlons, a balanced’ reactlon b)

(reactlon e) -can be obtalned

[0.85 Hy0 + CNOT+ 4.505— 0.7 NO3 +.0.15 N + HCOS
+5.125 0, + 0.78" e)

:The cyanate ox1datlon reactlon itself is composed of two

‘_ parallel reactlons Cyanate can be”’ ox1dlzed dlrectly to

2, or hydrolyzed 1n water to give NH3, whlch is then

'oxldlzed by ozone: to NO- The ox1datlon products depend

3°

on the res1dence tlme¢of cyanlde»ln the reactor.

B Eased'on this analySis itfcan be'aSSumed:that 1 mOle'

of cyanate reacts w1th 3 25 moles of ozone after the cor—

rectlon for ozone decomp051t10n has Heen made. St01chlo~-

C A

‘metrlc ratlos of 3 25 for cyanate,,l for cyanlde and 1 for

.ozone self decomp051tlon are used for all subsequent calcu~

latlon o
deno T 322 o S o |
qCN= 1 '

a,
O3 -

. 29 »‘-l}
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3;2‘2, Reaction Scheme -0 /CN Reactlon
The purpose of this reseJrch pro;ect is :to ‘model the
CN and Fe(C /O /UV reactlon systems and hopefully, from
'thehexoerlmental measurements, to be able to produoe a- more Sl
meanlngful and 1nterpretable value of K whlch is ent rely |
'separated from the hydrodynamlc 1nfluences. In the modell-‘
ing the whole 2 phase system has been broken into a’ number Of
\51mple consecutlve and parallel elementary processes which = '~
'can be handled prof1c1ently by . the models mentloned in the
last sectlon after the proper reglme is deflned
Schematlcally, the system can. be descrlbed as ‘a mass'

/

: transfer process in series w1th a famlly of elementary re-:
‘ : ‘ TR

actlons‘ ,
3 »» N . . ’ (g) o ~ B
CRp o eNT L -
(g) ——(—f)—? 03(2) __IT 0_2 + CNO | A
). Ky 'KBvl>qCNOQ3 "le)
1% 0, ‘ N035N2(HCO3pl...

hwhere (f) is ‘the. mass transfer process, reactlon (g) is
fthe free cyanlde ox1datlon reactlon, and K¢ the rate con—
f;stantt reactlon (c) is the cyanate ox1datlon reactlon, and

KB-the;rate constant, reactlon (i) is the- ozone decompos1-

tion‘reaction} and KD the rate constant.f
_According.tO'BalyanSkiiYs work, reactions g, C, i ‘can be
avwritten in a more detailed form



a1

. B .
Kp 3, ,
O3 > 7 9 L
cn” +-o3 —=" cNO© 4—02 B e L
R -"5,. B R > o : :‘.c-a» LI -v-v-:.,-—-o - - 4 . -A} ! - .-k LI e foes
T LR T T T  ge er R e e Tl e el e e
0.85 H 0+CNO™ +3.250. —B, 0.7 NOT + 1.5 N. + HCO. |
2 | 3 T T3 AR HER
) \ 3 ) . - . . ) “ - ) “ A+ -

-

The reaction rates are assumed to gbey simple rate laws. =

"rate of ozorne decomposed =’K'[O 1

rate of cyanidé oXidizeds K [O ][CN ]

’rate<5f cyanateJOXidrzed = Ky [O ][CNO ]

f,From Balyanskll S work the ratio of KfVﬁo.KB~canrbe appro-
PN . “‘ . o
'x1mated by o - S o /
‘K_ = 5.1 » - . o L . R (34)
B From Stumm's" correlatlon(sl)
‘PRD;= 242 (on1%° 7% at 20c . RO

J352.3 Reactlon Scheme - UV/O3/Ferrlcyan1de Reaction
[ d

In contrast to the. chemlstry of™ the O /CN /UV.-reac-

tlon, the reactlon system of O /Fe(CN) /UV is more comp11~

cated. There is little work done on the propertles of <.

cyano group 1n the ferrlcyanlde molecule, only . the cyanlde

llgand exchange rate has been studled so far(87 88) andl.°

'the destructlon of cyanlde in the ferrlcyanlde complex has

. t

R not been attemptedtat»all., The work shown below only



g3

>

-

'.’dealeHWithhthe“maeé'tQADSfer\characteristicsfandfthe‘rate '

bf-cdnsumption ofVOZOner No attempt*iegmade”to_elucidate - -

v'warranted 1n thlS area B

“the chemrstry of the whole system, fgrther,reeearch is\

T moe . . L S,

- o

' Slmllar'to the free cyanide case, the reaction

15Cheme*for‘ferrieyanide,can be postulated as

1 : . . .
(g) —> O, (!L) — 02+CNO +'-;Fe(cy)50H'
. Fe (CN)6 o i 3 . ‘
Bk A "'_‘.,_‘ - . . " .
CRE LKD e K@l.?'f.;....."ts.’.ozz 03135 o

150, .nu?inal_products Fe(CN)éKOHfﬁ?+ CNdﬁmb

anide and'ferri4 0

The only dlfference between the free

L

-cyanlde caEZs is the assumptlon of he addltlonal consecu—‘

¥

tlve ox1dat10n of the ferrlcyanlde molecule and its

1ntermed1ate untll all the cyanlde groups in the complex
3

E arenexhausted. Fe(CN)SOHf y Fe(CN) (OH) ..Fe(C )(OH)S

areathevpOStulatedereactlpn:1ntermedlate§\centaining 5 td'Iee

ﬁ»cyanlde groups,and KS’ K4f"Kl' the correspondlng rate'¢‘9

: constants., The rate'of cyanlde destructlon can be wrltten

""as:
‘R= [Bj‘]‘{'}%é[Fe‘(cN)’_ ] - + K. [Fe(CN) 5 (O) 3] +1< [Fe(CN) (oa) n



"The subscrlpts from l to 6 are “to 1nd1cate that these
..iicyanldes are dlfferent *hemlcally, and thus would have
"1d1fferent reactlon rates | In ordér to 51mp11fy the model

. KiJ; K6 are- lumped into a collectlve term K, whlch ‘can be" o

fregarded as the effectlve rate constanth and then R can bem'

S
rewritten: as » y
' LN o Ve . :
R = K[0,] [CN] F T ¢ 1 T
where T 0 -i.:A - “:WVf\ o _ C
6 s

' the total cyanlde content. The above expre551on holds for
one - of the follow1ng Spec1al cases
"i) ‘All cyanldes are 1dentdcal so that they can react

w1th ozone at the same rate By taklng 1nto account the -

'st01chlometr1c ratlo, the follow1ng relatlonshlps between N

1nd1v1dual K ~-can be establlshed. ’ M,._ LT g
) l T 3 ] = B
Ke"* K5 Rgreoee 2K =625 2 4 . L

because the number of‘cYanides-in Fe (CN) -3 'is 6,

e _ e 1S
Fe(CN)50Hi3]_5 and 1=‘e(C,N)4(OH)_3 4 etc. Then

\

2
) K [Fe(CN) (OH) 2 Kl'l[Fe(CN) (oa)gfii-,”
1=1 , 3 )
.- N ' A ‘ o .
) T e
R g‘u; o= Ky[CN] | ol E1yo



bthe approx1matlon in Equatlon (36)_ the complex reactlon

.approx1matlon made 1n Equatlon (36) K would be a weak i_: '1« r.\*

,Reactlon Scheme

”expressed by a set of ordlnary dlfferentlal equatlons.

ii) The subsequent ox1datlons of ferrlcyahlde 1nter-'
Hmedlates are fast comparlng w1th the OX1datlon of ferrl—.
'icyanlde, ice. | :

In'this'case, the 1ntermed1ates do not‘ex1st Applylng

i

oo

scheme can be reduced readlly 1nto a 51mple one 1dent1cal

E to that assumed for the ozonatlon of free cyanlde'

except the dlfferent rate constant.-, Because of the

functlon of cyanlde concentratlong

3,3) Modelllng of the CN /03/UV Reactlon-_

3. 3 l Tran51tlon from Slow to Fast Reactlon Reglme =

-
8

Fllm Mod el

The de*lvatlon here 1s to develop the formulatlon

whlch holds for general cases® from slow to fast reactlon-

- . .

. regimes w1th bulk ozone concentratlon not’ equal to zero,

iReferrlng to the reactlon scheme shown 1n Sectlon 3. 2 2

A

0 /CN Reaction, the general materlal o |

. balances for CNO , CN~ and-o3 at steady state can be R



.....

. = o+ . B . . : . R .
.QA ‘sz KeCaCp. 3 %snggACc.+KDCA' : _ (40)
azc'B ‘
DB X = KfCACB
D 8
ek e
L Dc-'a-2‘= TKC,Cp + K CC R .
\where'CA;.CB,NCC arevthe concentrationsfof‘dzone,'cyanide;l
. K : B | Toe ! : 4

and cyanate respectiVely.v‘The equations,might’be{solved =

]

by'a:tedious numerical analysis;method: -However, theﬂl
bequatlons can be 51mpllf1ed tremendously by maklng several
bold yet valld assumptlons. Prov1d1ng the reactlon to‘
-be 1n a.fast'or slow reacilon reglme, the cyanlde';
=concentratlon can be readily ‘assumed to be ‘constant from e
the 1nterface to the. bulk solutlon (1 e. a flat concen;

"tratlon proflle), so the second order reaction: of cyanlde -

and ozone can be regarded as a pseudo flrst order one-

(Sectloh 3.1 Background for Mass Transfer Modelllng, u.x': ‘J".“
quuatlon (5))Ag_Slnce cyanlde is in a much larger amount
than ozone in solutlon, the flat cyanlde concentratlonr o
‘proflle assumptlon should be. valld as’ long as the reactlon‘d
fls not 1n the 1nstantaneous reactlon reglme.. The materlal
;balance of cyanlde need not’ to~be con51dered To assume ’

a flat proflle for cyanate is not so ea31ly jUStlflable

E |

Cas that for cyanlde because ‘the concentratlon of ‘cyanate

“in. the fllm has to be hlgher than that in the bulk solutlon.lil
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-,HGWever; cyanate 1s present only in a mlnute amount compar— '
ed ,w1th oyanlde for the re31dence tlme used 1n the experi—
ments.(cf M1x1ng Pattern sectlon) and since. the reactlon

‘rate of cyanate 1s only l/S of that of cyanlde, the error_

*,assoc1ated w1th the over - 51mp11f1catlon w1ll not affect

’

the result to any 51gn1f1cant extent The Valldlty of thls.
assumptlon w1ll be dlscussed in Sectlon 6 l CN/O3/UV
Reactlon. The above 3. dlfferentlal equatlons can then be

‘reduced 1nto one

Pa T2 T KRG 3 2> KpCaloo * %pCa - 41

:withrthe boundary eonditidns:‘_ - ’,'4 o

Ao’ “Bo' . ‘o

=S =G |
i where C , C C.. are the bulk concentratlons of ozone,

cyanlde and cyanfte respectlvely \

The solutlon of the dlfferentlal equatlon 15(5;)¢;

‘C*;"sinh(HIX) +C sinh[al(é—x)]

_ “Ao _ . v As o AP
g CA_f D sinh(a; &) B (42)
Where_. }

N
1 D ‘

17 KeCo * 3-25 Ko + Ky T

s SR
§ =2



a)‘MaSS'Balaﬁce of'Ozone,in'the Film =
“The amcunt of ozdne'rgacted in' the film r, is .
rl_=,03.cqm}ng ;p - 03':‘g01ng:?ut
! ‘ e . “b e . o N
- L ac
. ' A
- D,S (=) . (43)
%= 6 A ox x=0 o - '

Al
@)
[#3]

From EQuapion (42): : ‘ I

[CAo cosh(alé)_— CAS
sinh(a1§)1v-»‘

»

(44)

t

C
|- (SX—A) = ay

o

Gx) _ T 3 (45)

. aCA o [CAO - CA"S .cosh(al§)]
x=0

~~ sinh(a

Y .
S

..o . ‘l?.v Slnh(al(S)

[?o;h(alé)j-l]FcAsﬁnCAd]' g : ﬁ46)hv

Théﬁambqnt of ozone reacted in the bulk phase r, is:
Iy TR G o KT

'Tﬁé;total amount of ozonée reagted, RT, is:
WDA§5al

lﬂjrz=F§IHHTEI§T{cgsh(al§)jfl]ICAS}+GAO]u+KlCAOV_

RT = r

47y

bf Mass Balanée of Ozone at the Interfacé

S o . dc,
- The. flux J' = - 8D (~e§)‘ :vtotallozone reacted +
- » . : A dx x=0 . : o T

ozone flowing out in theoliquié phase{ '

A

..sD
e "jginh(al§)

al[CAs cosh(al§) = CAé]




c) Bulk Concentration of Cyanate: C

ral
s -°

" Working on the cyanideﬂmatefialbbalancé-in a bSTR, it

can be shown that -

. acy S o | -
FrlCpy Cagl = I3~ * KeCpolal V. - (49)

where CBi is the inlet cyanide concentration andVCA the
effective ozone concentration averaging over the film and

the bulk. At steady state acBO/at =0,

38

' ?L[CBi‘ fCBo] = KeCpoaV - : (50)

Similarly, the balance on cyanate gives

FpLl= Cool' = KpCaCogV = K¢Cq CaV (51)

- o . , o B '

‘Solving Coo from Equations (50) and (51): -

Cco T XL | SRR S 2

. B, D R .
" KeCro  Cai T Cho : S

A

" d) Evaluation of RT, the Total Ozone Reacted #

" 'The ozone chsumption‘can be calculated-from several

pcssible ways:

i) RT is related to R by the rate conétants

. t . .| . " ‘ .
RT =_KDcA-+KchOcA +3.25 RCo Cp o e
R - 7 KC_ Cr T ‘ S

f"Bo A

where_CA”is the éffectiVe ozoné.concentratiog in the solu-:

A

- tion
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Ro= FplCp; - ‘B0’ \ o o B
R +K.C + 3. 25 K,Cpl o SR
. £ Bo 8co | -
S RT= [ _ PIF (Cgy =Cp) « - (55)
o R ' "L " B0

S .
ii) RT 1s d1rectly measured from the gas phase ozone

_mass balance,

RT =RO . SRR , (56)

L .3.3.2 Trans1tlon Reglme with " Equal to Zero-Fllm Model

*A\O

Equatlons (47), (48) can be tremendously 51mp11f1ed
by setting.CAd,equal to zero;.then a standard solutlon.of

‘the form o S ” o
L tanh(a 6) 'SC_ ; o : T v

can be obtalned from the llterature(SI)l Equatlons (47) and.4
'n(48) 1gpSectlon 3.3.1 are replaced by Equatlon (57) Wlth the
'deflnltlon of al, 'l .8 remalnlng ‘unchanged; then the only _
‘unknown is Kf Wthh can be solved by Mueller s method(54 55
'f(Appendlx.l).- The concentratlon of ozone drops falrly‘

rapldly as the reactlon proceeds from the slowvreactlon
>

reglme to tran51tlon reglme._'

3.3.3 Fast Reactlon Reglme
L@

The systemlls s1mpllf1ed a step further by the assump—
tlon of fast reactlon reglme. The reactlon is- in a fast

reactlon reglme if tR<< tD’ and for ‘this case’

~.
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e . | | : g
4 Slmllarly, replac1ng Equatléns (47) and (48) by - (58),
can be solved.

'3.3.4 Transition from Fast to Instantaneous Reaction

Regime-.
For the reactlon to be in the fast reactlon reglme,

'the follow1ng criterion should be fulfllled

B e D, Cwn. '
.EQ < _% (1 + __E_ES) L
J' R : q‘A As ’

if not, the reactlon would be in the tran51tlon or even: =

*the 1nstantaneous reactlon reglme. 'In the tran51tlon from

fast to 1nstantaneous reactlon regxme, an approx1mate

: solutlon 1s avallable from Danckwertész) for the'foLlowing v
L g L T B B
-gd;fferentla *equatlons R . : ?

r.‘ o _.‘CA =‘.CAS .‘ (220

x'=. 0 s =0 '.CB='CBo,:C'

(cf Sectlon 3 1 Background for Mass Trapsfer Mod lllng,

%

\'Equatlon (23)) '”5 - L ’.;f

L4 B i
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In case of free cyanide, the differehtial equatiohs for

‘the react

1 as

DA.

!
O

' ‘ D:

1 ‘ B .

a

K

@

£2%p

»

a

X

-

ion scheme developéd'préViously can be writtén

- ’ . v,

= KpCa ~ Kglalo = 0 - (59)

fCACB4’

=0 . 4"‘f""‘ ~(60)

P

s v . 7 Lot : B ‘
A transformation technique is used to convert these: equa-

" tions' into a simpler form .

v
, e

. .
'd CB’

o e

*
A

*
. B

dx’

= C

andfC

}dZC*

B

ax?

’2

2

2

.

+

‘are arbitrary constants, and

- K

K

K

m
0
w
g
O
(V)

f

B

B

P
CACB_

-

7

K_c*c*

£

HIF£Om'Equatioﬁ (60)

é‘ CiCalCy * Cy)

C

=.c

C

A

|
= 0

"B o

B

'.(655

(63)v

B f A B =f01 ’ E ‘_',’ . '._ﬁ . (e

41
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(VN ;

StriCtly speaking, Cl is not a constant because 1t is a

‘can
1

be assumed to be " constant 1f the reactlon is. in the ‘transi-

‘ functlon of C whlch Varles 1n the fllm. However, C

tlon reglme where the concentratlon of B (cyanlde) at the
fllm is hearly the same as that at the surface.u Also, a
f flat cyanate concentratlon aroflle 1s assumed The solutlon

for the transformed eguatlons is.

N (68')
. | - \.
where .
EN = KL/K0 } .
D.c* * p
E.=,(.1+‘BB§1)—(1+—B°)
= o qABD C AS -
L .
%C_Bb,
M = 4 .
K2
0
K. K '
* D X B .
C, =Ch + == + =2
-,?9; Bo :Kf,A Kf ,Co.
ek K éBOC]AS o
Cop + =— + == x.C. . |
Bo ij Kf 93
. A ' T .
It has been 1nd1cated by J. Rowley(ss) th t D ='D,.; and

B AT TE
. : |- .
. |
~the st01chlometr1c ratio of ,ozone to %yanlde, qAB,nis known

| to be l for free cyanlde._;,r~
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.3.4‘ Modelling of the Ferricyanide/03/UV Reaction
)

3 4, l Flat CNO Concent ration Proflle

The approach is essentlally the same as that of ‘the.

5 “

free cyanlde, so the derlvatlon developed earller (3.3

'-Modelllng of the CN /OB/UV Reaétlon) for free cyanlde

can also be applled to. ferrlcyanlde w1th only mlnor,

modlflcatlons. ‘Kf in. free cyanlde case 1s replaced by

1ts counterpart K, the rate constant of the ozone/ferrl—‘

. Cyanlde/UV reactlon, and K the rate constant of ozone/

BI
cyanate'reaction iS/aSSUmEd‘tO bea 1/5 l of Kf determlned

from cyanlde decompos1tlon measurements. VFrom Equation (1), -

K has the value of 8 5 x 10 T4 sec-"l at PH = 7 and 700[OHJ' :

at - pH 12 as calculated from the Czapskl correlatlon.

‘Cé in the equatlons stands for the total cyanlde content
”']1nothe solutlon, and the bulk concentratlon of ozone,'CAO
is equal to zero.. Slnce the reactlon between ozone and

ferrlcyanlde is rather slow, “the tran51tlon from slow to

'fast reactlon reglme is trled (cf. 3.3.2»tTran51tlon,,

.‘Reglme w1th,C“ Equal to Zero - Fllm Model)

“
3 . 4

‘3{4.2 Quadratlc CNO Concentratlon Proflle - Film Model

While the assumptlon of flat CN concentratlon proflle

!

holds for ‘both cases, the approx1matlon of constant ﬂNO
, concentratlon is questlonable ‘in the case of ferrlcyanlde

'because the reactlon between ozone and ferrlcyanlde 1s

fcon51derab1y so much slower such that cyanate plays a more



©

L

' 1ts 51mpllclty,the collocation technlque ‘can alsoofurnish

,51gn1flcant role in detérmlnlng the overall ozaene mass
§

transfer, even ' a sllght dlfference 1n cyanate concentra—‘
tlon proflles may change the value. of K~ completely In
oWder to 1mprove the proposed model the p0551b111ty of
non- flat CNO proflles has to be explored A

Consxderlng the mass balances of ozone "and cyanate,

.the follow1ng ordlnary dlfferentlal equatlons can be .

, written: ‘ < ‘
Pa 2 - 'K_CAC_B,o *3.25 RpCoCo + K 0 - ‘}69)‘ :
BZCC . . ‘ : . ’ . | , {
| DC_ ax2 =TI.§CA;C\BO,+-KBCACC R E | s ‘:, (70)

o

The mass, balance of cyanide’heed no

to be considered

because 1t is in: excess compared w1t 'ozone. There‘are

a number of routes to solve these eq; tlons, for 1nstance,

(56 57, 58)

numerlcal analy51s and collocatlon technlque.',

The latter does not requlre as much computer‘effort and.pse

!

.can glve a result as good as the flrst one.,.In'addition to

. . v _ _
- a better phy51cal plcture.f - ,..;._-, S "

"In the collocatlon technlque, ‘a quadratlc CNO con—
. .
centratlon proflle is assumed The three parameters i

1nvolved i.e. b 'b2,f 3

1 b 1n Eguatlon (71) . can be gphved

’-.ea51ly by 1mp051ng the boundary condltlons onto the

equatlon :

i

P
v DS
o



3
CC' ' x % Lo ' o
= 'f=vb1 + b2 3 +’b3 = o (71)1
Co : -8 I
’;where.bl,vbé) b3 are ‘the dlmehSlonless parameters, and C
thezbulk cohcentratlon okaNO . The boundary condltlonsu:,
are:d R ‘ o
1) X = § . _CC = CCO o : S o | (7'2) 
if) o ox =6 =8De | T F1Cco - ' (73)
SR S w Ix=6 T vooe .
e o . R o w
The amount of cyanate dlfqulng out of the fllm 1nto the
bulk phase per unit tlme is equal to the flow rate of
‘cyanate»go;ng out.of'the,reactor. S L o
i) x=0. gHF| =0 - CGo=Ce o U4
S ‘ x=0 T ' :
‘.where CCS”is'the'surface oyanate c0ncehtration.‘ The
' fboundary condltlons and the concentratlon proflle ‘can be
represented schematlcally in. the follow1ng dlagram.-jf
; .’; - ] I : ‘ .8'
-CCA | [
- | "
) o
I
o CCo
- )
1
|} ,
b " N .
v R N
0 6 x '



Ly

ii) . F.C

Ciii) At x =0 dc./dx =0

ST e T 2D S = 205

of F

7

"" . ] ) . o [T
3Frdm the above bQundary conditions, thexfolleing equations“

M

can-be Obtained:

l» ‘a.'v

i) atx =6 , = C.=C,

[}
|
@]
0
=)
AL

b, =0 . - S an

Solving Equations (38), (39), (40),

Co W F6 P8 2

x : ey
8. : R o S

| F§ R SR
C.. = (l+'=t) C = (14— L > CL: .

Cs. 2D S’ “Co 2xos* cv Co

ThlS is obv1ous because the cyanate concentratlon 1n f}

the fllm from whlch cyanate is generated has to be hlgher

K;than that 1n the bulk solutlon. U51ng the typlcal values\ |

LY KO} Co

o

S in- the experlments, CCs{can be_related-to C.
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. by ' ] _
CC\S é 2.34 -F:CQ' : _ ‘ ‘(80).

Ceo can:Be ob£ained from\thé cYénide ¢on¢§ntration by
Eqﬁatibn'(52) aﬁd it-is only & function of K. -

. A single;ordiﬁary differential‘éqdati6h conﬁaining
Cor bA.ahd'xvasﬁVafiablés‘qan_bé‘got by!cémbining‘two_ |
 différentia1 équatioﬁé‘in Eqﬁatioh (69).
a0 e,
‘D =~ =-'3.25 D , 4.25 KC

cC, +K C = .
ax SR

Substituting:Equation_(79)-into’thévébové équatibn, then .

A a 5 = (4.25 KCpo *+Kp) Cy = - §.25 55 Cco (81)
a? T RO DAL T8 Tee T

" The onlg;variable is c,, so Equation (81) is simply a

|

- !second order homdgenéouS,ordinary’diffeﬁential equation

-

"D

QofHWhichASQlutionfcan be%obtaiﬁed reédily;ﬁ
e

: GA‘: CA(;ompllmentary) + QA(Part}cular) @

) ‘/ " - . l'v- ) : “ v *
'if,clefp‘{b4?”’f Qze#p(—{b4>d * bg/by

= ClSlﬁh({b4}Q4“C2cp§h(Vb4x)'f b5/b4' o (82),

Ci,‘Cé‘br Cl,&Cz.afé‘thé.iﬁtegration'CQnstantS'to bé4$peqi— —

'ffieﬁfbyybéundafy:Conditions, Bg-éﬁd b4 are bpnstaﬁts-deﬁihej."

‘as



4.25 KC, -+ K

4 ' .DA' _ L B e

It

o , T (83)
CF . _ S -

L ST - :
5 3'25_DASG CCo

oy .
1H

"~ The boundary conditions for ozone are s 'i_ K v

3v=;6>  i CA”; CAoi%EO

. , L R  §\1; o : O S
- Substituting these conaitiphsvinto Equation (82) -

Cas = Cp g/

LA Al

0 = CISinh(/EZG + C2cosh(/__ y?+ b /b .
: SRR .'\, '

: |

48

. 801ving Cl' C2 from the two equatlons, and : ubstltutlng thef'

N
: values into. Equatlon (82),

<

As ]51nh[/—_(6-x

o, = _
)51nh(/__6 s | f‘_51nh(f—_®

‘A

‘ | o : . if“,
(o f“ . LTS SR
C dx e L - As,
As , x—oz ;Asslnh(/b46)¢_
s \

SR Tge— . (e

: -bs/b | S 'Hb:/b o . ;‘l..,

[51nh(/_—&‘ 51nh(/-k)] ’.;’:." R  ' .484)‘”

]cosh(/b 6)} .
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1

'hﬂﬁ' Al g&? agsumptlon‘of zZero bulk ozone concentratlon is
‘always valld\as long as the reactlon is in the trah51tlon
reglme.} In factr ozone bulk cc ncentratlon drops falrly

rapldly as'%%am%badtlon procee s frbm the slow reactlon o
. '*p\;gs;ﬁ;ﬁ%5 : s T ) o

to the transition regime as indicated by thé‘valu :;O}
o s AT * R .
| calculated in 3. 3 1 Transltloﬂ from Slow to Fast Rea' bn?’

| O
Reglme (not llsted in the the51s) Equatlon (87) 1s a

v comblnatlon of Equatlons (85) and (86)

Y T B - N
: RT.='——————1:;+—'{B— [CS-rE—]cosh(¢b46)} e L (8T)
" . 4 Ssinh(/b,8) 74 "4 S o

- where b.45and'_b5 are defined by'Equationi(83).and 6::bA/KO'

L4

3{4,3' Penetratlon Model

Assumlng flat concentnatlon proflles for both

CN and CNO ; the unsteady s‘ate ozone massﬂbalance can be'

expressed as (cf. Equation (4)) S 4 i Z:";fltld{
: o o v ’ : - . - S - s

3%, ac IR S -

Dy 2 = 5T \i KC c o +13.25 RKpChChg* '1.<D o (88)

The solutlon to thlS partlal dlfferentlal equatlon 1s . e

shown in Equatlon‘(28)

exp (=K

‘KL = c S;ﬂ KlDA{erf l [14-2K e] }“ , - (89) .
‘As” | . k 1 /ﬁxle N - :
whefe

Ky F Ko ¥3.25 Kyl + Ky



4D, . _
6 = —5 -
2

x B
erfx = j exp(422)dx .
. ! , R

5 [

. The penetratlon model dlffers from the film model only by_,.

: ° f\ , -
the expression for K .. - .
‘
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EXPERIMENTAL -

N

1 Equlpment Descriptibn‘ .
: 5
l 1 Reactor and UV Lamp Assembly . '
i \ : i

‘ ¢
_ The reactor is shown schematlcally in. F!gure 1. The

reactor'is -a QVF glass sectlon, 18:6 cm in herght and.

- 1o. 84 cm in dlameter. ‘It is sealedfby silicone rubber

'.gaskets between a. stalnless steel plate at the’ top and a

quartz plate at the bottom A stalnless steel ring of
inner d;ameter lOm3'cm (4 1n) is used to hold theiquartz

plate (12.7 cm diameter, 7 mm thlckness) in placerby’G

.bolted rods from tha@stalnless steel plate to the rlng at

the bottom Another 5111cone rubber gasket 1& 1nserted

'between the steel" rlng and the quartz plate. The bolts

' have to be tlghtened gently and evenly w1th extreme cgre.\"

Exce551ve torque on any one of the bolts would ‘create
straln and probably crack the quartz plate. The quartz
Jlate is used becau%e 1t is transparent to UV.

The stlrren is also constructed of stalnlessﬁsteel.

. The end of the shaft (l cm dlameter) is slotted ‘into a
,Tellon bearlng (l 6" cm><2 54 cm dlameter) glued at the ‘
center of the quartz plate and three sets of stlrrlng

“\lades are attached to the shaft. An upper propeller is

A <@

used to prov1de unlform m1x1ng 1n the gas phase,_a stlrrer

‘located sllghtly above the llquld surface 1s_used to

: 51

A . . )
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& Figure 1 QVF photochemical reactor for the O /Ferricyanide/uv reaction .
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w?

mlnlmlze the gas phase reSLStance, and . the bottom stlrrlng
blades (7.3 cmx 0.95 cm) are used to agltate the llquld

The stlrrlng speed can be set pre01sely by changlng the

gear ratioQ‘ A stalnless steel baffle of dlmen81on
Q

8 9 cm>< 4 13 cm’ 1s used to ellmlnate rlpples and vor‘x .

E formatlon in the lquld phase. It 1s p0551b1e'to have a

well mlxed llquld phase and yet malntaln aqqulescent 1nter-

fac1al area’ in the experlment ‘thus theplnterfac1al area

;can.be approx1mated by-the geometrical surface'area .’The

'1nternal dlameter at the lquld surface is 10. 392 cm as?

measured by a Vernlerscale, ‘'so the‘surface area 1s equal‘

to 84 cm2 after accountlng for the stlrrrﬁg shaft. :

Two p1eces of stalnless steel tublng of 4 76 mm 1 d.

o Q

tlvare glued 1ntd«§he two holes drllled on the quartz

3

p%ate as the 1nlet and outlet for the: solutlon leew1se,"'"

two tubes are screwed 1nto the top plate for ozone.v'lt 3y
A : '

‘-'1s cruc1al Q@ malntaln a reproduc1ble liquid level and

e -

: surface‘§§Eaﬁln the experlments, thus a mark is placed

9%\ ‘ \

on the side.,of. the reactor to- 1nd1cate the proper llquld

i R
level ’
L3 : . .
A 200 watt Hanov1a medlum pressure Mercury lamp
X
(model 65410) 1s mounted on‘an alumlnum reflector of

dlmen51on 44. 5 cm lengthx 10. 16 cm helghtx 5. 08 cm w1th
S

The reactor is. seatedl2 cm above the reflector.. To-av01d~

stray,UV llght the whole reflector 1s enclosed by metal

.
except for a ll 43 cmx 5. 08 cm space v1a whlch uv llght



e
S is dlrected through the quartz bottom plate of the reactor

'One end of the reflector 1s open whlle the other end ‘is

sllghtly w1dened to house” an alr fan used to d1551pate the'

heat generated by the UV lamp.' The UV lamp is hooked*to a

‘”wHanovuaUV baIlast transformer._ The whole reflector assem-'

'bly,ls mounted“flrmly on apmlemamd the po51tlon and_orlenta—'

*

utlon are. carefully marked so that 1t can be placed in the
‘same pos1tlon for each run. Screens, placed between the.

'reactor and the reflector, are used to vary ‘the lnten51ty
&
of the UV radlatlon..‘ :

-

1v L . BN .

[In addltlon to the forced turbulent m1x1ng, the dls-h'

per51on of ozone lS further augmented by the upper propel-’v”

v

. ler and the $1ddle 1nt%rface stlrrlng blade.‘ 'The latter'_

"7.can also reduce the gas phase re51stance in the reactor.‘~

%

I . v
. . >
B . N

‘4;1;2 General Descrlptlon of the. Set up and Fldw Dlagram

.The reactor 1s a CSTR w1th contlnuous flows of 03

°

and’ cﬁanlde solutlon.‘ The UV lamp 1s>d1rectly beneath the\

-

reactorr The set- up lS shown schematlcally 1n Flgure 2,

and the follow1ng 1nstruments and symbols are used-

‘Ozonator: PCT Ozone corp. ‘model c2P- 9c4

Stanford Conn , U. S A,

:"Capacity 9 g0, /hr from: dry alr

GasedrYer:;Drlerlte CaSO4 .
_ .
s

Xenla, Oth, U S.A.

W A Hammond Drlerlte Co. S .
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T _: Whitey, 3 way ball valves), ;3,1‘6“ stainless -
Ty . B ' o o
.. steel body.
D . kS :'Whltey, on off valves,'316 stainleSstteel-
‘ ~ L S T T U .
; ‘body. | .”" S R

'Needle valve: NUPRO, 'S’ series; 216 stainless steel.:

M L .+ Manometer.
The functions of various components of the set-up are des- :
’Cribedvas'follows:

‘ . BRI

Drieriteﬂ l;; absorbs the m01sture in the ait’ that otherw1se

“~'may cause damage in the ozonator.‘ : .j.ju5gﬁffn

' ing‘water. removes the heat generated in the'bearlng

| : ,;%ves.the pressure”at,the'gas 1nletf

; - .vul b glves the reactor pressure.lv b.;f '»" t_“‘tt
Needle valve: is. located at the gas outlet to CQntrol/t;e o

“

‘reactor pressure in. such a way that the

-‘pressures in the reactor should be the same,f
P

‘. in the run and the outlet gas samplrng, so that

the steady state w1ll not be’ dlsturbed by

.'sampllng -f' } . ‘1:} ,v?’;.."'_ L

a

‘BaCk\pressure valve- holds the - llquld in the reactor o

I
that the llquld w1ll not draln out by g av1ty

bor by pressure.

‘Bampersﬁf‘> serve ‘to smooth the pulse of c1rcu1at1ng
e, T B .
,’)f* _;111qu1d resultlng from the p051t1ve dlsplace— L

‘ment pumps,
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.Bubbﬂas;withlfritted disc gasvdisPerser:-containslé% KI‘a
solutlon for ozone sampllng o

’Wetftest metert‘records the 1nert air flow rate after ozone‘

. | ;1s strlpped by ‘the bubblers.'f

Tl;,,h;rﬁi;,] }‘stops ‘the ozone supply by connectlng to

' fVENT'4p051tron. o |
‘T2: 3 ': ) 'U saAples inlet 63 byfturning‘tz FQUBB'
'_pos1tlon from 'REAC' N

T3: S 'samples outlet O3 by turnlng to 'BUBB'

from 'NEED"

T%ff5p‘ pf : "ssamples outlet llquld by turnlng to rp "f“.;
., 'SAMP" Erom 'EXIT' | r
‘Dl}.vl o : bCloses to 'stop O3 to the bubblers;
vbz;:~g_ B ,,iopens to, purge the O3 trapped in- the tub-t
> , _

_1ngs by[,alr.~

Polyflo tublng deterlorates slowly in the presence of O3 ’

A

and must be replaced p rlodlcally. A detalled operatlng
T |

a

procedure 1s glven ln Appendlx 2.
=Y : ) ’

| 4;l.33 Satety Measuresb'
h‘ Ozone ;s a p01sonous gas, so carekshould be-takenltob
av01d ozone escaplng 1nto the worklng area. The:oaonation

' experlment has to. be done 1n51de a well-ventllated fumevr
hood.,~If:the haracterlstlc odor of ozone is sensed the :

h;ozonator should’be shut down 1mmed1ately untll the fauﬁty

_‘ “pé}rt' lsflixed Cya_nlde s(uld also. be handled Wlth C \

t . .
| : . . - “a

- . Il . . "



o

'ektreme care, cloves shodld be worn to protett hands from

dlrect contact w1th cyanlde or its solutlon., Cyanlde

hasolutlons,must be kept at a pH hlgher than 12 to av01d
aformatlon of. the volatlle compound HCN. After the .

cyanlde solutlon is dralned suff1c1ent water ~should- be'

‘:used to rlnse the 51nk as. well as to dllute the cyanlde

7solutlon., It is a good practlce to 1mmerse the ozone,‘
outlet into the waste cyanlde solutlon SO that the cyanlde
_level 1s lowered by ozone ox1dlzatlon before 1t is dls-/

. «

"charged. Hands should be ‘washed after experlment.

58

4.2 Reactor Characterlzatlon o o
.4 2.1 M1x1ng Pattern" R oo L e S

Slnce the analyses pf results depend on- the assnmp—'
qtlon of" 1deal m1x1ng 1n\;he contlnuous flow stlrred tank
preactor; thls assumptlon has to ‘be, justlfled before

_'further work can be done.__Should'any»non—ldeal'm1x1ng
dfhpattern be detected the reactor has to be rede51gned to
‘_'fac1lltate more’ efflClent m1x1ng untll the requ1rement 1s'

«

met. Ideal‘m1x1ng refers to the caSe of complete m1x1ng

‘so that‘the properties'of the reactlon mlxture are unlform

in all parts of. the vessel and are: the same as those in
”the exit stream. In other words, there would be no con-f
:vcentratlon or temperature gradlent 1n the reactor. | |
| The m1x1ng behav1or of a CSTR can be studled by a
:resxdence t1me dlstrlbutlon ‘RTD experlment(sg 60)

”'wh;gh a _step functlon_vlnput~1s;1mposed‘on'the reactor;ﬁ’



.59
and the reSponse in the ekit stream}is'reCOrded;..The.resi—

‘: dence time E . is the average tlme the molecules spend 1n_;u

l‘the reactor. lIn thlS experlment, dlluted HCl was used 9"
.to prov1de the step change, and a pH meter and glass

;'electrode~were-used to m:nltor the exit pH, Detalls are
given‘in Appendix 3. ' o

A typlcal recorder output for a stlrrlng rate of

t_ 85 rpm 1s shown in Flgure Al. The t1me delay tL'lS indi-
cated 1n-the tlme'ax1s by-a sudden drOp-ln pH, and equal}

" oto 2. 48 min as measured dlrectly from the recorder output.

At tlme largef'than t the»pH drops down\exponentlally

L .
A d then levels off after 8 mlnutes. Log(C -ii/(cf Co&&_

dlfferent st1rr1 g rates are plotted agalnst t 4dn
.1gures A2 AS. For Ehe‘flrst three graphs.(Flgures A2—A5)
'-VJforwhlch the stlrrlng rates are greater than 0 rpm |

: stralght llnes ¢an. be drawn through the poants ‘tL'canf:-

be measured readlly from thé graphs as the tlme at which
d:the.llnes.bend sharply-from a-zero.slope tOJsome-negatlve'

values 'The‘Values‘offtL for all four cases 1nclud1ng the
. AN i
' one. w1thout stlrrlng are 2. 48 mlnutes. -The mean re51dence

‘-"ltplm.es.t.R are- calculated correspondlngly from the slopes of

‘the lines and found_tovbe.7.84, 7. 87 and 7. 46 mlnutes for'.

102, 85 and>59 5 rpm 17:__‘.r LY ’31‘ 2

The results are tabulated in Table l "The Qalues;Of'

'_tL and t from graphlcal\methods (Flgures A2, A3, A4 As_in{

l Appendlx 3“ are compared w1th those - by calculatlon

',(Equatlons (A22), (A23) 1n Appendlx 3),4and good agreement

)

':#i‘



\-,
»JRPM o 'Grapﬁioal'methoa 7 o . CSTR
- ( : tL, min f',‘..,tR’ o}n' o assemption
102 2.5 V7.8 . good .
85 2.5 7.87 o good ~
59.5 S 2.5-0 . T.460 0 I 1‘
4,82 . 6.07 ' : no o

71 ml/min

_‘quuld flow rate, FL'
Reactor volume, ' ' 533 ml
Inlet void volume (from the feed tank to the reactor) . 66 ml

Outlet v01d volume (from ‘the reactor. to the glass electrode) fiiO ml

: Calculated time deiey,- =(66 + 110)/71 2. 48 min
Calculated avetage residence‘tlme, tR = 533/71 = 7 Slmin

-
’

60

-Teble B Comparison of tR and t frqm grapﬂxcal method ‘and” d1rect :

'

calculation at dlfferent stlrring rates



T of K,

'canfbe seen. Finally,-it can be concluded'that the mixing;‘

¢

1s perfectly 1deal w1th stlrrlng rate down to 70 rpm, a

»sllght deVlathW from 1dea1 m1x1ng beglns to show up, at 1

59,5'rpm'which causes_a‘decllne of tR from 7.873to 7(46

minutes, hThe asSumption'offideal‘CSTRgthat-has beengmade‘g..

earlier'is valid at a stirring rate higherfthan 70frpm;
. . . .\ N L N N

t

4.2.2 Physical<Mass7TranSfer',.f‘ AR o T

61

The phy51cal mass transfer coeff1c1ent for O2 }n-water,

0, “can be measured elther dlrectly or 1nd1rect1y.'
‘ The flrst methodf 1nvolves measurements of the part1a1 :

'.pressure and the concentratlon of the gas component in-the -

blv‘gas and solut£§%<phase, whlle ‘the latter the correlatlon-h

0 of the gas component to that of CO2 by the assumptlon

Iof equal contact tlme~ 6. 1n the penetratlon model : Belng

~ able- to yleld K w1thout maklng use of any model, the dlrect

0
V'method-ls deemed to be better than the 1nd1rect one._ How-

'_eVer, the 1nd1rect (H O~ CO ) method should be as good -as the
"dlrect one 1f the contact tlme 6 only depends on the hydro—'

vdynamlc condltlons such as the detailed de51gn of thel

' reactor and the way the solutlon 1s stlrred but not on the”

nature of the gas molecules 1tse1f. COZ-H20 method has' "

i recelved w1de spread acceptance,'and flnds use 1n

cases where the gas does not dlssolve enough 1n water to e

give a. detectable concentratlonaln water, or no sultable

analytlcal method ex1sts,"or the gas reacts 1nstantaneously

V

"w1th water so that K0 cannot be obtalned.= CO2 is”'

9



‘particularly'used because there is no gas phase resistence

[y

'the transfer.p'

nor any known fast chemlcal reactlons "which may enhance

The O3 H, O method is qulte stralghtforward ijas‘

in contact w1th dlstllled water in the contlnuous flow'

‘ suredﬁby 1odometr1c method whlle CO'

“value 3. 8% lower. The close agreement between these two_

7

“vconcentratlon in the outlet watervms measured. ,03va$ mea-

5 wasby ac1d”base

titration The detalled operatlng procedure, theory and
calculatlon are shown 1n Appendlx 4.

The K from 1nd1rect (CO -H O) and dlrect (O 2

meaSupemenuaare plottedvln-Flgure 3'as a functlon of stirr—:‘

blng speed Two stralght 11nes can be seen with the 1nd1rect

1

2.

,values valldates the CO correlatlon approach, whlch 1s

N 1ndeed a powerful tool whenever the dlrect measurement

both 0 744 as compared w1th 0 8 from Sata s work(Gl) The

phy51cal mass transfer coefflclent of ozone is correlated

y..

aw1th-the stlrrlng,rate;byithe:followlng,expresslon:

log K, = - 4.172 + 0.744 ;og rpm . (90)

"The~valueslof‘Kd by the two methods are also. compared

in'Table'Z. LIt can be observed that KO depends strongly on

the degree of agltatlon. The 1ncrease of K0 w1th stlrrlng

enhanced 1n the penetratlon model p01nt of v1ew, or the fllm

62

f”well stlrred reactor shown in Flgures l and 2 and the ozone

‘Tmethod is not fea51bleL' The slopes of these two lines are .

5

"rate is comprehen51ble, because the surface renewal rate is .



_ "Figure 3.°
: . methods vs

-Plots of ng>KOS_by both 037320 and:¢02~H20.

log,rpm'at"2ZfC.

63"
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':“decrease in transfer coeff1c1ent from 10. 69 cm/sec w1th

‘thickness decreases in terms of the film model Besides the .
stlrrlng rate, the phys1cal mass transfer coeff1c1ents

were measured at dlfferent stlrrlng blade pos1tlons,éigradual

|-

the blades l mm below the surface, to 7 45 cm/sec at thq.

.surfaCe and 1. 998 cm/Sec ]ust sllghtly above the surfac

N

was- observed o | ThlS phenomenon-prqves that the proper ,"y

malntenance of surface level 1s not tr1v1al at all. _The

1ncrease 1n KO with the blades touchlng the solutlon is

e

due to the 1ncreased m1x1ng at the 1nterface as- well as the

'1ncreased area caused by the rlople and Vortex

It is known that CO2 may react w1th water chemlcally -

accordlng to the follow1ng consecutlve rever51ble reactlons

-‘-C02 +;H20€:2vH2CO3,;2-H + H¢Q3--_J .

.

-A question mlght rise concernlng whether the K (CO )

»-measured is entlrely due to phy51ca6 absorptlon or a

comblnatlon of phy51cal and chemlcal processes. - The CO

y : 2
62)

,system had been studled thoroughly by Danckwerts : it

',_was found that these reactlons ‘were relatlvely slow com—

v

lipared _w1th the' hy51cal absorptlon process,j Technlcally;

" the system is cla551f1ed in a \slow reaction.regime" where

\

the massrxransfﬁr coefflclent KL is-the‘same;as-KO;
. Thé'lovaartial pressure (2><'10__-2 atm at most) and
solublllty of ozone create problems in analy51s. Even when

a micro burette is. used ~serlous scatterlng is observed at

low stlrrlngratesb&cause cf the,

ow solubjlity. Thére'is



."‘

:no 1nterference other than the p0551ble decomp051tlon of 03

‘However,‘51nce the background pH of the dlstllled water is ;J
- 5; the effect of decomp051tlon is deemed to be ?egllglble
(cf Equatlons (1) and (2)) ‘The assumptlon of zero gas
phase re51stance is ]ustlfled by the value of the gas phase

. 5 ot \ ) . ’ /-
re51stance measured by J Rowle (8 ) i . /@

. . '\\
L Y
. \

4.2.3. Characterlzatlon of Uuv Inten51ty

In order to study the .UV effect on the 03—Ferr1cyan1de

.'reactlon, the effectlve UV 1nten51ty,‘ .in the reactOrkfor

_dlfferent screens had to be measured . A sens1t1ve chemlcal
actinometer(potasshnwferrioxalate) whlch produced an
: -easilypanalyzable»product'(Fe ) upon the absorptlon of UV
was"usedftorrUV’measurement The Fezf produced was analyzed
hby the absorbance of the red Fez'-l 10- phenanthrollne‘
'fcomplex. The detalls are glven in Apphnd1x 5

- e

+
The concentratlons of Fe2 and the correspondlng

—

I absorbances are - shown in- Table A3 in Appendlx 5 . A callbnae

.tlon curve is also constructed by plottlng the absorbance"
+ ' o

agalnst the concentratlon of Fe2 andbls grven 1n'Flgure A6

in Appendlx 5. ThlS'lS’a stralght'line;passiné through the

2 S » N
»orlgln w1th a slope equal to ER the'product‘Of molar . -

absorpt1v1ty and the llght path. From Flgure A6, the term
B W - N

1152 the product of molar absorpt1v1ty,and path length is

to. be 1. 73><10 wll

L e 24 '
The net absorbance/ thé corresgonding Fe = concentra-
" tion, the number'offmoleswof Ee2+ produced,nB,'the numbeg;bf@

- e .



1

“quanta absorbed by the ferrous complex per unit tlme, 'O'

' the equlvalent wattage, E; and the relatlve 1nten51ty are,

tabulated 1n Table - 3 E was also measured dlrectly by a
Black Ray UV 1ntensrty meter "~ The results are glven in.
Table 4‘, For thlS method 'E 1s calculated by multlplylng
theareaJan on the'meter by thd area of the openlng, whlch
s meaSured to be 11, 4. cm><5 cm = 57 cm2 Comparlng the
esults from these two methods, the values of E from meter
'eaSurement are lower ow1ng ‘to the fact that the meter.

C nnot respond to wavelengths larger than 2700 A. The"
@rva ues of E by chemlcal method give the total 1nc1dent

N
energy with' wavelengthssmaller than 5400°A whereas the

-

’w~th anelengths not greater than 2700° A v In splte of the
R

dlfference in. absorpt1v1ty, ‘the relatlve 1nten51t1es based

on full Uv (as lOO%)areexpe ted to be the same for both

methods for a ‘given llght source, however, they dlffer
\ .

!substantlally as. revealed 1n Tables 3 and 4 The dlscre—

Apancy comes from‘the uncertalnty in ‘the readlng of scale

from the UV meter‘dt full uv 1nten51ty, because it is just,

-

67"

eadlngs from the UV meter glve only the fractlon of energy §

'at the. edge of the scale It is conflrmed by comparlng the

ratlos of E(flne) to E(coarse), and they are found to be'~

'2 6 and 2.4 for the chemical method and meter method

respectlvely, so the error must orlglnate from the measure-‘

ﬂment‘ln_the-'full.UV"case.

\ B . R L=

' The possibleferror_sources forftheichemical method _

. are: ™
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'_ 3 the values of the relatlve 1nten51t1es measured USlng thls

' for the subsequen; experlments. S o S

‘J | . \ ’

i) - the ﬂHaesgred pnoto-decomp051tlonoof ferrloxalatea :
after 1t Ls taken’ out from the reactor-t~'Thé; e ‘

,‘-a. ‘

Wdlm 11ght psed in performlng experlment and*the llght-

e

T

source 1n Spectro%?c 20 may cause further reactlon of

v

. 4

ferrloxalate./

'*{,iif' thevassumptlon of no - contrlbutlon to Fe2+ productlon

"for.wavelengths.greatei than 5400°A.. For more accur-

.ate work, the values of ¢B has to be known contlnuously
L 'J.\ B
fof;all wavelengths, or a monochromatlc llght source '

L e o

i
!

'QmUST be used.

iiij the error~dn v ddﬁ to the uncertalnty in the energy

dlstrlbutlon functlon.' To obta;n a»better result ' ..

. ‘requ%res the knowledge of contlnuous energy dlstrlbu—
Autlon functlon or the use of monochromatlc llght._

AN

-.'In splte of the. uncertalnty in. the chemlcal method

»
K

method are thought to be more rellable and are used "fg

-

c e S : R . , s . . ~

4.3 AnalytiCal Procedhres

4 3. l OZone Analys1s ' LT .hwﬂ

]lc e . S ' [

‘ Ozone was measured by a well-documented 1odometr1c

metﬂbd(77). In- thls method the gas was’ bubbled through a.

; o

_ L o
-’h neutral 4% KI solutlon and ozone reacted to llberate 1od1ne

‘\ L ] ) : . ) v. . ) Ty
%20 + :.31 +:03 —‘—b 02 + 13 + 2OH . '.'. -.4“’ .

Under neutral or. alkallne condltlons, the 1nterference of

-

;02 1sun1n1mql., The neutral I2 solutlon (e g in bubbler Bl)

e



L

' mende& by Taras et al.' ,'was‘notfsens

: ¥
_ﬂglve a notlceable chﬁnge at the end p01nt

'f;amount of I

Qinterferlng matrlx by 51mple ﬂlstlllatlon ‘in a.

, .o -

LN

\
N

~ .

‘was then acidified*by«30.ml” l'lO-HZSO solution,'and

4

. titrated’ 1mmed1ately by 0 1N Na2 solutlon wh1ch had

been standardlzed agalnst standard 0. l.N I, solutlon

. 2 o
R ' . I
(Flsher Sc1ent1flc Co ) Slnce the. 1 ‘1n the solutlon was

‘subject to a1r ox1datlon after ac1d1f1catlon, the tltra--

b4 : .
tlon must be flnlshed quickly ‘A magnetic’ stlrrer was used

to fac111tate thorough m1x1ng. $tafch solut on,
(45) |

‘as recom-. -

“;enougtho',
the end pointfl

was 1nd1cated by the complete decolorlzatlon cf the" 12

solutlon,gwhdch would usually be reached in 30 ml of the-

n’titrantfadded. hIt had a remarkable sens;t1v1ty of 1 drop

w B 1
The ozone in the second bubbler, B2 ‘was measured

similarly;‘pThe‘volume of tltrant requlred was generally-'

around 3 drops and seldom‘ exceeded lO drops. The.blank

‘(was prepared by pa551ng the same volume of air through the '

bubblers, and the blank solutlon was tltrated for I *Thefg;

2
blank was approx1mately 0 05 ml, and was subtracted from

<

the volumes measured above._ After correctlng for background

the sum of the tltrant used should 1nd1cate the total

2, and thus 03, in the bubblers.' etalled cal-

rculatlon and gas phase\sampllng are shoWn 1n Appendlx 2.

"4 3. 2 Analytlcal Method for Free Cyanlde Determlnatlon

O v
The measurement of free cyanlde is well documented ln.?

(7 )

B the, 11terature .f Free cyanlde can be Lsola ed from the

s :
a01d medlum,'-

s e



..‘ P ment

; and then determlned by tltratlon, colorlmetrlc measure~

/
(78) br cyanlde selectlve electrode monltorlng(79)

-

3T1tratlon 1s deemed to be the better method as far as. con-L

. venience and @ccuracy aré concerned thus it’ was used for
‘this researchnproject. The pLocedure for CN tltratlon_'u\

'vhas been descrlbed 1n full detall in reference (77).

Standard 0 Ol N AgNO was prepared by dlssolv1ng

. 3
3‘4jg of AgNO in a 2 llter volumetr1C‘flask _and the.‘“-
1nd1cator solutlon by dlssolv1ng 0 02 g paradlmethylamlno- )
:Jbenzyl rhodanlne 1n 100 ml acetone. The tltratlon waé‘ |
i'carrled out at pH.ll-or above, seven drops of lndlcator>
‘solutlon were added to- the rece1v1ng flasks, the color of
‘the solutlon was canary yellow and would change to salmon'

,plnk at the end p01nt The color change was not very sen-_

'51t1ve, thus a whlte background helpaito 1mprove the sen—i
t”l51t1VLty s1gn1f1cantly.ak |
| The blank was prepared by dllutlng 50 ml of 2N
F‘NaOH solutlon to 250 ml and the same procedure as above
'ﬂ was,used to tltrate the blank solutlon.uiThe‘blank shouldd.n

;be around l drop.,,b‘ e : o | A:_ ! .
Thls modlfled Lleblg method when used at a cyanlde h

_level above l ppm, has a coefflclent of varlatlon of 2% for

7_d1st111ed samples, and the sens1t1v1ty is approx1mately 0. l

/.~

o ppm of CN However, the color change 1s not dlstlnct at

;
'thls p01nt.: At 0 4 ppm, the c0efflclent of varlatlon is’
‘)

'ﬁ,four tlmes that at a concentratlon level greater than l ppm

-
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The reaction betweén Ag’ and"CN"can'be;sh0wn‘as
o : I . . R 3‘1" o .._'- - . : -
Ag -+ 2CN '.;::,'Ag(CN)2 4

so‘the'concentration of cyanide‘in solUtion is -

2x[Ag ](volume of Ag used - blank) " ' o (513
‘ sample voluye .ot L

N

;na4;3.3' Ferrlcyanlde Analy51s o
. \ LN “ .
a (80),,1on exchange chromatography(Bl), NMR(82) an

(77 83 84b are all con51dered to be B

T

'fea51ble for determlnlng ferrlcyanlde in solutlon.' The

.

bcyanlde dlstlllatlon

-flrst three methods requlre expen51ve 1nstruments yet the.

.-_accuracy 1s at most on the same order as that ﬁor dlstllla—

(7 7)

‘tlon :m;'nt pi total cyanlde qbntent in

.

‘;,ferrlcyanlde by cyanLde dlstlllatlon is 1nvolved due to the
g'stablllty and the 1nertness of the complex towards reactlons
‘ Ferrlcyanlde can llberate HCN Only under drastlc COndltlons

: such ‘as high, ac1d concentratlon, re&lux, presence of “t‘d\"

¥ catalyst “or- strong complex;ng agent A procedure of alr'-x

Al

"c1rculatlon to remove HCN llberatéd from the b0111ng ferr1

ticyanlde solutlon has been proposed by Gould Afghan and
(83)

:1Brooksbank who cla;med that a sensr£}v1ty of Q 5 ug CN i

ﬂfln 15 ml of sample and a recovery of 100% at CN concentra-“
. o .
‘tlon above l u9/2 could be obtarned by tltratlng the
llberated HCN w1th Ag : However, the experlments wer4

"repeated u51ng exactly the same set—up and procedure as

t recomm#nded by the authors and the result as clalmed could



;f'not be reproduced' .The percentages of recovery were spora—

fl d1c, and ranged from 40% to 80% even when air was bubbled o

«.throughvthe'solutlon for more‘than 2 hoursu_.The unbecovered

“portlon of CN was found to. be left in the solutlon and 1t
: e r
could be drlven out by b0111ng. Even though the ferrl—

»cyanlde had been broken down completely into HCN the
‘experlments w1th rec1rculat1ng air falled because of the
hlgh solublllty of HCN gas in cool water.' A large percen—v oy

' tage “of’ HCN in the carrylng alr redlssolved 1nto the water

\
‘

fcondensate near-. the t0p of the dlstlllatlon column ‘and . thus

'

:freturned to the bulk solutlon.‘ A comblnatlon of long bubbl—

-

'1ng tlme ‘and large air rec1rculat1ng rate mlght drlve the
}'fprocess to completlon :

‘It has been p0551ble to develop a method that does
uglve quantltatlve resglts by modlfylng the method oﬁ\Gould
-'et al A schematlc of the dlstlllatlon apparatus used is-
i{shown in Flgure 4. In thls ‘new method the HCN . formed by

_ decompos1tlon of ferrlcyanlde wbs carrled out of solutlon

.t

';w1th steam, and dlssolved 1n the condensate whlch was

"then mixed w1th ZDJ NaOH solutlon 1n the rece1v1ng flask.
'An approprlate volume of the condensate should be collected,'

Ayly - LI

"~ too- large a volume mlght cause an 1nsen51t1ve 1nd1catoru.
,a_ :

_ “color change at the end p01nt whlle an, 1nsuff1c1ent volume

mlght lead to a- low recovery., ghe volume to béJcollected

e

yucould elther be determlned by a CN probe to monltor the CN

-legsl ‘or ]ust by trlal and %'ror. A volume of 150 to 200

Jf,ml was recqmmended .
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Y

ST Y'Reagents
.-Q'Sulfuric acidxconc.,v'Baker Analyzed' Reagent, BDH
Sodlum hydroilde, Flsher 801ent1f1c Co.q "f,

Sllver nltgate, Analab u'd,_.ij'__ '1 : 5 .3,‘_

Pota551um cyanlde,,'Baker Analyzed' Reagent BDH ; S\\/}
. ~\_/\ : g
- Potasslum,ferr;cyanlde, 'Baker Analyzed Reagent, BDH

Bsium chlor1de~6H o, Flsher Sc1ent1f1c Co., fl‘

27 .
: 5 Jooo
N Mercurlc chlorlde,"Baker‘Analyzed'.Reagent BDH,/i'R

Ma ”-

—(P Dlmethylamlnobenzylldene) rhodanlne, "7__:'_: L 'f <

/

~Eastman Organlc Chemlcals.
Any common open: dlstlllatlon set—up could be used for
complex cyanlde dlstlllatlon. Belng a dlStl&i?t%pn dev1ce

for HCN, 1t ‘also served as ‘a qeactor 1n whlch the breaklng

yanlde took place (Jlgureqh) The"

i

down of the comp 2

jOlntS used 1n the paratus were all of the 51ze 24/40,

: ve.

-3 neck round bottom flask w1th 2 stoppers was used to

contaln tLe solutlon to be dlstllled. A 380 watt Canlab
- heatlng mantle acted as a heatlnq source. A magnetgc,

»,‘ “.

stlrrer prov1ded adeqﬁate agltatlon durlng the runr The "?

flask ‘was connected to ar condénser through an elbow\ and

[ N

S the\condenser was placed at a sllghtly 1ncllned angle so»'_f
that the condensate together w1th"ﬁe HCN could draln by
graVLty 1nto the recelver contalnlng 2!1 NaOH sblutlon.'“

e Ve . S

'?:The t1p of the qpndensate-dralnage tube'was dlpped 1nto the

N

- ..

v NaOH solutlon to pgfvent HCN from escaplng into the alr.-g;f-

Cowen ol °
. SN
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fAn enlarged sectlon was placed‘between the‘condenser and
'the rubber tublng leadlng to ‘the recelver, so'that thew
1solutlon in the receiver: would not be sucked back .into the
condenser in case of sudden coollng of the condenser and bkn
‘the flask.'hl ’ . v:‘: .. ‘

:/T:?K:A The presence of‘grease in the: condensate mlght 1nte£fere
IISerlously w1th the cyanlde tltratlon.'It was recommended |
‘that grease should only be used when needed and a.smalli':
.anount of.grease}should befenough to stop leaking; TAs‘a i
matter of fact,4the joints weredonly‘greased'when-theyiwere

new,hand‘there"was,no sdgn of-leaking:thereafte;fdue to

;1nsuff1c1ent greaSLng.

The tlp of the condensate dellv ry tube was’ dlpped
into the 2IJNaOH solutldn (approxlmately 50'ml) in the ff.}Q -
‘recelver.“ The coollng water was turned on and all the .:§.ff
_ jOlntS were tlghtened flrmly to av01d any leakage durlng
ptthe run. One stopper was. pulled out, and a knOWn Volume-
’f‘%of ﬁerrlcyanlde solutlon was plpetted 1nto the flask
;Suff1c1ent dlstllledIWater was added to make up the volume .

to approx1mately 600 ml.' Then 20 ml 6 8% HgCl and lO ml

z.
51% MgCl -6H20 solutlons were poured 1nto the flask and
N followed by 60 ml- conc;‘H SO4 The stopper was put back

'.'ﬁ_lnto place hastlly after 1ntrodu01ng sulfurlc ac1d 1nto the.

--]solutlon.‘




i

out ffom the tip of the delivery tube due to the expansion_f

of alr 1n51de the system. The solutlon b01led in 15 mlnutes
\

and ' the characterlstlc yellow color of ferrlcyanlde dls—
appeared after b0111ng for 5 minutes, whlch 1nd1cated that
the ferrlcyanlde complex was completely broken down.- An hour

(83) was not requlred.

bll'of reflux a% recommended by Gould et al
| After 120 ml of condensate were collected, the recelver was
tllted SO that the ‘tip of the condensate dellvery tube was
just above the- sdlutlon.‘ Another lOO ml of condensate were
collected. the gurpose of thls step was to wash out ‘any HCN;‘
remalnlng on the wall of the condenser and the tube by the
condensate.‘ Then the recelver was removed and another
recelver contalnlng fresh NaOH solutlon was lmmedlately put
1nto place to collect further condensate to. ensure that |

f there was. no cyanlde left in the system.. The dlStlllatlon

was stopped after 100 ml of condensate had been»collected-lnt
R I . Y A '1~. . N B

the second recelver._:" o '-,f e i

‘ " RNt
ot 'The contents in the recelvers were tltrated for QN E

- by standard 51lVer nltrate solutlon as mentloned 1n

44‘ 2 Analytlcal Method for Free Cyanlde Determlnatlon._
©iii) iEValuation of Method
: - » .: T

Va-v‘ the.wolume of ferrlcyanlde sample added, ml -
:Vihf thegvolume‘of tltrant for the flrst recelver, ml‘
Tvzlbukthesuolume of tltrant for ‘the second recelver,‘ml

v, "'!tvhe.'blank, m1 L - Co

.ftCng_the COncentratlon of CYanlde in the stock’fer?icyanidé;'

”_SOlutron,~M7 ;
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‘ s _ o |
vThe_reaction'between»Agf and CN can be shown as

AN
ol o e L S y o
Ag '+ 2CN . — }3Ag(‘CN)'2 | B .' o
'so the amount of CN~ recoveredfis‘e
"2v(v" +v —ill)[A+]"‘ )
BRANS TS R L i |
'The‘percentageﬂofurecerry\Rfig..: | o
T T o | Lo
. _ amonnt of CN .. recovered - ° . o7
R = Zmount. of CN~ added XI;OO%g' S
e 2(v + v2 - 2y, )[Ag 1 _"‘, RS F
SR p— : x 1008 .o (92)

A [CN]
The results areftabulated'in Table 5 .and the.amonntbof3'
CN added (column 6, Table'S) i fplotted against the amount
measured (column 5, Table 5) in Figure 5. It is found that ,

o

Cin the range of 3. lSSrnmole to 0329841nmole”CN’,-thebaver—"

' age percentage recoveryls 98 7%, Whlch can be regarded asv

quantltatlve.‘;'le,l-‘ "

At a cyanlde level lower thadlo 06231 mrmﬂe, only a

o

_ portlon of cyanlde can be recovered as reVealed by the down—;'

: ward dev1atlon from the 1deal llne 1n Flgure 5 The yleld f_

' 'S

drops ‘from 95 9% at 0 0623lrnmole of CN - to 90. 5% at 0. 0249

rnmole, and would be expected to drop further at redhced

cyanlde contents. The loss of cyanlde at low concentratlon \

mlght be due to the hydroly51s of cyanlde catalyzed by '3.

24 E CT
' v . o e _\.‘:;
It can be amuiuded that the proposed open dlstlllatldh

method for complex cyanlde determlnatlon 1s consxdered toi“

be val:.d at cyanlde contents hlgh.er than 0 07 m mole 1n

“u\u;'f.“c.«,u:uf SRR A“‘_an_ 1'”,if. L -’:W;"



[CN]r\ v, vy v, - .oN i CN .. RL -
_ S _ measured added ’
M o, ml - qml 4ml - "m mole -m mdle

10,1246 25 130.92 0.30
10 59.28 " 1.95

5 . 30.04  0.10°
, 2 11.92-  0.15 %
=3 % o
1.246x10 ° 50 .. 5.997
' 20 1,717

.060°
.020

oo

0.1493 . 25 - 182.51 1.15
- 10 72.22. °0.30 .
20 14.64  0.10

. [4&%] = 0.01012 M o | o

V.= S A S S
Vb_ﬂ 0j0 c o | _ ‘ o
[+ % Titrated by micro-burette -

L , g o S D N < :
“'Table 5;;'_Pgrcehtage'of cyénide.recovery'at v rioué~levels f

fefriéyanide7by the Opgn_disﬁiliatiqn meth q}

-
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700 mTfsoiﬁtion, beyond.Which_an accurate calibration curve

is required.

o1

4.4 . Experimental Procedure -3éN_/O3/UV Reaction

Ny

The experimental procedure is deSCribed fully in |

Appendix 2, General Operating Procedure; The inlet and‘

,outletcyanide conoentratfons, the gas phase ozone concen—
: ! ,

trations in the 1nlet and outlet streams, pH, and the gas

N > -

and the llquld flow rates were. measured. The é?inlde g'f”

:.‘feed solutlons were prepared by dlssolv1ng O 6 5 gm of KCN

powder ( Baker Analyzed' Reagent J T. " Baker Chemlcal Co. )

'._andVlo.oo gm NaOH'(Flsher Solentlflc Co.) 1n 9.435.11tersp”
‘offdistilled»watergi'The-pﬁ'was meaSured:hy,ai%isher:‘

; Acoumet Digital thﬁeterr ﬂThe experiments Qereirnn:at::

. 108”6.rpm,>0 anddloo%'ﬁv The éas‘phase anaIysis is desf‘v
'.crlbed 1n Appendlx 2. Cyanlde was measured by 51lver'

';nltrate tltratlon (cf 4.3, 2 Analytlcal Method for Free\'

nyanlde Determlnatlon) \ fd K _'“ N.” S f‘@v'
The experlments were carrled out. at a llqu1d feed

"rate of 0 765 ml/séc; a cyanlde doncentratlons of Lo

'_'1,.147 X.10] =3, 1.84 x‘1~o»3, 3-.701910 =3, 0.6113x 10 -3,
T |

7. 694?ﬂ10 M,” and'UV .intensityes of 0 and 100%. Theno

flt was repeated at the feed rate of l 094 ml/sec and flve

E ?dlfferentacyanlde concentratlons from l 140x 10 -3 qP"

‘. . FEN

o
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4.5 EYperimental Procedure-Ferrlgyanlde/o /UV. Reactlon

The detalled opergtlng procedure 1s glven 1n Appendlx

2, General Procedure., The ferrlcyanlde concentratlons of

_the feed and the outlet stream, the gas phase ozone 1nlet
and outlet partlal pressures, the llquld flow rate, thev“‘ N
temperature and the.pH weJe measured.. The ferrlcyanlde feed

}

S solutlons were prepared by d1ssolv1ng 0. 2 to 40 grams ‘of.
' s

pota551um ferrlcyanlde SOlld K Fe(CN) v Baker Analyzed'7' o fi"

3
3Reagent BDH, in lb 95 11ters of dlstllled water. -Sodium»'ZEJ“

-;'hydrox1de or phOSphate buffer was used to keep the pH of
_*the solutlons at 12 andé?,respectlvely accordlng to the

4 -t

e
‘

{ ‘ e e \v. . \“ - l“‘. , ‘
- o
Ferrlcyanlde-~' Chemlc used, ROETE T
: concentratlons below 500 ppm - Flsher Sclentlflc, o
¢+ 19. 95, % of solution - . " pH 7, buffer r
' C : \ R concentrate, 100 ml.
concentratlons\above 500 ppm T buffer conqentrate,‘~~fl-m;
19 95 2 of solutlom - : “'300 ml.‘ ® o
12 - ’all concentratlons lh'l,_.?" vsodlum hydrox1de L *gtr~,i,
- l”9 435-% of solutlon ?; o »10 g s L e e

X v R N
) . . .

- The pH of the 1nlet and outlet solutlons were«measured by a':v&'Q,
‘ Flsher Accumet Dlgltal pH meter. The experlments were ‘run
a¢ 8 stlrrlng rate of 108. 6 rpm and 4 dlfferent UV 1nten-f, - ;f?

d51t1es ranglng from 0% (UV lamp off) to 100% (0 319 watts),-.3

o B

w1th the ozonator settlng at 100%.»| ?“f'jf S ":_;-}';7';r°

LN e, i U L

et
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flthe amount of cyanlde ox1dlzed and the

imechanlsm and,stolchiometry assumed

3;2, the- follow1ng equatlons apply - ; Lo .

.* N

CHAPTER '5

" ‘para _'TREATMENT. BT B SR

The reactor system ‘has been modelled to relate the

-

' unknown varlables e. g RT C o KL_and K to: the measura—

ble quantltles such as cyanlde depletlon, temperature and

’ X .o

ozone concentratlon. The o6zone. usage, RT can be obtalned
'from a gis phase maSs balance or it can be obtalned by theb

51mu1taneous solutlon of the equatlons that relate RT to -

eactlon rate cons—

tant These model equatlons depend on'the reactlon reglme, o fj:

b N

PR {1

.

\. ' ’ ) '&

N

a—

5.1 Summarlzatlon of the Equatlons to be\Solved for the o

) B

Rate Constantw f . oo

. . L
'. . . . R . NI

For the transltlon from slow to fast reactlon regime:

~ AN \ .

I) S a

- 1 - SPRUE (47
_R"‘I‘ m[cosh(a 8) - 1] [c +c ].+chAOv (_ )
*“a = ' K_l ‘-', k } - ¥
1= /D, o
. NN ._..-5“ - .
K, = KfCBo + 3725'KB¢C¢ +2KD : :
: N
8 ;-Eé .
K

‘4 .'.83.~_ :



C'o

RT .

- . OI:

RT

o

"'KO(?) %

\

e

<

‘) S,‘DA'ai.[CA_‘,S;CO-Sh‘élé')f"CAO]’ .

= —_— T ‘ . -F.C,
: i 51ph(g~16) .‘ « L~Ao
_ 1
Xs b1 ,
KeCBo (.:,Bi - CBo. i}
K+ K.C M 3.28 koo
_ [ "fBo" ": 7 ¥8%co P (C ! :)
.o} LYTBi TBo”

‘- " KfCBo_

g =S lKg e

=
N

RT = SoF (Cpy =

RO ///

Tl :
——

= 67680 + 2870(T - 20) atm/g molée/cc
-1

.75 .
sec

2421011 %: 7% = 15,3
8,‘4» c.mz R

499 ml -
10.765 ml/sec

(20°C),
'P(T)v" 

' L ane i 1q-5 T¥372.2
Dp (T) = 180510 "(*5537%

) (&

8:

_w(T) _ 1.3272(20-T) -0.001053(T - 20) %

Lat pH 12 -

TPou(oecy oo T.+-105 |

A

2:191x 107> A
ST 018389 x 107

R

" oM 3

(48)

(52)

84

(55

e

T34y

(94)

©(08)

08



C e

_,one,- Therefore, an average ozone consumptlon ratlo S

i

.where the number 1 8389 10‘"5 is the dlffu51v1ty of - ozone

‘at 20°C calculated by Equatlon (90), and the asterlsk *,

1nd1cates that the values of - these varlables may change»

BRIt
P

w1th models and experlmental condltlons

There has been dlffrculty 1n obtalnlng a rellable

Q'gas phase mass balance for - ozone because the 1nlet ozone

.

iconcentratlon does not dlffer 51gn1f1cantly from the outlet

OI

‘:whlch 1s obtalned by . averaq}ng the values for all runs, is

:Equatlon (94), RT has been smoothed and the 1dea of the gas

o phase materlal balance is Stlll preserved*' Zero gas phase

re51stance is also assumed 1n the above derlvatlon N

Equatlons (47), (48) or 1ts equlvalent, whlch des—l

¢

fcrlbe the ansfer of ozone across the 1nterface for a

deflned reglme, ‘are obtalned dlrectly by solv1ng the

o dlfferentlal equatlons,'no experimental work is 1nvolved

Equatlon (55) 1s to relate ozone consumptldn to the ‘amount-

_of cyanlde ox1dlzed whlch ‘can be measured accurately.v RT

tcan also be calculated by the- gas phase ozone mass balance,

i.é; Equatlons (56) and (94), so. that there are three RT‘G&

'rfrom three 1ndependent sources.‘ If C “is equal to zero,
'Equatlons (47) and (48) can be reduced to a s1ngle equatlon

l(Equatlon (57)) The unknowns RT KB.and K- can be solved B

I

"l 85

]

"_used to smooth the values of RT in Equatlon (94) By u51ng e

[

N

from theSe three RT equatlons (Equatlons (§7) and (55)”and-'

"one of (34), (94)) : If C ‘lS not equ to.zero,.there



‘0

would be one, more Knknown and one mofe RT eqﬁatlon (Equa-f?ﬁ”
ftlons (47) and (48) 1nstead of (57)), the unknbwns can

Stlll be solved readlly HOWever, one of the RT equatlons*

¢
5

is not requlred 1f the assumptaon of

“

. . £ .. B
v , :

is.madeQ It is a loglcal dec151on to drop the RT obtarned

'from the gas phase mass balance (Equatlons (56) and

(9®)because lt is the most unCertaln one., Equatlon (52)

’1s derlved from the well mlxed modelr and prov1des the

[

. . |
t
f

'-relatlonshlp between cyanate concentratlon and the rate

“constantsuK K._. Equatlons (96) and (l)‘are from the

£

literaturer<‘f 2.1.1 Ozone Chemlstry and 2. 2.1 Solublllty

s

: J
(€ Ozone 1n Aqueous Medla), whlle (97), (98)/'(99) are frdm

dlrect measurement Equatlons (lOO), (lOl) glve the value

- of dlffu51v1ty (cf Appendlx 4 Detalled Phy51cal Mass Trans~

( SR =.5.1 K. = - o o | ,‘("34:‘) .

"fer Measurement) and Equatlon (102), the value of phy31cal

";mass transfer coefflclent (cf Appendlx 4) at varlous tem—

peratures.
| The.varlables PA' T, C Bi’ CBongL'“V '“[OH 1, K 0o
‘and»bA are meaSUrable > Insertlng ‘the values of these

”varlables 1nto the key equatlons (Equatlons (47), (48),

(52), (55).and one of (34), (94) and (56), f can be solved - 17"

"»by Mueller s method(54 55) ( f. Appendlx 1)

) \. ‘”'._..

o
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..SQZT.CN/Oé/UV'Reaction

‘»tJS 2 1 FastTReactionfRe ime

'fconcentratlon in the bul

"'reactlon.; Equatlon (25)“'

The theofy develo ed 1n 3 3 Modelllng of the CN /O /UV

f. Reactlon can be greatly rmpllfled by assumlng zero ozone '

@

phase, whlch 1s valld for fast

n,3:3.3 Fast Reactlon Reglme'can,

be used- : h:x.*vj
‘fif .FL e{pAKl, o ‘ (58).
Where ’!’ \ -
Ky = KgCpo * 3425 KBCCVOI+ KD“ ST ™ -

-KL can then be related to $T after correctlng for the gas

“xphase mass transfer re51stance (kg,cm/sec) whlch is equal

same reactor conflguratlon and - operatlng condltlons SN

. ' ~HK : o
- RT-H _ RT + /D K] e
SP _ e . g o (103)
a . HK /D Koo o 0 T DR N
S g --Aulby. Colo . o :
. The process varlables PA’ T C Bi’ CB FL’ Vv, .S and pH
are measurable,'and DA’ H, KD"Cs can be generated by

)*Equations (95) to. (102) listed in 5. l Summarlzatlon of the

:Equatlons to be Solved for the Rate Constant.

Four dlfferent cases are Jrled 1n thlS reglme

] - N J

(cf Sectlon 5. l) ‘ o “_., B --r: : :-_f - ‘dﬁ
CaSe A: RT is'obtained directly'fromfthe,gas phase,mass‘

" balance -

'vto 2 15 cm/sec at 22°C as: measured by Rowley( Sx,u51ng the}; U
&y



- .

< T e R R ” S
s - : T B SERTE R T
v .

"* RT ;'fRo="' S se)

-

"d'Ké and-K can be solved 51mu1taneously by Equatlons (103),.

',}1(55), (SF) and (55)

Case B: ‘RT. 1s calculated from R multlplled by the average
. 5 b

ﬁeasured ozone consumptlon ratlo S0
{3T*§s}é§ R.é lfd FL(CBif Bo’

Case‘QéiRcwley(BS) obtaiﬁed*a-so value ofi1.2/-1. 2 Ls used

R "1nstead of 1.5 in ‘this case

PN

Bo

Case D The gas’ ghase mass balance is 1gnored in thlS case,

'u-a‘constant/ratlo;qf KB/K 1s assumed

"K_/K =‘1/5.;f';‘ '}wrlmrm”V»;3_“L “fw_%_ "(34)a

Equatiohs (103), (34), K52) ahd (55)7are used.to:solve K

and Ke- The key equatlons are Equatloﬂ (103),
——+ /DT - Ky ~PA-‘

-J'-ARA :

. RT = .
L 'KLH/B'TT SR
B -~ RT 1 : .

where o S .
- , . N . : o .
I Kf CNF + Ky +»a 25 K -CNO .

~
I

S

-”EquationszSSX) (52) and dnefcfgtheTEqﬁatidnsdlﬁﬁ) £o~(§4),;°'

-c )'_ 0 (94a)

(103)

4
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o (re -'-—-'13'0" | | P 5 caSe;,z_s_l".:."" - : (56) ¥
';§¢;=ui;5 F#(chch;E).} léf;?._' ..f‘- 7.'(§4A)F
- Kg = Kg/5.1 ] : ?_ | . ('34'-)_. -

Kf and-K can be solved by tWe computer program THES using

'_f"Equations (103), (55) (52) and one of the equatlons from”v
_(56) to (34) 1n addltlon to the ba51c equatlons from (9Sf

gto (102) The 1nput varlables are surface aréa ARA, 1nlet-‘
. I
anh outlet cyanlde concentratlons CNI, CNF rate of dzone
: . .,_ .

consumptlon nAl Af'

ozohe partlal pressure P
'fperature T and llquld flow rate F

At pH, tem—_)
L’

The whole computer program T%ES as llsted 1n-AppendiX'7fg'-

-~»_erons;sts-of_a¢ an program and . twonubroutlnes, MULRfand~FMU.ff

" MULR is the pfdgramf or Mueller s method, ‘whiéh reguires
the 1npﬁ3 of 1n1t1al guess XLI and XRI, max1mum number of

v -1teratlonsIEND, convergencytestlng number EPS and the other

B T

;experlmental numbers to be fed into FMU, for 1nstance, dlffu—-
e 51V1ty DT, outlet cyanlde concentratlon CNF phy51cal mass f

'-“transfer coeff1c1eAt KO,,lnterfac1al ozone concentratlonl

(saturatﬁd) cs, amount of cyanadg\ﬁeacted per unlt time R, ‘

,measured ozone consumptlon RO, 1n1t1al concentratlon CNI ,
S FIRR
‘.ozone decomp051tlon rate constant XKD and an rndlcator II
whlch varles from l to 4 denotlng cases A to D. - Equatlons

o'..

(103), (52), (55) and (56),tof(34) are stored in ‘the sub—'

. . S
< . o . . R .

»

i.routlne FMR



-

1

2

O

| 5 ' S 90,
, The‘general algorlthﬁ fOfICASéS'ésFQ.é-iS to :‘>
*ﬁse.EéU;EiOé(éé) for case.A;.(94a)-for”ease‘Blana'(94b)
'fOf.case;C to generate the value of RT; Equatlon (52), the
lvalue °¥ CNO; and Equathnv(lO4), a; comblnatlon of Equ;tions
.(52) and (55), Ehe value ?f KBl ; EE Lo
- . ) v o .ll‘,. ‘ ‘ ’ . : .‘ ~ ‘ I".
57 ( - "‘3"55‘1 . T } [CNIiCNF} H (‘1-9.4)‘
_ff:CNE‘--{%: - 1=K KfCNF IR |

Onpeﬁa"tried”kf value 1s fed from the program ULR 1nto FMU,

|

j-'firﬁ.st Ky and Fhen CNO are deflned . Another comparlsqn fnnc—/,

o tlon F 1s 1ntroduced 1n FMR where

: The value of F 'is brought back to MULR {or comparlson and

reSpectlvely.

THese equatibns are stored in FMU

B i HIeE
=
F = RT (from 'E‘quatioa(10'3))4'~gi‘rr.(’f;éom Equations (56) or (94a) or (94b)). -

generatlon of a new Kfvaﬁue whlch 1s then fed 1nto FMU untll

l Fis less than the set'llmlt, EPS T l .*ﬁl’ »l~gfﬁ
. The algorlthm for case D is less 1nvolved The .
o | : o
values KB and 'CNO are, obtalned from EquatlonS-(34) and (52)

V'F=;RT(frem'Eﬁuation klbﬁ)la—RTIfrp

Sy
o

error method is used to solve £
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5;2 2 Tran51tlon from Fast to Instantaneous Re

91

actlon Reglme

BN !
P o

The same THES program can be applled to- t

~

w1th modlflcatlons. The key equatlons are Equa

.

hlS reglme

tlons (34), l

*(52), (55), (68) and (32) (cf. 3 3. 4 Tran51t10n from Fast to"

Instantaneous Reactlon Reglme) : M and By are f

RS

and4CNO,'whlch, in turn, lS a: functlon of Kf

unctlons_of Kf

F = RT (Equation (68))-jRT(Equatlon (55))

”y Two addltlonal subroutlnes FNU and NULR are requlred in thls

reglme because Equatlon (68) 1s an 1mp11c1t functlon of EN,

the enhancement factor.» The 1n1t1al bounds of

Kf_are set 1n

MULRh‘whlch then dlrects a trled Kf value to FMU to deflne.d

'“‘fEi and M. - Then, EN 1s solved by the" other subr

and NULR based on - the same pr1nc1ple as: that of

o The fnltlal guesses of Kf nd EN are crltlcal 1

s

\“ e . . .
a. negatlve number is not deflned, and¢thuS»the'

does not converge. Several sets of 1n1t1al f

\

':values have to be trled in order to get the res

Lfor the cyanlde concentratlons studled' a unlqu

5 . ’

2

¥

'-tratlon range covered ‘in the experlment does no

outlnes FNU
FMU and MULR.

n thls program,

',as an 1mproper ch01ce of 1n1t1al condltlons w1Llrendera nega—.

(\7,‘ ~.‘1 .

: t1ve Value to the term M(E ~—EN)/ if 1) The s

quare root of .
value_of-EN

and EN |
ults converged %

e general set

'-»of 1n1t1al condltnonsappllcable to the whole cyanlde concen-

t ex1st. z



Hgé
'5;3 Ferr1cyan1de/03/UV Reactlonf" A '

The reactlon scheme and the mass transfen model have
been: developed 1n Sectlons 3 2 3 and 3. 4 As 1t has been

."the-OB/CN ’reactlon that the gas.phase mass.transél

_fet:r.S1s ance only accounts for 2% of the total re51stance,a
the correctlon for the gas phase re51stance is not necessary
bln this experlment because the 0. /UV/Ferrlcyanlde reactlon
;pls substantlally slower.- The same THES program is used to
-solve for- K except the follow1ng dlfferenoes .
l)l"mThe-ozone consumptlon cannot be.obtalned from.the qashb

'phase\measurement, the outlet ozone concentratlon 1s

‘.”ﬂfessentlally equal to the 1nlet concentratlon ow1ng
'to the slow reaotlon, the 1n51gn1f1cant»§zone usage'
makes the gas phase ozone mass balance 1mp0551blef

,

“.The ozone consumptlon 1s calculated from the b&quld

N\

,phase cyanlde mass balance by Equatlon (55)

'?ii)‘VZKB has a. value of 3740 M ;Secfl, which 1s about l/5 1
of the Kf measured 1n the OS/CN reaction (19083
1 el e ” Lo ey

M “sec T). o T o !

"Thevkey équations'for.the'flat_CNO'profile-are Eduation“'_%y,

(105) -
| Kotanh/DT K | . e
RT. = ARA-Cpo oot (105)
where . : B "
Ky = KiONF + K + 3.25x 3740 CNO |

T $

'K-CNF + K_ + 12155 CNO =



- and Equatlons (59 and(52). K can be solved by uS1ngvthese

| 3 equatlons in. addltlon to the general ba51c equatlons from

'-;.(95) to (1022 1n Sectlon 5 1. The algorlthTuls 1dentlcal to
vthat used “in the free cyanlde case. - | |

RT is. expressed in® another form 1f a quadratlc CNO B
D4

proflle is- assumed (' Sectlon 3 4. 2)
" 'ARA. DT/ g | B
RT = {b—+ [C ,-——J cosh(/ &\L\~ 106)<j
s1nh¢b4_6 SR :
. 4.25 K-CNF + K.
b, = ' . D . . } ' Co
4 t'; -DT- K ' ’ S ..
R 3 25 F. CNO
b5 = DTfARA 5
¢ .
6,==%!
' 0 _ , ,
, . B

“where.Eqdatioh (106) is obtalned by comblnlng Equatlons (85)
ahdh(86) » Equatlon (105) for the flat CNO proflle 1s:
_replaced by Equatlon (106) for ‘the quadratlc CNO proflle,;h‘

""ahd the'séggthgtignal\procedure would be the same 1n both

 cases. .

| e
Equation (89).is-Used for the géﬁet:ationemodeld(off
Section 3.4.3) . -0 4
e (e exp (<K, 8) 1. o
RT1=ARA-C'VDT-K 'eerK'DT[l‘+J"“ -] + —— (89).
e s .7 ] 1 2K: 6 :
. : =17 vYTK, 8
B e - = - 1.
f;Ki;s K- CNF + 12155 CNO + K
: ‘4DT L _’ I
0= T2 A ST R e
., erf x = 2 J exp (-x°) dax .
C SN 5 o r.



o

fIn addltlon to the subroutlnes MULR and FMU, another sub—:

e

routlne INTG is used to 1ntegrate the functlon exp(—x )},
:Wthh is declared as FUNCTION FCT(x) 1n the computer pgs—

 ,gram THES to prov1de the error functlon." *,/ : '\E

@

‘94‘_"



o centratlons respectlvely 'P' is the ozone partlal pressure,

o unlt tlme, as calculated by the gas phase ozone maSSvj

CCHAPTER 6 . .o L
- o - b .‘ u .
" RESULT AND DISCUSSION" -~ - '

}.

6{} CN /O /UV Reactlon

NG

. The 1nput varlables and dlrecgly measurable data are.

fgtabulated 1n Tables 6 and 7,,data for a- flow rate of

_0 765 ml/sec are in Table 6, and a flow rate of 1. 094 ml/sec g

' 1n Table 7. CNI, CNF are the feed and outlet cyanlde con—

A

T the temperature and RO the amount of ozone consumed per

'balance UtlllZlng these numbers, the rate constant of the

‘ffree cyanldF/O reactlon,’ f,'can‘be evaluated by the com—f

N

puter program THES 1listed 1n Appendlx 7 A brlef explana—f

B tlon of the program can be. seen. in Chapter 5 Data Treatment.;’

,*Four dlfferent methcds as- mentloned 1n Chapter 5 are used

to obtaln Kf, and the results are shown in Tables 8 and 9

huhln whlch A dé51gnates the case based on the ozone consump—“
‘tion RT dlrectly from the gas phase ozone mass balance RO'

: B, RT from«the cyanlde consumptlon, R, multlplled by an.

‘"iozone consumptlon ratlo of 1 5, c, RT from ‘R multlplled by' |

l 2 and D,’KB /5 1 1nstead of RT. All cases are,

’,'regarded to be 1n the fast reactlon reglme.

The varlables and parameters of 1nterest for the case

'D e. g. the phys1cal mass ransfer coeff1c1ent KO’ cm/sec,_uy

«

the 1nterfac1al ozone concentratlon CS, M, the calculated

95 .

=
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i

'cYanatedconcentration-CNO, M; the reaction and diffusion

time TR, sec, TD, sec; theyreaction diffusion time ratio, -

. . LT C ) . . » . ‘ .. )
- TRD; the calculated ozone consumption 03, mole/sec; the

measured ‘and calculated oione conSumption ratkm'S' and S.,; -,

S0 202

[

the rate of cyanlde reacted R, mole/sec, the‘fractionS‘of
‘lozone consumed by decomp051tlon and. cyanate ox1datlom,FRD

_and FRC are prlnted out 1n TablesA4 and A5 in Appendlx 6,

‘Detalled Analyses of the Ozonatlon Reactlons, where

ST R L e
SIS F T a0
-~ FRD = g3t -gNO it S (109
B P - T S .
.,, B 3'.)25_,KB-4c_:N_o I . L | .
FBCE;K + 3.25 KB-CNO +.KfrCNF ' R : \",(¥10)

c'.

.,Comparlng ‘the. values of Kf from the four dlfferent

methods (A to D Tables 8 and 9),v1t 1s foﬁnd that the one'

~,from ozone‘materlal balance (A) does not furnlsh any,useful

a

. 1nformatlon due to the scatterlng.{ Owlng to the large

.-

uncertalnty 1n the term RO, the amount of ozone, reacted

‘some Kf values are negatlve. The assumptlon of constant

.
ozone consumptlon ratlo 1s questlonable. As the cyanldef
X ‘

concentratlon 1ncreases, ozone decomp051tlon becomes a less

sumption ratio would decrease. The values of K.f in B and C

by assigning constant ozone consumption ratids andjthen»

‘slgnlflcant‘faCtOI in the whole_proqess'and the pzone-con_"“
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: forc1ng the ozone mass balance are 1n the same order of

'w\‘\magnatude as - that of D, except that KB varies from some.

\\ /' \ ¢

- negatlve numbers at low cyanlde concentratlons to’ a,value B
) “of 13, 000 M l»sec_; at a cyanade c0ncentratlon of 6. 6x 10 ;3v
M. It seems that«models based on constant ozone consump-
,tion ratlos arevnot“valld' D is more acceptable, becausen
a constant Kf/K ratlo is assumed “'v;f - L
Desplte the heavy scatterlng of Kf values; several
'conclu51ons~can stlll be drawn._ Flrst ‘kf is 1ndependent )
of cyanlde concentratlon whlch is revealed by the plot ofﬁ,
. .

fo vs cyanlde concentratlon (Flgure 6) where a horlzontﬂl
illne can be drawn through the p01nts. ‘The average value of -

‘£ is 19086 M_l‘sec_l w1th the standard deV1at§on of +18%.-

'K
,'The power law rate expre551on (flrst order in ozohe and
_cyanlde or: cyanate) and the valldlty of the model are con\
flrmed ._Secondly: in contrast to the statement tﬁat "the ."
unnecessary UV may slow down the reactlon"(2 ), nelther a‘
‘beneflclal nor’\a detrlmental effect of UV on the reactlon
‘rate is observed whlch is in agreement w1th the observatlon
_that uv 1rrad1atlon does not appre01ably promote the ozone ;; y”C:
decomp051tlon in the gas phase.' A | " o
'fo is. also solved u51ng the same computer program by‘_{rl

.‘settlng Y‘ 0 and g = 1.5 1nstead qf 15 3 and 3 25 respec-
'”{;i tlvely. Kf remalns unchanged for cases B and C 1n whlch

a constant ozone consumptlon ratlo 1s assumed whlle S

lt decreases almost 25% from 20,000 M 2L s _;;tQVLG,QOOT,b;J;; N2
Mflfsecfl'ln casetg. The effect of q on Kf isﬁmild,‘only

L



tv f‘ B | | j 'S\\r'
':a 3% reductlon in Kf is observed by changlng\q from 3. 25 to L
"ﬁ.S, The values of KD and q are chosen to be 15.3 sec“l
fand 3 °25 not only because they have more theoretlcal

: support but also they glve an average calculated ozone’
consumptlon ratlo of 1. 5 (S in Table A4) whlch is ln’exact
fagreement w1th the‘average measured Value (S lln Table_A4 and
'56 in Table AS are‘not used because the ozone: inlet concen;
'tratlons have hot been measured accurately in these experi-
iments) The small reactlon tlme to dlffu51on time ratio,‘
'('I'RD'-~ SX lO 3) 1n Tables A4 and A5 1n Appendlx 6 1nd1catesA
that the reactlon is in.a fast reactlon reglme.f The Valuesu
-_of Kf can also be solved ‘by. the equ&tlons developed 1n the
JfaSt—reactionaregamev (cf b 3. 3 Fast Reactlon Reglme - Fllm.

Model) R T o

If the reactlon is. found to be - 1n the fast reactlon;‘
L .
reglme u51ng the reactlon tlme-dlffu51on tlme ratlo as the3

L]

crlterlon, there is a good chance for the reactlon to be in
the tran81tlon from fast to 1nstantaneous reactlon reglme,

furthér- characterlzatlon ls requlred j The_dlmen51onless

e

- parameter '.v:'; 3
o DBB
vt 7 /(1 EE—E_)

.

\\-',:‘
dlS used as the crlterlon to differentiate'theifast'
;reactlon reglme from the tran51tlon from fast to e

-1nstantaneous reactlon reglmet.' Thed reactlon‘
ﬂ . ’ '

’;'1s sald to be “in an 1nstantaneous reactlon reglme for a.

,10n reglme for,
S
oy

}parameter value of 10 or- largef, a-fast re
v . L R N

;
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reactlon reglme.

107

AN

,aivalue of l/2_or less,_and a tran51tlon reglme for the

values 1n between. The‘value of thls parameter at varlous
cyanlde concentratlons lles between 3.2° to 0. 75 therefore
the reactlon would be 1n the trans1tlon from fast to ins-
tantaneous_reactlon-reglme. Two sets of lnltlal guesses are
used the first set is good for Runs 1-3 in Table 6, and
the second for Runs 3-21. The value of Kf calculated by
assumlng a tran51tlon reglme is hlgher than that of the
fast reactlon reglme by about 5% as shown in. Table lO The
reactlon belng in a fast reactlon reglme is still appllca—‘

ble. The llqul mass transfer coeff1c1ent at a- cyanlde
&~ -

-~

vconcentratlon of 6. 66x lO 3M ‘is about O 06 cm/sec,

whlch is small compared with the .gas phase mass transfer

; coefflclent (2 15 cm/sec(ss)). The gas phase re51stance,

P
;o

Wthh amounts to 2% of. the total res1stance, can be dropped

!
L4

w1thout affectlng the result The effect of gas phase.'

re51stance need not be con51dered for the complex cyanlde

as the reactlon 1s in the tran51tlon from slow to fast

oy
i

own in Tables A4 and A5, the phy51cal mass - trans—

is on the order of 2x lO 3zcm/sec,_

whlch 1s slgnlflcantly smaller than the gas phase mass‘f

7,transfer coeff1c1ent (2.15 cm/sec The calculated cyanate

. concentratlon CNO is only 1% of that of cyanlde. ‘The frac—z

tlon of ozone consumed by decomp051tlon FRD ranges from 14%'

to 34% belng more 51gn1f1caﬁ/7at low cyanlde concentratlons

f
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<'Run ' HUV“ﬁ: ,v"cNIj‘ | o KT ' | T‘ K
| 107 . M gj M s . |

1 N0 . 1.147 - 32130 . 31500
2 o Two 30460 - - 29910
3 . FULL © . 31110 - ~ 30520 -

b4 - NO g 1.840  © 24800 .. 24020 | . -

5 . NO _ ... 24830 24060 0t g
6 FULL - : c. 1 24230. 23490 B
7 FULL. — . ‘25350 . 24540

“NO ‘ , 15780
NO© .. . . ., 18590 . ‘17870

WFULL. . & 0. 16560 15980 .-
FULL . . 18610  “._17890 "

i RS ; VAN )
" NO © 6,113 19480 . 18530"
NO _ 19500 .~ 18550
NO o0 18300 . - 17440
LFULL - . 18300 17450
FULL. ' . ... 17600 .16850-

18 N0 7.694 21980 = - 20820

19 NO . o - 15370" ¢ 14680 -
‘200 ... FOLL . . -.- 15090 - 14430
ci21 0 o CFULL o 14160 - 13570

N,

'KT ‘Rate constant. for free. cyanide calculated by the transition?d.
o reglme,. Lo : Co

Kf'.Rate constant for free cyanide calculated by the fast reactlon ‘

regime - (Case D, Table 8)

-

Table 10 Comparison of K for the-CN /O /UV reactlon calculated

f

Sl
a, N

by assuminﬁ the transition from fast to 1nstantaneous reaction.

regime and 'fast reaction regime. o

NO 3.701 _20§V0 . 19780 S



'1ncreases from 1 14 x lO M to 7. 694 XlO

'51ble. Thls‘Lan be 1llustrated by plottlng So,the ratlo'fs

.w1th the observatlon 1n\column A Tables 8, 9.. Thef-'”

. ‘,
¢ .

) where the bulk concentratlon of ozone 1s hlgh Slnce the

”7Qdecomp051tlon is the major 51de reactlon and strongly pH

dependent an accurate measurement of PH is warranted ._On

‘the‘Lther hand only 13% to 7%"® of ozone is destroyed by the

cyanate reactlon (FRC) In contrast to the decomp051tlon,
it is more 51gn1f1cant at hlgher cyanlde concentratlon.

The total consumptlon of ozone by these s1de reactlons

" ranges from 27% to 41% as ‘the cyanlde concentratlon ;fa“

3

For an 1deal case; RO the number of moles of ozone.

‘reacted per second bbtalned by gas phase materlal balance,

1s equal to RT ' the amount of omone reacted per seqond

g calculated by cyanlde balance, 1 er

. RT =) R(K (en) + 3. 25 K ,[cnop + Ky /(K [eN)

of RO to R" ,agalnst Sl,the ratlo of RT to R in’ Flgure 7 &

'(SO;-Sl are known as the measured and the calculated ozonev

>

fconsumptlon ratlos) ' The p01nts show an unlnterpretable

-~ - ¢

1pattern scatterlng 1n a random fashlonr whlch complles

-

._scatterlng is natural con51der1ng the subtractlon of two.“

‘of.2.2x 10»5 le/mln, whereas the amount of ozone’ reacted

¥ v
is at most lx 10 6'mole/m1n, whlch represents a 1/22~or 5% N

-;However, the uncertalnty 1n RO makes the comparlson 1mpos-‘t‘;

o

vclose numbers.. The mass flow rate of ozone 1s on the order"
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S 111
decrease i the ex1t ozone flow rate. . As the relatlve'
error is concerned, it is almost 1mp0551ble to obtaln RO
by taklng the dlfference between the inlet and outlet ozone .
., flow rates accordlng to. the ‘error propagatlon theory :
, l ' £
RO =My~ Mag = S B Gy
where ﬁALV N anathe 1nlet and outlet ozone mass flow rate
respectlvely By a 51mple mathema-lcal manlpulatlon, the
follow1ng relatlonshlp can be derlv d
o T '
An, . ‘2- S -
_ (éggq = (T___éiT_;) + (112)
o R e N N
r3 where ARO denotes the uncertalnty 1n RO caused by the mea—‘*
2
surement errors AnAi'and An A" Assumlng a 5% of measurement
'harmf N ,hb PR R ﬂ
ARO, ™ 0. 05x lO ,‘z. o T
AR = 2x (2203 » )ﬂ 2. 42 (113)
R , ’ 10 : B
Cea o ARO. v e vmeg e - AT e
LT LIRS Losg=daer e s

156% only represents the lnherent uncertalnty of the term*~'»

RO the actual error 1nc1ud1ng determlnate errors and

'“:the errors from the data other than nAl‘and nAf may be even;?'"

In splte of the scatterlng, the average e

]

agrees w1th the cal-.f'

'larger than that.,
measured -ozone consumptlon ratlo, SO,

- 7culated one,.Sl., They both 1nd1cate that an average of :"b

e .
) T

‘51 5 mole of ozone réacts w1th l mole of cyanlde. AfﬁAA‘H-'

. IR . B B . S -

4
A
5
3
&
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i) Experlmental errors. Besldes the measurement errors,

.

.....

ety

112

"~ The error;in'Kf comes‘fromhthe;following possible
sources:

’

S addltlonal errors can be caused by ‘the 1rreproduc1ble

surface area ‘and the 11qu1d hold Up volume in the
-reactor.‘ The vortex and rlpple on the surface due to
‘v1gorous stlrrlng may 1ncrease the actual surface area

to a value larger than ‘the” geometrlcal cross sectlon.uaw‘~
In the ozonatlon experlment, llquld leveluwas maln—

talned by manuaply adjustlng the llquld outlet valve,
'an 1nsuff1c1ent control in’ lquld level may change the
geometrical.surface area because Ehe cross sectlbncﬁfthe
QVF column 1s not unlform.A Furthermone, the ozohe

: L.
h partlal pressure fluctuates w1th the atmospherlc

k)

S pe i w e = - -

- pressure outsxdesthe bulldlng probably -due-to the e o

o e .n‘oQ"—“lmr~«'

e »’_‘\n\,__.} »-_. A

change 1n oxygen content and the a1r cdmpressor 1nlet f:f;i,

C' W T e

e R Y

_»pressure. For the best result, 1t i'st adv1sable to use

. - . &y )

La llquld level controller to malntaln the proper

\

lquld level and compressed oxygen as the Ongen o‘.,

source tO generate ozone.. *

ii) . Errors from the chemlstry of the system- ‘The order R

_tof the reactlon is. stlll controver51al,'a value of

b
1/3(47) (44 45) 045 4GL

RIS L

Gfor»cyankde) has)been o"
reported by varlous‘workers.n The\st01chlometr1c
ratlo qCNO (moles of ozone requlred ‘to.- react W1th l;

‘lmole of cyanate) as uncertaln too because a compll—‘

cated mlxture of N2, NO3,_NH4 1s produced.; In the_

a .

6 - - foa ads e . e s

o

B T R
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iii)

present work, an order of 1, a st01chlometr1c ratlo.'
of 3 25, a rate constant ratlo (cyanlde/cyanate) of
5 1 as observed by Balyanskll are . chosen. The con51s—

tenCy of Kf values at varlous cyanlde concentratlons

&

) valrdates the ch01ce, but stlll, the other p0551b111— ft'

tles cannot be excluded.

The assumptlon of flat concentratlon proflles for

\ 1

: cyanlde and cyanate may 1ntroduce certaln errors 1n!

ERET S

_ the calculatlon. Cyanlde concentratlon may be re-

113

-

garded as constant 51nce 1t is. the major spec1es. As

for cyanate, the same argument does not hold ow1ng to
the relatlvely small concentrataon. It is obv1ous

hat the concentratlon of cyanate is hlgh 1n51de the

~ .,

) fllm where the reactlon takes place and low in the

C s

bulk phase.dﬁz~

e

In conclusron, the cyanldb/OZOne/UV reactlon 1s 1nffgfff;”

S
the fast reactLon reglme (t /t T 5 x lO -) w1th the S e

1. =1 e

flrst order rate constant of l908 Mfgxsec~rr

Because of large uncertalnty 1n the ozone gas phase

balance,_Kf has to be calculated from the cyanlde
lquld phase balance correctlng fOf the ozone decom—

p051t;onrand cyanate ox1datlon., The" fllm and pene—

&

“tration” models serve equally well for the above reac—g

o~ .
tlon.' The rate constant of cyanate,_KB, wh1ch 1s,,

»

'used 1n the next sectlon in the ferrlcyanlde/ozone/UV:
-1 -1’ ;

9 for' a1measured Kf value of 19086 M Ts .

reactlon is equal to l/5 l of Kf~ i.e. 3740 M = sec
-1 -1

- 1
gy o~ R [ .
] < e H -
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6f2 Ferrlcyanlde/o /UV Reactlon :

| The rate constants of ozone/ferrlcyanlde)UV reactlon
atvdlfferent'UV‘1nten51t1es were calculated u51ng three .
different .models, namely, the film model with both ,flat k_
and quadratlc CNO concentratlon proflles and ‘the . penetra—
tlon model with a flat CNO proflle.f All cases have been

derlved mathematlcally in 3 4 Modelllng of the Ferrlcyanlde/

0. /UV‘Reactlon._ A 51ngle program can be applled to all

2

cases w1th mlnor modlflcatlpns in’ the form of K vThe
penetratlon model 1s'more compllcated and 1t requlres one
mQre subroutlne INTG -to generate the error functlon Slnce
“the decomp051tlon of ozone is lmportant at high pH, the pHv
\ffof the solutlon has to be measured accurately and fed into

the Stumm correlatlon 1ncorporated in .the program to get

’-Kagv On the other hand at pH 7, a value of 8.5 x lO %.secfl;

.as predlcted from Stumm [ correlatlon is accurate enough

f\tOAaccount for the ozone. decomp051tlon.- The maln programs
for film model flat and quadratlc CNO proflles, and pene-

; tratlon model all at pH 12 are llsted in Appendlx 7. Comf»7
parlng the programs for free cyanlde anigferrlcyanlde,"‘vu"
'strlklng 51m11ar1ty can . be found ) .

The 1nput Varlables and the dlrectly measurable data g

"é'é the cyanlde contents of the feed and outlet ferrl—

cyanlde solutlons, CNIA(6 tlmes the ferrlcYanlde coﬂpentra;ihlbpf

.'vtlon), and CNF temperature T, and the ozone partlal | |

preSSure.PA, are tab lated in Tables 11 and 12. | Data fo:”

PH 7 and a flOW‘rate of 0.4944.ml/sec are reportedfin
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“.Table 11

) DIRECTLY MEASURABLE EXPERIMENTAL VARIABLES
FOR THE FERRICYANIDE/O3/UV REACTION AT A" FLOW RATE OF

ol 0.4944 ML/SEC pH 7 AND TEMPERATURE 217 .C
" Run.. UV ~ ,Témp' o })'zone o Cyanirde . Concentration
o L PreSSure (PA) = Feed (CNI) - Product: (CNF)
R . o _(atmx 102) . (M x 103) - M x 103
1. .No . 24t.3 - "1.917 0.1843 - . ©.0.1583 - . .
2. No. 24.3 . 1.933 0.1843 0.1614 "
3 Coarse . 22.3 1.925 S .0.1843 - - 0.1508 .
&  Coarse . 22.3  1.972 0.1843. . - 0.1529
'S Fine.. 22.3 1.921 0.1843 - V.1475 -
‘6 . Fine 22,3 = . 1.921 , -0.1843 ©0.1456°
7. Full - 24i3 .. 1826 . . 0.,1843 . 0.1372
8 Full = 24.3 - 1.826 ~0.1843  0:1482
9 . No - 23.9 . 1.944 . 0.3329 - . 0.2953
10 No U 23.9.. . 1.967 - 0.3329 © . -0.2958 -
- 11 . Coarse  23.4 " :1.997 - 0.3329 0.2815
12 Coarse 23.4 © 1.965 - 0.3329 .. 10.2854
13 . Fine . . 23.4 1.964 - °0.3329° ©0.2723
.14 - Fine. . 23.4 2.006 . 0.3329 0.2725
15 Full 23.9 . 1.977 . 0.3329 0.2595
16 . Full 23.9. - 1.905 - 0.3329 . 0.2609 .
17 -~ No 22.3 © 0 1.843 0.4489. - . 0.3960
.18 No .~ 22.3 - 1.843 ©0.4489 - . 0.4182 ;
‘19 Coarse. 23.6 - 1.984 -0.4489 - 0.4002. .
120.  Coarse  23.6 \ 1.985 0.4489 - 0.4061 .
' 21.  Tine  23.6. 1.899 . 0.4489 . ©0.3937.
’ 22 Full . 22.3 - 1.823 0.4489 - 0.3741
23 - Full" .22.3 1.952 - 0.4489 - '0.3666
24 No . 25.1 - . 1.890 . 0.9609 . 0.8577 .-
25 . No -, 25.1 ~1.888. 0.9609 © . 0.8545 . .
.26 Coarse - 25.8 - - 1.810 . 0.9609 . 0.8452
27 Coarse - 25.8 . - . 1.852 0.9609 . 0:8544 e
28  aFine 25.8. 1.858 - +0.9609. .. ... 0.8390 . .
29 - Fine . 25.8 - 1.858 ‘ﬁ».019609 ST 0084697 R
30 Full - 25.%L.. ;ql'967a_y:.y;: '0 29609 . .. . ,“0 8358 R
310, Rull-c 251010928l 0.9609 . '" "‘~m-**‘1Lﬁ
.. 32 No 250 20084 LA 394g;j}_“ ok
L33 N L2550, 010960 T e 1394 L T 11,240
-y .‘.'-34:"; :_C._oa-rse-; R R 1.394 77U ULNYT i
EERTE L XD ’ w1396 L o
e Laa3940
7 : : " TR ! oy
o> \ o et = ,'.,___ . . - . i
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A

- Té:b.ie.fll' (cont'd) : Sy RS

" .. E .- e e el

RunUV :"f‘e'nfp R Ozone AR : Cyaﬁldé 2 . Cbriléénﬁr'ét.lbn'
B N - Pressure (PA). " 'Feed (CNT)-» Product (GNF)
O (atm x 102) (M x10%) (M x 103)

37 Fine = 23.6 "1.934 1.394 1 25
38 . ... Full = 25.0. ,;.f;rasgngtﬁs.irf.r1w39¢.‘@ o 1,263 . . ek

39 QQ Fu11“;j525;c¢vgz;gg;1 907" hes L ek 234,a.--!-2'fmif ’
© 400 - No v 23.4

230400 L 936 \?1;r4,~2 272" :*' 3:* 204G T e g

'41¢-f © No 23477 159081 12027 L 2a 062 d
42 Coarse . 23.4.° aus T 202727 RS 10 VA IR SR A e
43 Fine  23.4 877 . v L2271, _' ©.2.080 - ST |
- 44 Fine. . 23.4 842 < t2.272. o 01.996 . U Tnmoonvie s

45 Full- - 23.4 881 v 2.272 - CL2UHBT Dol e
. 467 Full - 23.4 1.881 - C20272 0. 2.084:

47 .. Full = 23.4 842 - - 2.272 - -2.093

48> No . 24.3 L9746 . 5.487 © . 5.119

49 - .No = 24.3 924 - 5.487 . 5.151

50 . ‘Full . 24.3 929 - . 5.487 . . © 5,168 .
51 Full 24.3° .937 . .5.487 5.166 . % -

1
1

1

1

1

1

1

1

1

1

‘ !

52 Full - 25.4 . - 1.860 9.342 9.007

1

1

1

1

1

1

1

1

1

1

1

2

53 No  23.8°° 1968, ©10.21. .- 9.783
54 o Full” . 23.8 1,943 -+ 10.21 .7 9.805
55 Full  23.8 1.994 1021 . 9.817

‘No " 26.1 .856 . 17:90 - 17.32 ..
. No 26.1 .890 ©U17.900 - 17.46
Full 261 874 . 17.90° . . .17.39
© O Full  25.0 . 927 18.30 17.77
No . 24.0 931 - 36.74 L .. 35.61
- Full 24.0 <867 ¢« . 36.74: - .36.10.
. ~ Full® 24.0 - .905 . 3674 . 35.73
63  Full. 25.7  1.908 .~ 36.82 . 35.92°
64 Full - 25.7 2.

000 - .36.82.., . 35.81 °
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{7.denote the rate constants based on the fllm'model w1th

o118
- Table llh: Table 12 glVes data for pH 12 and a flow rate of

4-0’5525 ml/sec. The values of K calculated from the threef

,
: dlfferent methods are shown 1n Tables 13, l4 _KQ,
LS
flat CNO proflle,‘ﬁllm model w1th quadratic CNO pr flle and -
penetratlon model W1th flat CNO proflle respectlvely | |
| Comparlng the values of K from the three dlfferent

models, 1t 1s found that K 1s larger than KP by 8% or less,j;4§nxt;

ggﬁwhereas KQ 1s sllghtly hlgher than K at low cyanlde content

and substantlally lower than K at high cyanlde content

‘The dev1atlon at the hlgh end may ‘be-as large as —100%. vln

‘order- to show the trend more clearly, the rate constants

;T_from three dmfferent mode15w i.e. ‘K, KP and KQ are. plotted

agalnst cyanlde content”at varlous UV 1nten51t1es on
Flgures,g,.9,v10. K can be correlated w1th cyaTlde content TR
'and‘UVﬂintenslty In Flgures 8 "9, K and KP at 100% UV are:

,almost 1ndependent of cyanlde content as represented by 2
'horlzontal llnes-(llOO~for K, lOOO for'KP) 1n.the graphs.

The effect of UV on’ the rate constant is not obv1ous untll

the cyanlde content is below 1. Sx lO 3 M, i.e. 40-ppm, then

~ _the: rate constant decreases sharply w1th depletlon of

.ficyanlde 1n the absence of UV At a flxed cyanlde conteht

:v(below\AO ppm), the rate,ponstant 1ncreases gradually and

’5ﬁff1nally reaéhes & plateau value as the UV 1nten51tY lS o

'?f?lncreased to 100% (200 watt).ﬁ Whlle KP: agrees w1th K w1th1n

;8 KQ shows a substantlal dlscrepancy (Flgure lO) ’HTheL{'
'*iwhole Curve Ls skewed relatlve to that of KP and K, and

R N



e 119 -

“Run K, 102M~ls-l - Kq, lOZM-ls 1_ Kp, lOZM-J’s‘l TR

© 049238 . . 1.271. . 0.8415

70.3072° © 70,3898 - - 0,2888

R T R R N T 25\ S U ' Ce T

TUIL0820 0 L 2,4220 - 10636 L e e
3,805 4,802 S TBLG0L
4,534 0 5,621 4,047 L
C10.29 0 LLL68 L 19,191 L
643 T 5 807 o~ - Lo 4,156

PR - IENIN. NSV ST O
&

9 2,193 2,735 - ©1.960- o
- 100 2,033 . 2,552 /),//' 1.817 . ..
11 T 40967 S 5058% T T 4,427 R
120 4,159 4,794 - 3.706 S
13 .7.763 8,242 Y 6,945 N e
s 7,406 0 0 7.906 0 o 6,621 . . ‘
15 S 12.31. 12.30 S0 11,10
v 16 12,53 . 12.50 - - 11.31

17 ©o4W202 00 7 406330 0 3 752 -

18 - 0.7821 U 10.41° . . 0.7040-
2019 1,’3.130Afg,- . .3.580. . 2,790
DR200 7 L 20187, ] 617,M'__:f~w* ©71.949
21 4,683 *-3ff%5 088 . - 4,185

Cra¥ U els23 9378 'gleogt '?*f‘giﬂ,u'~,fi:”

”»:‘~2}i "t lO 48:_::'Q ~:~493L95ew-ﬂa,_« g-9i50292 ’

24 8, 048'] Lot UTV189 e L 70430
(25 8,557 - 7,580 . o70917-
26 010,98 - 9.388° . . 10.24 .
27 9,029 v 7,932 8367

S 28 -11.68 . ~ 9,910 ' 10.92

29 10,25 - 8.855 . 9.547
30 11,02 9,449 - ©10.29

NG C 1101 9,434 10,28 -

w

L
I8 .

=

; fQTaBle.l3 COmparlson of rate constants K KQ KP from three

~ different models fotr’ the ferrlcyanide concentpatlons
' 115ted in- Table 11. :
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Table 13 continued

T332 90827 0 T 81T L L 902820 L e e
33 0 10,77 0 8,768 - - < U10720 A
34 20,68 15.51, . .- 19097
35 . .9,213 - 7.659 - 8,679
36 . 8.543 174 . .8.027. -
o370, .. .9.851 2117 o 9.302
o"38. 0 10.52 .588 . - 9.961
39 12.07 662, - v 11.47

O 00 00~ ~

.361 - . 12.18
(666 12.66
352 . : 9.150
371 9,202,
359 - - 18,98 T -
169 L 6.027
J108 e 80811
46 '

40 - 12.59
41 13,08
42 9.532

43 - 9.588 L
Ya4 119,45

450 60363 L L L

46 9:193 .
woe b7 T 8,665 T

U U N0 W

725 o 1L.51 . - .
899 L0 e e
23360 L 9GBS T
3667 90191 '

487 11,70
49 .. .10.30.

oo

5Ll 9378 :
Tisa T e 4216 T 61286
53l 7i8S4 T TS0I0T T 20748 e e

Sk noa77omesh 7720
55 Tee21 o 4330, - &

D
[ep)
w
[
o]

A74 12,20
283 5286 .
177 0 T T 9062

.56 9,120
57 . 5,349
58 7.093

~wu

60 13,02 417 412,99
L6l hGBLA - 2713 Tt 5,703 L L
J 62 . 10.80 5450 . 10.76

N oY

63 9.226 - . 4729 .
64 1 1057 0 5:3570 - 10.53 -
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 Rinc K 10

e . T . R -. e , . . C . 'v A . e - . t
7ot v Tdble 14. 7 Comparison of:rate constants ‘K, KQ, KP-from three different . -

‘. ‘models for . the__.fa,'fr,iciy-anide vcons:ef,l'tf,a'tio‘ns‘ listed. in Table 12. = ' .
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' KQ depends stronqu 'yanide content ' It 1mp11es that

. f‘y\ ’ Aaaiti aeyss .
Mthelmodel has been over—cor

Wcted by the assumptlon that e e #

~the CNO proflle 1s quadratlc,'tnd thetrate‘constants

obtalned by the assumptlon of a uncorrected'flat CNO pro—

¥l .
VS . PRSRSEY

'flle are more reasonable K and 'at‘COncentrations
"hlgher than 40 ppm Ql 5x 10 M) and be ow 40 ppm w1th 100%
:UV 1rrad1atlon are 1ndependent of cyanlde concentratlon.
The effect of UV on the rate constant can be seen morel
clearly by transformlng Flgure 8 1nto a 1n K vs 3.0 UV plot
sat flxed cyanlde concentratlons (Figure 11) . .K 1ncreases
',w1th UV, 1nten51ty as well as cyanlde content 1vThe curves{:_f

converge to the horlzontal llne at" hlgh cyanlde level ;ilf';:; o
(l 5 x 10'3 M,/or 40 ppm) N | | | v_b |
Similarly, K and KQ at pH 12, 100% UV are plotted . ,
agalnst cyanlde content at 22°C.3 In Flgure lQ, a horlzonfb
utal llne is observed for K (‘-llOO) and a severely bent
fcurve for KQ, as represented by a. dotted llne in the graph;
»,The graph reveals that the flat CNO proflle is more satls->

factory than the quadratlc one. The value of K- at pH 12

,agrees w1th that of pPH 7 The agreemeht 1mplles that the‘

, 0

f'model and ‘the assumptlons made in. the model are valld,

EY

,_;therefore the value of K,ls 1ndependent of pH and ferrl- _‘k—_yp.ﬁ.
' CYanlde concentratlon | {?;“[3 f;/3:~ ”; i .', e,

ﬁ The fact that the rate constant apparently decreases
.w1th decrea51ng cyanlde content at low cyanxde concentra—
tlons in the absence of UV 1mposes a problem for the treat—

‘ment of ferrlcyanlde. .The rate of ox1datlon dlmlnlshes in

PR
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e 100% uv, -22 'C, pH 12 and 108 rpm



’”V%he final- stage where cyanlde is almdst depleted the™ oxf—
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BT T

IS s’\.-'v‘..c—wg LRE P “ v e OD‘-A(-.}A Vi v o -f-m«..;-,',,, “ a

datlon is so slow that ‘in the absence of UV the desrred

C

: dlscharge standard of 1.5 ppm cannot be achleved w1th a' '

- .

reasonable contact tlme and flow nate ’ To fac1lltate the'

oxidation reactlon, uv has to be applled to the reaction .’\

\ .

~system~at low,cyanlde content_(40 ppm) where»the effect_of
UV is pronounced : For instance,'at'lx IO 4b4(2 6 ppm) ‘the x"

rate constant w1th lOO% UV (K-—llOO) is’ hlgher than that |
with 40.4% UV by a factor of 3, 15. S%tuv by 9, and' 0% UV ”:“'»' f
"by l9 O /UV is. 1ndeed a powerful comblnatlon to reduce R |

.the wasted cyanlde content to the allowable drscharged S

plevel.f

Most of the 1mportant parameters are shown in Tables

g'A6 A7 in Appendlx 6 for pH 7 and 12 respectlvely At‘all-

‘UV'1ntens1t1es, K, is. approx1mately 2. 2* lO 3 cm/sec and K

0 L~
A
ranges from l 7X lO to BX-lO~2 cm/sec, Wthh means an
‘ enhanEEment factor of 7.6 to 13 1rreSpect1ve of the pH of

@

_the solutlon. The values of EN are con51derably lower than:l

those for- free cyanlde, for whlch EN may exceed 2O.Y'The:“u

) ™~

» value'of TRD,( 0. 5).1ndlcates that the reactlon is. ln the

tran51tlon reglme o The calculated cyanate concentratlon,
6 -4~

. CWO, varles from 3 6x 10 M ‘to 9X 10 ‘M as CN content

"'1ncreases from l 8 . lO -4 to 3 6 %10 Zbd whlch is also less:
;than that for free cyanlde at the correspondlng concentra—”

. ¢ .
‘taon because of slower reactlon ”The trend;can be obseryed‘.

more clearly on a log log plot o: CNO vs CN‘as given in
o ( ! ' .
'Frgure 13. A llnear relatlonshlp exrsts and the llnes for'

* .
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) ‘ o : 4 . .
_ free cyanlde lle,above those for ferrlcyan;de, }

The peroentage of, ozone decomposed FRD,‘shown tn o e
.Tables A6, A7 depends strongly on the pH of the solutlon.fig_gﬁifff”m

-
At pH 7, ozone decomp051tlon 1s not 81gn1f1cant and accounts
Wffor 0. 2 to 0. 001% of the total ozone consumptlon as cyanlde

'econcentratlon 1ncreases from 1. 3x 10 -4 M “to 3. 6x 10 -2 M. _ ;,;”'V

| i
‘tThe decomp051tlon of ozone can thus be. 1gnored 'so that
accurate measurement of pH is not requlred, a RD Value of
| SX 10 4 can be obtalned from Stumm S . correlatlon and was'
',tused throughout the program. However, decomp051tlon
:becomes the major reactlon as the pH 1s ralsed to- 12, nder
thlS condltlon, decomposltlon clalms 70 90% of the ozone f‘
consumed UtlllZlng ozone for waste water treatment at
:such a hlgh pH 15 uneconomlcal "}RD for. ferrlcyanlde and
}free cyanlde at pH 7 and 12 are plotted agalnst cyanlde
_content in Flgures 14 and 15 ' omparlng the FRD for free‘
,‘cyanﬂde w1th that for ferrlcyanlde ‘the decomp051tlon reac4 . ‘»i(
_tlon is Stlll 51gn1f1cant (40%~ 10%) However, At is far )-
ailess than that. of ferrlcyanlde because the faster CN‘/O
zcreactlon tends tO redi‘f the ozone concentratlon 1n the{:"“'r

) Ay »A,:..».l‘ : ;
,solutlon. For all cases, FRD decreases thh 1ncrea51ng

'cyanlde concentratlon whlch 1s 1n agreement w1th the model "ﬂfl
" used. An 1ncreased cyan;de level w1ll reduce the ozone":"

concentratlon 1n solutlon, and thus dlmlnlsh the decom—t
p051t10n.. S |
"The fractlon of ozone reacted w1th CNO, FRC, is

‘ecomplementary_to FRD, large FRD is accompanled by small‘
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- cyanide at pH 12, flow rates of 0. 4944 and 0 765
\ :_:fml/sec.s - ) o , ‘
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O Free Cyanide, pH 12, F, 0.765 ml/éec |
o Free Cyanide, pH 12 F 1 094 ml/sec

-A Ferrlcyamde pH 12, F O 765 ml/sec 100% uv
T .I._I T 11 11|

,60 |

30

o
Lt

) ."2.60 ppm—4— .
102 M

~TTT]
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Cyamde Content CN

_ Tl "6.x10

e

I

'Figdrel15 Plot of fractlon of ozone decomposed FRdvvs CN

, ' for ferricyanide at pH. 7 and 12, 100% UV and - .
for free cyanide at PH 12, flow_rates of 0.4944 |
and 0 765 ml/sec. - o S =

o~ . . S , S B



;FRC and Vlcelversa, and it accounts for the graph obtalned
*-by plottlng FRC Vs cyanlde content (Flgure 16) FRC is
;determlned by the cyanate concentratlon as well as the 4 d'
.oione concentratlon. Even though CNO 1ncreases w1th CN
FRC decllnes because the decrease 1n ozone concentratlon
can more than compensate for the 1ncrease 1n CNO. How-
Mever,:the case of ferrlcyanlde at pH 12 holds an opp031te,
trend it is probably due to the fact -that at hlgh pH,;"
. ozone has already decreased[to such a. small extent that
‘frtls not sen51t1ve to the cyanlde content,,and then the
vshape»of the curve 1s_completely‘governed bynCNO.

Conclusion

..L‘:.._ |
Comparlng the ferrlcyanlde/o /UV reactlon at pH 7 -and

l2 “the dlSSlmllarlty ‘is qulte strlklng._ At 'PH 12 ozone';'l
hfdecomp051tlon is domlnant and consumes 90 70% of ozone,-
O /CNO -and 0 /férrlcyanlde reactlons only clalm the remaln—fh
1ng 3 lO% and 7 20% On “the: other hand at pH 7 3/CNO |
7-1s as 1mportant as the O /ferrlcyanlde reactlon (70 30%
and 30 70%),_and thé decomp051tlon 1s negllglble Desplte .
"-the adverse predomlnant reactlons and dlver51f1ed condl—'
,];tlons,:after correctlng for decomp051tlon and CNO oxida~-. _
Ztlon, the same K can be obtalned at both pH values (K-llOO
at 22°C pH 7 and 12) " The excellent agreement -as well as
‘Jthe appllcablllty of ‘the same‘model ‘to . the dlver51f1ed con-v

dltlons prove that the model proposed is 1ndeed valld and

. the argument in the prev1ous chapters is substantlated

133
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6.3 Proposed Mechanlsm for the Ferrlcyanlde/o3/UV Reactlon

The' 1nfluence of UV and cyanlde content upon the oxi- -

T

datlon rate constant can be explalned by a plau51ble

mechanlsm 1nvolv1ng ‘the formatlon of an ozonlde 1nter—

medlate._ It has been known in. organlc chemlstry that ozonef

135 -

can react w1th alkene to- glve an. ozonlde. The reactlon of -

- /
ferrlcyanlde w1th ozone may also 1nvolve the follow1ng

ozonlde as an 1ntermed1ate.
6._

oy

. C—)Fe(CN) N,——C -)Fe(CN)

/K &_)/ \06+

\/

O.
_I'I,

N

: Only a 51ngle form of ozonlde would exist 1n.that rearrange-.

ment by breaklng the Cc= N bond is. not ﬁea51ble due. to the )

double bond character. Furthermore,‘the C- O bond 1n the

: :ozonlde is strengthened by the resonance form II shown

',iabove, because of the &+ cthge developed at the carboni
atom as a result of the stable bond between o and Fe and
the electron w1thdraw1ng propertles of Fe. The ﬁtablllty
;of thlS ozonlde would account for the slow ox1datlon rate

'of ferrlcyanlde.v However, "the decomposxtlon of the ozonlde

v /

’ could be catalyzed by another CN group, as it would prov1de'f'

'a p051t1ve center to fa0111tate the electrophlllc reactlon

a



'Y;Using steady state hypothe51s,'the term rB

'tb'be zero, then

. Fe(CN) o2 + CNG™
-+ Fe(CNs(OH))
Schemétically,‘the‘reactions can be writt#n as
A+ B :~

—l>

1. BT 4+ B —% C+ B L e

: where A}denoteé ozone, B cyanlde and C cyanate. 

Rates can be expressed.as-'

H
!

SR Y
BT T K GGy + k G

a

i o - * E :
S Tpa kchc ‘3_ch kchcB E

*

@y _ leACB B
Bk f kch'

(115)

can be ‘assumed

(118)."
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efllG)‘

(117) -



Several cases can be dlscussed-

i) As cyanlde concentratlon is hlgh k2C >>‘k_l )“
g ¥ - klc-'ACB R D (119)

whlch is 'in agreement w1th the constantvahxm ofI(determlned

-. at [CN] . > l 5 x 10 -3 M,(4O ppm) by thevhorlzontal llne in

Figures_8,.9; : T .G
ii) i'As'cianidedconcentration is low, kéCB <<_k;lfand
¥ CF1%e 2 SR . o -
r = - B . : 1
Yp Tt R GG | g2

o
‘ iii), Tf UV.stabiliZes the.ozonide.intermediate and. thus '
. N o
g reduces k -1 or- promotes the blmolecular ozonlde reactlon

8
o

(k ),.then k 0 _>> k“l at ﬁOO% uv. even at low cyanlde level
. The rat'“'",' c :;ag

slon would have the same foﬁm as that in }),

*flrst order to both ozone and cyanlde coa% o

~and the raﬁé?gi

- centratlons f IE the Uv. inten51ty is- less than 100%, k ‘“iS'
u Q .

-1
suppressed but Stlll larger than k C then,,", ', ’ ‘..‘%
e l 2 27 B IR R SFRIP
.rB,;= - i,Cf‘CB = j(gACB S e (lle:_
ok - | o '
b= 12 . - B ST :
- KE %S o e

From thls express1on,_K 1s expected to depend on C in
.‘a linear- fashlon, and to 1ncrease w1th UV 1nten51ty. Indeed'
1t 1s what has been observed in Flgures 8 and 9. The slopes

\\.of the curves on a log log scale at cyanlde concentratlons

less than 1i5% 10 3

M (40 ppm) are



C 0% uv L 1.3
r@/ 15.58 Uv. [ 1 :" e
| "4'0 4% UV«" Q.l9"5’“
;“whlch are’ close to the value of l 1nd1cated by Equat10n(l22).
L The reactlon mechanlsm proposed glves a satlsfactory
‘explanatlon of thelk values obtalned however, 1t should be.

"noted that thlS 1s not the only mechanlsm Wthh can account

.

for the experlmental K values.; At this t1me,11t 1s somewhat .

-nalve to clalm that thls‘mechanlsm 1is reallstlc, unless the _”I?"

,actual experlmental work is. carrled out to p051t1vely 1den—
'-tlfy the 1ntermed1ates..»Further~work ‘has to,be done‘tob
clarlfy the mechanlsm‘ KRR ‘ - ' . K rf“' =

',6.4‘”o£héJ“éossiblé Mechanisms[pA“‘ - o o

6;4;I Free Radlcal Mechanism

' It has ‘been reported that ozgne dlssoc1ates updﬁ:fhe~

:absorptlon of UV(27)

0, +I-——->o+02 R
“The atommc oxygen produced in the dlssoc1atlon process is jfw

,_a? actlve spec1es and can react w1th ferrlcyanlde as repre-

B , N | o
f'sented by the follow1ng reactlon o Sh T

‘ O-,-_{_-‘CN*63~_ —s—3—> 'CNO .,-_!- CN52 . e e / ,

. } - X . \ . ,:;: o »_‘“_"<” ) - . o ¢

R s N I TR RS
whene'CNthand CNSZ'denOte.fenricyanide and its product
. ! - o R = L
'after one cyano group has keen'OXidized fand'Ivfthe uv.

"o

'ilntensit%,' U51ng steady state hypothe51s'
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, :CNEB [O]_[CN6 ] . | | o , | (112_4.)

% .
y solv1ng these two equatlons, the rate of ox1dat10n of
ferrlcyanlde can be expressed as :v' _ |
' | -3 R -
o o k k [O ][CN ] ‘ L3t s :
Y L3 = - =-K!' [03] [CN'6 1 (125)

CN . =34
e kzFozlﬂ'k3LCN6f]'

' B T
R = 3 | L a2e)

- - 3. SR
| kp[05] + kgloNgTT -

o T e
Clim - K'o= b S S R (128)
'[,CN;:“I*JO‘ Cklegd
‘2'where K'_ls the 1umped pseudo rate'constant:for~the'reaetiont
ssumed to be flrst grder to. O3 and CN63't The effectlve 1n—:
,ten51ty of UV 1n the reactor depends on the ferrlcyanlde\v
oncentratlon because ferrlcyanlde solutlon absorbs UV. The

' dependence of K"On [CN ] and I can be shown schematlcally

' !“by the follgw1ng dlagram

(
N/

K.' '
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- » . /l. v"V:. : . . ‘ -
6 4 2 Mechanlsm Involv1ng Ferrlcyanlde Dlssoc1atloni ’1"
(39)

Ohno 1nd1cates that ferrlcyan;de w1ll d1ssoc1ate

»1nto a free cyanlde 1on and an 1ntermed1ate contalnlng 5
_cyano groups. . = oo L »
,0+ Fe (CN)-63' + I"‘;T(_:';Fe (CN) (HZO)-Z + CN© .

H
_The"CNfiproduced-is‘respbnSible for the oxidation reaction

CN™ + 0, —+3a;CNo;p+402 -

’-\Slmllar to the approach in 6. 4 1 Free Radlcal Mechanlsmy

°

fthe rate eere551ons can. be wrltten as . o L)

rCN = x I[CN 1 -k, [CN 1[01\1.5 ,] —k [CN 110, ]—o
o | ' S | (129)
Cr g = X I[CN ]i-k [CN ][CN 1 a3
CN>* ‘ . S S
S 3 '=v-k [CN6 110 ]{ S M '}v:(;sl)‘p,

- CNg k, {cO [CN ]}+k 0 3]
o o k'I‘ »,»n__-n _ I
kz{C°fthNs 1} #kglogl

'where Co is the 1n1t1a1 ferrlqyanlde concentratlon, and 1s

..equal to fong ] + [CNSZ] RS "-e‘h :":s‘»_;f;_tfuvhr

o _“; kLI kLT
lim. KV = s +3k R ?01]'
3,0, 1290 P kg 05l kglo51

'f(133x
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lim = R' 2 —— ' R O 3

a Yo

: 7‘3‘
[oNG]
The shape of the K! vs [CN6 ] curve for the mechanlsm
-1nvolV1ng ferrlcyanlde dlssoc1atlon is 51m11ar to that of the
V'free radlcal mechanlsm The only dlfference 1s that K'Ln the
A \
former case decreﬁses w1th 1ncrea51ng ozone/concentratlon,‘

in other words; the reactlon order of ozone 1n the ozonatlon'

"?of ferrlcyanlde is less than l..

6‘5 Conclu51ons'

Comparlng the experlmental K vs [Fe(CNf ]-plot with

that from dlfferent p0551b1e mechan1 ms+ / h'_ular:re;."

_1'e seems to” flt theg

:actlon one through the formatlon of o
' data best.» However,:the~other two me hani ms cannot be ex-3

‘cluded;' The d;p 1n the experlmental K 5- Fe(CN) ] plot :

‘(Flgures 8, 9) remalns unexplalned by the ozonlde mechanlsm
.'v51nce both the free radlcal and ferrlcyanlde mechanlsms ]h

'lpredlct a downward trend for K at hlgh ferrlcyanlde concen—

'ftratlons, thls dlp may be due to the presence of these two



mechanlsms together with the’ ozonlde one.: The free Ladlcal
and ferrlcyanlde dlssoc1at10n mechanlsms w1ll not be domlnant
.‘at hlgh cyanlde COncentratlons, otherw1se K would depend on’

the uv 1nten51ty and decreases w1th 1ncrea51ng ferrlcyanlde

concentratlon.



CHAPTER 7

,nFUTURE'WORK R e
UV/ozone reactlon systems have recelved w1de atten—'

7tlon thlS year (1977) as revealed by the number of papers‘

~‘presented in the Internatlonal Ozone Instltute Symp051um

held in Toronto(86).< The present trend shows clearly that S

»ozone 1s a potentlal chemlcal whlch can replace the conven—v'

+

tlonal chlorlne 1n the foreseeable future 1n the munlclpal

'.and 1ndustr1al water treatment "The maln barrler to bar

'~the further usage of ozone 1n water treatment is the cost

'".whlch can. be overcome gradually w1th the advent of. techno-7

4

logy However,'ln order to utlllze ozone more effec—

tlvely, the ozone reactlon mechanlsm should be studleﬁ

more rlgorously " The ozone generatlng technology and ozonef‘-

.reactlon mechanlsm are the two 1mportant areas-that should*

. be worked on. ‘.‘_, o 1\

As for the contlnuatlon of thlS plece of work the_'

: i

follow1ng studles are recommended

"xthe uncertalnty in the gas phase ozone balance due to
) 'the llmltatlon of the surface area in the reactor..u
:The transfer of ozone can be enhanced anh thus the
Hdlfference)ln ozone concentratlons 1n the 1nlet and

"q'outlet streams be detected ea51ly by a reactor of

jlarger 1nterfa01al area. A bubble reactor capable

‘:of prov1d1ng reproducrble bubble 51ze would be a

N
.
R

}a)"; Most of the dlfflcultles in. the experlment arlse from}‘\



by

good.choice; The 1nterfac1a1 area can be obtalned by

‘

vcorrelatlon or by carrylng out a well-documented'
’Slmple reactlon, and the same surface area can be__

.fused for the ferrlcyanlde/o /UV reactlon should the’

Fol
experlment be carrled out uvder the same condltlons
h . .

used 1n the surface area callbratldn.ﬁ RT the ozone'

vracy whlch allows the solutlon of X and K 451mul* E

A .
v

‘taneously.‘
’Invthe treatment of»data, ozone decomp051t10n 1s

"‘assumed to- be 1n parallel w1th ferrlcyanlde ox1datlon,

I
'y i

oo

tlve ozone concentratlon 1n the solutlon\and thus'

".to the free radlcal mechanlsm, ozone decémposxtlon

would be in serles w1th the ferrlcyanlde ox1datlon

~

afree radlcal mechanlsm can be tested by u31ng he

_.same computer program THES except that K is glven by .

k k3T jexp (- e[CN 31) e e
e S (135)-'
| ""'k‘2[°2'].’.7"r}‘-3-(c“’6.‘]ﬂ-* R -

A}

gabsorpt1v1ty multlplled by the dlstance from the f o

144

'consumptlon can be measured dlrectly w1th good accu- “f

'ytherefore ozone decomp051tlon w1ll decrease the effec—g

o decreaSe the ferrlcyanlde ox1datlon rate. Accordlng o

o reactlon and thus 1ncrease the ox1datlon rate.\jThej*»'

jwhere 10 lS the 1nc1dent uv 1nten51ty,.E is the molar_Vf\

AL

‘.

'bottom quartz plate of the reactor to the 1nterface.»_
'-[0 ] can be assumed to be equal up the saturated
—cOncentratlon at the partlal pressure of oxygen in ff

.”air;'fJ
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: A sophlstlcated program can"e written to 1nc%ude the |
free radlcal mechanlsm by assumlng the follow1ng reac—L

tlon scheme' .

o

37 "6

'A E

o] +—CN_,;;f_——>CNp—d o molecular mechanism - .‘///7"
CN6

1 O3 —~—+'024-O ———4'CNO . free radicaldmechanismfl

..

o o 4l__v_;> Oé ;ozone.deC¢mPOSition'fh. ( EW
The'contribution of the ferriCyaniGE'diSSOCiatiQn

mechanlsm t'A' ferrlcyanlde/o )ggireaCtion can also -

ng\the reactlon at diff, ent ozone

partlal pr-‘ CIf the rate conStant ca1Cu1ated

Hy the program THES decrease w1th 1ncrea51ng ozone
partlal pressure, the ferrlcyanlde dlSSOClatlon - : gkb
”‘_: . mgchanlsm would be present (cf. Equatlon (132))

hc) e The rate constant and the st01chlometry of CNO /o N ,;;t.

\ - ’,—.-

reactlon should b% eluc1dated. This can be.done u51ng:
-~ the same set-up as mentloned prev1ously except that ’.,rf-+

KCNO solutxon 1s passed through the reactor 1nstead

[ ,: v ) . "f"‘f:'.
o . ,o-

»d)‘JV The'mbleCular mechanlsm proposed in Sectlon 6. 3 1\has;_ =

to be tested by 1dent1fy1ng the ozonlde._"

BN

R

"’e)¥EJ The rate constant obtalned in: thlS worklcan be cross-*“

3

B checked w1th _the stOp-flow technlque develoéed 1n'

‘chemlstry.,



e,

R 2 ”P”;ﬁfﬁ; f%ji f”?can be appI!ed to - other cyano

S. cobalt, s1lv€r,
'r@. - %‘ﬁy- ﬂ

R \
,gcyanlde complexes. ‘The“fate constan& mlght be
SRV - .
to be correlated w1th the 1nstab111ty constant ofathe

. - -
_complex. Then the rate constant of a cyanlde complex

._.gcan be predlcted by the knOWn 1§§Eablllty constant."

4

' mlnes operated at Yellowknlfe 'becaﬁe a hot 1ssue and

4

rrecelved cr1t+c1sm from the publlc. ’Ozone flndS(ltS 1mme—

',aS'the;rate COnstant'should'be explored.

dlate appllcatlon -to thlS problem. Arsenlc can be ox1dlzed

zby ozone to the AS(V) state,'whlch w1ll form a calc1um :

arsenate prec1pltate at-hlgh pH. The treatablllty as: well

’_Recently, the arsenic and'cyanide problem in the gold-

Lo . , . . . - . . . : T < . -
o ' g R : . . . . - L.



" NOMENCLATURE

CNI
CNO -

S

DT

EN, E

»FRc;n'* )
o

FRD -

FRCN

.f{ .»D;ffu51v;ty v __‘-_.’“ L o .
TN 5 L P e L S S

CRY

wConcentration
- Bulk concentration of A

’ ' i . i S v . o . . N w '
"Effective ozone concentration §n solution '
o _ , _ :

Bulk'cohééntration of cyanide
Feed,concentration_of cYanide'
Concentratlon of cyanate in solutlon

Interfac1al concentratlon of ozone

Diffusivity of “8zone in/solution, = 3

- UV,intensity,-W

g CNO proflle‘

"énhancement factor S

,Flow;rate N u, o S S

. X
Y

.Fraction of ozone reacted w1th cyanate
vFractlon of cyanlde destroyed
vFractlon of ozone decomposed

~Henry's law constan" T T

UV 1nten51ty, quanta per second
Molar flux cr0551ng a unlt surface w1thout

chemlcal reactlon o A P '_ ' L

_Molar flux cr0551?g ‘a unlt surface ‘withy
_'chemlcal reactlon B ' | ..'_ RN
- Rate constant for the ) /ferrlcyanlde . f‘ S

'reactlon u51ng the fllm model with a flat
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\»" )
. » \\\ : . -
Kp ~ Rate COnstantvfeg the O /ferficyanide reaCtion
'u51ng the penetratlon model w1th a flat CNO
‘ LY
_proflle '
KQ Rate constant for the Oé/fe:ricyanide.;eaction 5
y using the film model witﬁfavquadrat§C‘CNOw
. ‘ptofiie. |
“KAB- -~ "Rate constant for' the reaction between A and B

" K ,XKB Rate constant for the O 3/CNO reactlon

D,XKD -Rate constant for the ozone decomp051tlon reactlon

)

K¢ ."4i‘Rate_cons§;nt for the 03/CN f?e§0tl°n

.gg [ fGas‘phase:ﬁass‘tranSterdcoefficienthV P

Kp v Liquid massﬂtransfer,coefticient? o , o
‘KO-‘ _;;‘Physical‘maSSftransfer;coefficient' "
KbL' i - Overall 1i§uidona$§ttransfer'coefficient'

ld'nf ;.Optical path iength ,‘;2ﬂ5 -

g ' ’t,Fe?+ifo:med'uponUVsirtadiation
n onne.f;ow rate‘g

P : ,Partial’pressure' i

c o St01chlometr1c ratlojp

T : Amount of A or B reacted per unlt time and unlt

‘volume | K S jdf \

‘R f"‘ Amount of cyanlde reacted per second %
ARO,Odz“Amount of ozone consumed obtalned by dlrect gas -

']phase ozone mass. balance g‘
..RT_f" ‘ Amount of ozone consumed by calculatlon ;n,
S,ARA, ,SurfaCe_area

o - . H . s e
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so Measured ozonelconsumptlon ratlol
SlLSl‘ ; Calculated -ozone consumptlon ratlo t .
'ST : e Moles of ozone requlred to react w1th’one mole
| - of cyanate _ |
T 'Teﬁperaturefl ' S f_: ﬁ D
'tL o tTine delayl |
: tR,TR - Reaétion-time
: ER | :b, Resldenée,timee
“tD;TD “rZDiffusion tlmea | | |
o tRﬁ’TRb, nﬁatio,anreaction-timeltq\diffusien'time-
vlvr,lfl fzbﬁeastor Qolumel~
% ‘ Distancetfromxthevsurfade .

| : ) . R
- A

Greek Letters

& , ’-Thlckness of the fllm-

-8 Contact time .
. T ‘ . ‘ s N : ’
e - .Molar absorptivity /

--Subscripts

A l . GasVCOmpdnent;wi;eL oédné :a ';l - j)
-lB "1‘ "iquu1d reactant 1 e. cyanlde or ferrlcyanlde
e, _:f' ~ Product of the reactlon between A and B, 1,e.._yr
. .,Cyanate- o _
.,f .: ;1 Exitjstream'

g . ‘Gas phase



!

.Subscrigts'(éont'd)

9.

i

L

‘Gas phase

Feed '

' Liquid phase
~Bulk phase

"Surface"

Al
<

Y.
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Appendlx 1i. Mueiler‘s Methodu

(54,55) »

ThlS method has been llsted in IBM SSP sc1ent1-

. fic package bearlng the names of RTMI and DRTMI (double pre—-'

c151on) The whole subroutlne is used in the computer pro—

* :

" gram as MULR for free cyanlde and ferrlcyanlde w1th minor.

hj'modlflcatlons and a change 1nvthe dummy arguments.~ RTMI or

' MULR are essentlally the subroutlnes used to determlne the

troot of the nonllnear equatlon f(x) 0 in the range of X,

from X135 up to xR; (by 1nput) by means of Mueller s 1tera§i

tlon scheme of succe551ve blsectlon andtlnverse parabollc‘

'1nterpolatlon.:lzpe procedure assumes. f(x )«f(x -) 5‘0._’“‘

5f*”Start1ng w1th xL and X, =X the mlddle of the" 1nter—‘

Ll R ‘Rl

‘val xL, KR is computed as shown 1n the folJow1ng dlagram.

7

In case f(x ) f(x )< 0, ‘.,'L‘,f.,"]y ‘ : /::ﬁrdmk
S P . : . / " B
, itx ¥ ste L _ ) ./

.vx and ‘X, are 1nterchanged V"”ayw’A IR L -
L R | o : i o
~to ensure that L B ,

. ‘ o »' 1x ) (4. step) . 5 R T\,

“f(xm)'f(xk)j>.ob.. f.':fﬁ:}tfu““i 1 _{_T ; o

: A _ . o
In Q. step) ’
. . .A ' .x"(xj)“ _‘ )
.. N

Mueller's Iterative methed .

156



in caSe of rapld convergence, i.e. the rootlis neither-too
close to - xL'nor‘xR as descrlbed by the equatlonlyﬁ

28 () L () = £ )] = f»(x,R)_L'f.(xR) ~£(x)] 2 0. (A2)
xp 'is repfacedsby xmland‘thetbisectionistep is repeated.
If, after_a'specifiedﬂnunber,Of sﬁccessive bisections,*the-
_above~ineqdaiity still‘persists,'the,error message*is.sent"
out. In’case of slow convergence, i.e. the-root-is‘near:to .

either xL-" xR‘so ‘that the above 1nequa11ty is, not satls—

“fiédi then the new p01nt is generated by an inverse parabolr‘
1nterpolatlon
,x'»~x

_AX—f(XL) f(X ) f(x ) {l+f(x ) [f(x )-T(X )][f(x )"f(x )]

4 .

. (A3) |

'ran&'x==xL-?Ax; IX'is“sure'to[bensituated'between Xp and xm;'

N :

In the next lteratlon step, X becomes xL and xm becomes
\

‘x Xp 1f f(x) f(x ) > 0 or x. becomes xR 1f f(x) f(x )< 0. 'Thebgj'

Hconvergence is- elther 11near or quadratlc if the multlpll-r\

’c1ty of the root to be determlned is equal to l or greater

\

';cﬁthan 1 respectﬁvely, and 1f f(x) can be dlfferentlated\

'contlnuously at least tw1ce ‘in the range XL and xR Each

. o

1teratlon step requlres two\evaluatlons of f(x) Thls 1ter—..",”

.« 4

"atlve proceﬁure 1s termlnated 1f elther the two condltlons

tbelow are satlsfled : gfr SR O -b . :f;fr

157"

f(x )= 2f(xm)+f X ) b3<} . -

)
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o I o s
i) IXR LI S.E-maX(l, Ile) ] check in.

: '_blsectlon'f , o (A4)3;
‘and [f(x )—f(x )] 100 € | loop
“if) ¢ |6x] g ermax (1, [x]) check ‘after .

inverse paraholic'j(AS)r

: end J£(x) ] glle;e AR interpolation

S,

3

.MOdlfled Mueller method : _ N ‘_”ffl,rv’
. The modlfled Mueller method 1s an exten51on of

N Mueller metho&@§hlch is used to solve two nonllnear equa—'
\ L \
?derlng the follow1ng equatlons

»

"tlons w1th 2 unknowns. Con

"

|

y

o

“fz:(xv).:* - '»(,A” v:

I,

-w1th the solutlon of (x ,y ), then a functlon f(x) \is

'“,deflned as.

f(x) =5 f (x) - f (xl“iwﬁj }.‘Mvufj‘5<h_:i R fﬁ&QS)‘

i =y ‘ =0 .. e N
l“f K xs.- ;f(xs) .0, T ‘ -

"so Mueller method can be used teiebtéin'ks byﬂsolving_thex-""
51ngle equatlhn f(x) o ]'M_e‘,; , o S
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“»AppendixazlfkbetailedAgperating;ProCedure'ﬂf";»-1

General Operatlng Procedure
: \ .

The procedure outllned\here is general for all’ experl-:.
ments pertalned to the text w1th only mlnor varlatlons for f.'
,:1nd1v1dua1 experlment._

R ‘ I S e
1) Wet Test Meter Callbratlon~ The wet' test meter was i

_calibrated by a dev1ce of known volume 'tSuffiCientiwater ,
. B ¢ ¢
.'was added 1nto or drawn out from the meter untll a cublc '

-foot of dlsplacement volume correSponded exactly to one .
”revolutlon on the meter : A black adhe51ve tape was placed

'_on the meter cPamber to 1nd1cate the correct water level

fas it mlght fall gradually as a result of evaporatlon.ﬂf

2) Leakage Checklng Dlstllled water was pumped fffh“

k:through the reactor with stlrrer on, bearlng coollng water

. A

on and alr regulator valve opened The'reactor was-tested‘}
,agalnst leakage by pressurlzlng to 1 5 atm w1th alr,vand f:!
:'1then the pump, and valves T3, T2 and T4 were shut down w1th
: Tl turned tT the p051t10n 'VENT' ’ The pressure should hold
‘lfor‘an 1nf1n1tL perlod of tlme if the reactor was perfectly
sealed If so, the needle valve would be adjusted as the

':next step, otherw1se the bolts holdlng the reactor had to be

Atlghtened untll the leaklng was stopped ;“ :jpf_f;

. 4

.,3)dlj Needle Valve Adjustment- 350 ml and 125 ml - of dls-.b

:-.’tllled water were added to \the fJ.rst and se?ond bubblers |
(Bl and B2) respectlvely, the water level was also marked

gby the black tape.; Both Bl and B2 ~should be approprlately .
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A

h‘greased to avord leakage before puttlng lnto place.,eThe
pumps were started agaln,. ‘T3 sw1tched to the bubblers BUBB"
;_T4 to fEXIT'a and:i ‘£he reacitor pressure durlng sampllng

: was recorded from M2 ?3 was then turned back to the '

_normal Lutlet pOsition-'NEED' and the needle valve connec-

‘ e SO
-ted to T3 was properly adjusted to g1ve a pressure readlng

. l PR ((
. in M2 the ‘same as ‘the value recorded preV1ously.'fThe o

reactor pressure would then stay unchanged ‘in sampllng,"

such that the steady state would not be upset.

4) '~ Ozonator Settlngs. Tl and T2 were sw1tched back to

o the normal p051t10n 'REAC' w1th ozonator on. The typlcal

settlngs were _ 1 i .d, o .. :‘yl'Q'J
| Air Regulator Pressure‘h»v' l?,l.pSi"
.‘onnator:.\.pressﬁ‘e dlal_756.psig:
| SCFH dial ”7'~
% ozone"f:u;vw 100% or 75%
i.pUnder nOrmal condltlons the readlng 1n the flrst manometer'
.t{Ml would be . around 27 cmHg. ‘A readlng far less than that
g 1nd1cated leakage. o = _' L \ o
“5) : quUld Level‘Adjustment 'lhe liquid Ievel7was"'

‘brought to the mark ‘on the reactor by controlllng T4. T4

i was closed had the level been iow and turned to"SAMP'"
";poSitlon_if.it>Wasitoo hlgh The 1nlet pump was dellcately
d_adjusted,untiLJthe 1nlet and ex1t streams were exactly
lbalanced}hthen'the'11qu1dAlevelashould~rema1n unchangedl
.for.an'appreciablehlength”Of.time.lj N L - "5€.--}

o

-



_ dlStllled water to the marks, 169' and 6g of KI weref

161 »

6) _' UV Inten31ty The reactor could be operated at one of

the four UV 1ntens1t1es llsted“below 1n an 1ncrea51ng order
i)” No UV UV sw1tch‘OFF
-11) Coarse fllter-”:

7111)Fune fllter~

1v) Full uv: UV‘sw1tch ON- w1thout fllter

The reactor was allowed to run for 45 mlnutes to reach the
fsteadxkstate, then the reactor pressure PR»and‘temperature,T-"

‘were measured.:’ . ,'ﬂ' o o S | )

'7f’._ Outlet Gas Sampllng° ghe bubblers were fllled w1th

'ghed

E 1nto Bl ipd B2 respectlvely, whlch were then tlghtened 1nto

'-“place. As soon ‘as Dl was opened and the outlet gas sampllng

":'.mlnutes (e 0 1 cublc foot) of sampllng tlme, the watch was

valve T3 was turned to 'BUBB' p051tlon in whlch the outlet

gozone was sampled the stop watch had to be stanzd and the:>

fcap in Bl pressed down flrmly by hand»,otheqw1se the reactor

ypressure was just hlgh enough to pop it up. After l 5

Vo

'rstopped, and T3 turned back to the normal 'REAC' p051tlon
151multaneously ‘ Dl was then closed and the volume of thevl.
,gas sample collected was dlrectly obtalned from the wet test o

fimeter by taklng the dlfference of the 1n1t1a1 and flnal dial

'Ayreadlngs.f Flnally, the/ozone trapped 1n51de the bubblers

m.wan completely flushed out w1th alr by openln ;D2,'

T
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'ﬁ_é).h: Ex1t Stream quUld Sampllng_v.The liduidfsampling ad .
Jto be done in sequence rlght afterdthe gas.sampling because:
a fast’ draw;Lng out of lquld would affect the lquld le\‘
nd thus upset the steady state.' In the sampllng process,

T4 was turned to'SAMP and asuffrcrent volume of llquld was
Acollected in a flask dependlng ‘on the concentratlon to be E
"analyzed. The flask was welghed before and after the sampl—' o
‘1ng step sO that the amount of sample collected was #nown

he sample was then analyzed accordlng to the procedure llsted'

“in. 1nd1v1dual experlments

T9) Inlet Gas Sampllngr' The pr#cedure was essentlally the ,

isame as that of 7) Outlet Gas Sampllng except that the out-
let gas sampllng valve T2 was turned to the 'BUBB' p051t10nl
1p'while T3 was Stlll connected to the reactor 'REAC'jf The
41nlet gas sampllng had to be done after the llquld sampllng.
"lQ) _ Restart- The. reactor was washed several tlmes by |
' ,fresh feedlng solutlon w1th stlrrer on.f The same procedure
fdwas repeated from 4).. .i; on after changlng the varlables to
be studled, for 1nstance,:st1rr1ng rate, 1nlet concentratlon;_"
;1nlet parxral pressure, pH and so'on; 1. \
ll)V/ Shut—down After the ozonator ‘was‘switched7off,salr
vb'should Stlll pass through the ozonator for another 10 L
.mlnutes to flush out all the resrdual ozone wh1ch mlght

§ -
”[cause extensrve damage to the ozonator.. The reactor should,,

also be washed several tlmes by dlstllled water.' The.solu—'
tion contalnlng electrolytes mlght staln the quartz plate-at;r

the bottom of the reactor whlch could hardly be rlnsed off,



‘ o : ' SR o
then the reactor had to be soaked with oxalic acid solution

‘until all the stains were gone.

¢

’Gas Phase Data Treatment o

/;The follow1ng terms are deflned

ch -the total volumetrlc gas flow rate at T and P. atm, R
he A | |
;._ : L/mln. T I

'FW‘ v;the volumetrlc gas flow rate reg)Stered by the th

test meter after ozone stfipplnq, L/m1n.1'

“F v'.'the volumetrlc gas flow rate from the reactor gas ? {

\'Houtlet,' . ‘at-T-and Pr, L/mln.

b

n ;\<§otal gas- molar flow rate,xnmole/mln.

:ﬁAf ‘the-outlet molar flow rate of ozone,}nmole/mln.
ﬁAi' ‘tﬁe_1nlet molar flow rate of ozoqe,xnmole/mln._‘

"PA:  ‘the5part1al pressure of ozone 1n the reactor, atm ’
'éR_ ;'tﬁe total reactor pfessure, atm- |

'.Péth‘rthe atmospherlc pre%sure, atm. -
t. N the gas. sampllng tlme, mln ‘ -

Tvb., ltherblank for thlosulfate tltratlon, ml7-7

.

V.V, the volume of thlosulfate Eglutlon requlred to tltrate_

"‘:ozone in. the outletjln}et samples, ml.

x o the mole fractlon of ozone in the exit stream before
strlpplng.

o the densrty of water at T, g/cc. ' B SN
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Flow Rate Registered by Wét:Test:Meter,'F

&

N .

- _.volume of gas registered in wet

il 7 §
1A]

~F

-t,min

*

test meter,ftx28,316L/ft

(a9)

. e

- Inlet/Outlet Ozone Molar Flow Rate n s [

. nAvf -

S S
.siﬁce Vb’is

Har T

- TAl

. (vl-{o.ijx Na.S.0.]

_ Wi—2vy,) X NagS,05]

~ 2xt

(Vv  23203¥.

, -2V, ) % [N

T 2xt

equal to 0.05 ml,
TR .

2”273

'Zxﬁ‘

(Vy=0.1)x [Na,8,0,]
2xe -

., N._-
Ai’-——Af '

oo

)

 (A13)

Since tWO‘bubblérsvdéréqued'tdfﬁample'oioné, the blank would.

pe 2Vy:

. : . ) R T
Partial Pressure of Ozonegﬁde

-f_The'ideailgas-law is aésumed, ‘In the wet,tégtﬂmeter;_

Pl = FW(l-ﬁx}i:>F

G .

P.F_ =n

£

DpRT
w--’L?A |
‘ -oratm

= nRT .

@y
zr(AlS)

L a1e)

(A1)

 @lay

L
[ T




_ .= R ';_"- R - X . o
‘n<.ﬂ A _nﬁzo'fxninert,lj* Co (A18)
Solv1ng the above equatlons SLmultaneously,'PA-Can'be ex-'.'
pressed by the measurable quaﬂtltles on the rlght 51de of

Fow -
L & .
. s &

the equatlon LT : \
‘ ™ T
S - .(Al9)

el
‘P = =—— [F, + ] RT 10, . _ ,



7ﬂunt11 the tlp of the probe was completely 1mmersed rnto the

' Abpénaixég'ﬁlMi%ihélPattern;’ I .
- o »

, _ The f°11°Wln9 1nstruments were used
= "lFlsher Accumet, Model 520, Dlgltal pH/lOn metef

{jFlTher SClentlklc Co., Mlcro probe comblnatlon electrode '
L e —
Vh‘lf 7Egent~recorder.dﬂd3fugk ) ZI_Tiit-'.;-‘ ‘1 ‘ '. '

.L‘ A 10 3M (pH 3L HCl solutlon was prepared and stored in.

a 20 llter plastmc bottle. The end of the ex1t tublng was

iclamped 1n an uprlght p051t10n, so that alr bubbkﬁswould not

‘be trapped 1n51de.w The glass electrode was flrst standardlzed

I

‘ agalnst a buffer solutlon of pH 4 00 (Coleman Certlfled Buffer)

“‘;and then sllpped 1nto the ex1t tublng through the end openlng

LN
AR )

S : f. ’
;effluent. ’A vessél was placed underneath the ex1t openlng to

f,h;recelve the effluent.‘ The reactor was cleaned thoroughly by

b

fpumplng through<dlst111’d water wrth the stlrrer and the f:u.“‘

'»'Qacoollng Water on. The rpm was measured by countlng the num—"

P

_ber bf turns per unlt tlme .. The flow rate was set to around

v

““wrjowml/mln by adjustlng the dlsplacement pumps., The 1n1et

jf:ppump was then adjusted carefully to malntaln the llquld sur-ﬁp;h‘v

. l

(:{jface sharply at the marked level whlchvms slrghtly below the[}i_?

AT

'7im1ddle stlrrlng blades“(‘f:f g {:~ ."Ti‘?;”:‘-h:"".*f.ff5

: bn accurate méasurement of flow rate was made by a

| ;bgradhate cyllnder and a st0p watch._ The pumps were stopped

and the lnlet eqd»of the tubing was- dlpped 1nto the 20 11ﬁer,}ﬁ
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s 4

i bottle'cqntaining 10 b&HCl solutlon.'dAs‘soon‘as:the”pumpspzq |

Weresstarted again, the pH meter the recorder and the stop"."

B watch were turned on._ The’ pH:values were read from the pH G .
: meter at the t;me 1ntervals shown below-“

Interval for taklng readlng

.30;sec'-if

e esee 0 2000 nin
o 'lsisec?;:‘r h;pui_,.>di 'f4éd .min} |
20 sec_"ﬁ‘h‘.”u,fl!_f' 6}85%.min:4
».jlblsec' | fii o 'c' rB;ll-“minle
f31 mih‘, e S iifmin andlon
‘The experlment was termlnated at 30 mlnutes, and the pH of

the lO -3 M HCl solutlon was taken down.# The same procedure ;l_f; r{jf

was repeated at the st1rr1ng rates of 0, 59 5, 85 102 rpm.ni
The volume of the reactor was obtalned from,the welght

'.of dlstllled water requlred to flll an acetomadrled reactor.
to the marked leVel correctlng for the total dead volume L
f-VD i—VD ; .The 1n1et dead volume was determlned by taklng
off the 1n1et llne atvthe ;eactor, dlsplac1ng the water [f"zf,dvt

trapped in the 1nlet system by pumplng a1r and welghlng the

‘Do

5~] in a 51m11ar-fashlon.-H'f'f.‘; LR T

o water pumped out.v The outlet dead volume V was;determlned;;eff'~u

Data Tréatment ,g];;%jﬂng
. KW

'''''' Resxdence tlme can be deflned mathematlcally as

TRy I t. dF(t ) :lj t, F(t )dt ;w*;:ng‘j,ff?
0. .- @,0 . :




% P
2 - W "
~

; where F(t ) 1s the resxdence tlme dlstrlbutlon functlon.
Phy51cally, 1t can ‘be vlewed .as: the fractlon of the effluent

stream that has ‘a- re51dence tlme 1ess than tR and dF(t )

;wvor F (t )dt ‘is: the volume fractlon of the effluent stream

' LA

that has a re51dence t1me betwebn tR: and tR+dtR o
P Y .

In the case of a CSTR, ‘the followang equatlon can be:-‘

Y

:destabllshed-”' i:°_:'h - :‘;,;;f'd{ :fltﬁm
Vae TRl T a2y

az2)
N L

theloutlet a01d concentratlon

fttthe_lnlet a01d concentratlon (step 51ze) '1.3"

n:'l '

iff_the711qu1d volumetrlc flow rate |

.'théjreactor volume,hkbbpu, | SIS
L ‘ R e T e
"thegtlme delay due to the flnlte volume of the tublnq ﬁ.f}j”

< et

ﬂ;;_Dinlthe 1nlet dead volume

L

’}Theosolutlon of'the dlfferentlal equatlon w1th the Q1ven fff

*’flnltlal cﬁﬁdltlon 1s.3;:t_;;3:.it;¢;¢ij;17

BESS TN

° . £he background ac1d concentratlon in dlstllled water ';ffhyh' |



o and T

| _':'=,F/(‘tR) =1 - exp-f =)o (h24)
N R . E o : ‘ E

In the experlment, the outlet pH was monltored at certaln‘ .

‘-tlme-lntervals. A typ1ca1 pH vs. t curve at the stlrrihgvg'

RN e -

speed of 85 rpm 1s shown in Flgure Al. If-the reactor 1s:.'"

_ an 1deal CSTR, the response should obey Equatlon (A24L and _
the ln(c“' )_;;‘ : '_ (E&gures AZ A3ﬁ A4 ;95) should,
be a stralght lw e w1th slope equal to —l/tR, or'?:L/V~and

-

a value of zero at 't < t L

/ PR ) N o
% R
v“.-'; .
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09

f'OJ; fl:d_i i'>. i R
S0 S e 15 . 20

Tin‘ie (mm).

“;;Figﬁ?éfA3}”: Plot of’ log(C C)/(Cf*C ) vs time at the stirringj..-~f -

_ _ »Vrate of 85 rpm L , -
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o5

595 rpm

gl
o o

R

~‘Figure A4, ’Plotf'éf_;;:‘l_'éig‘.(?‘(_:f.-'C)'./- (Cf—-co) vs time at the stirring-

 rate of 59.5 rem.

s e 115 20

Time (mir) |

R

Ll
N

[N



15 20
Time (mm)

"'vFighferAS Plot of 1og(C C)/(C C ) vs time at the stlrrlng ?-]“ﬂf“

-ﬁ rate of 0 rpm o ,(, R

I
co
.



'Appendixnd}p Detailed,PhysicaI Mass Transfer Measurement

S o . Ty

: Theorz* _"'-.f‘ Cae f;' "fc' s L y
- Dlrect Measurement - 03/H 0 System ' | s

’n on A leads to e ﬂh _*'5td:>f;v. l -:U;l . ,,f
’ék'e=(c\ ec ) A
0 - A

N o R

FC. f“\‘f e e

<_gn_dﬁ
[

0~ P . - 7 0L
| SR =rcy) e
o By R

jIndlrect Measurement CO,/H O System‘

_ Accordlng to the\penetratlon model, K (CO ) can be,'

A-related to K, (O ) by Equatlon (A26) ~:u_‘0~

.,'Ko‘COZ)f
130‘93)

| ?'where the subscrlpt A stands for O3 If the contact tlme ‘

&

' edepends ﬂnly on the hydrodynamlc condltlons of the reactor )

'and not the nature o% the spec1es, then 6 should be equal :

to 0. 2 and the above equatlon can be’ reduced to

Dj(T )u(T )

‘0-_v

- 5 .
o -;? . K -~ .

Assumlng a zero gas re51stance, the materlal balance,'

e P ¢ C L) R

o a28)

“’V;Vﬁffc,;ffff_ft°’frv[:r'*{-"°(A27)f:'ld

{“fThe Value of D can be predlcted by Wllke and Chang correla-ff L

SR T L PR TN S




<3

_where T is in degrees

f"K (co ) at. Tl by

176 °

| T L e
The effect of. temperature on diffusivity is expressed as.

DI(T)U(T.) - DI(TIN(T,) |
2 T 2 - lT v,l = constant .
BRI
| )

The temperature effect on v1sc051ty is glven by Sw1ndell 5
: ‘ . R . _'r .
correlatlon 63) o ' , o  .'

u(r) _ 1. 3772(20-T) = 0.001053 (T- 20)
w(20°C) - 14105 |

log

20 ~?1'0‘0°c': |

"'From the above equatlons, Ko(Oﬁ) at'Tl‘.an'bejrelated to

X, '(o T) wiT)) 'T?_' Vs, o ;0‘-.6]‘ o
—~————~—~— '"( ) (= AR =) " .- . (A30)

.%‘

-iAeﬁQ3';secenCerne47fgquat}qn {30}e¥slreduged t055*s-

Te

t

B NS AN

R OT) )y
u‘KO(OBle)ff T “(Tz)

_from the Literadture .

L .
SV e = 34 ml/mol (6 ) “ o
Bqlllng point of O3  _; '  112°C (65)*

Ry The den51ty of O3 11qu1d at normal b0111ng p01nt
1. 358 g/cc , | |

>°\[ﬂ Molecular welght of O 48 "‘Tf!vlff

(aZe)

o(a31)

S



ba

- . 3

S n v, = 48/1.358 - 35:4 ml/mole.

D

- The values of D can be obtalned frOm-Wilke and Chang: :

correlatlon or from experlmental work. The values‘from -
varlous sources ‘are tabulated o ) . N
coL ' o I -5 e 2 ; ‘ __5 N 2
;§ompounds . T C - D,10 T x cm” /sec D,10 ~x:cm /sec
- o .~ Wilke and Chang -~ experiment.
co, . .25 v 1.96 L S
- — A - N : ‘ ‘ . T A : )
” 20 o dae T 1as 90 |
18 o 1.71 ' o e T A
03 25 . 1.984 R Y E
| 20 1.805 o126 U3 N

M . :' 1 [y

Wilke and gpang correlatlon works very we??}for C02, however L

it 1s hlgher than the exper1menta1 value by 30% when it is
) 1

'applled to O3 Slnce O3 and CO2 are of comparable 51ze and

:-fpolarlty,'such a 1arge dlscrepancy is uneXPeCted- In ;l U

(43)

Matrozov's work i the pH of the solutlon was not mentloned v' ﬂ#*f

;and the author clalmed that there would be no ozone dec p051—'v'

e tlon due to . short contact tlme. Such a.concluSLOn lsobv1ouslyﬁ

-

dpremature.; There 1s no doubd'that brev1ty of contact means "
an - enhanced KO and thus an ancreased t /t ratlo, howeVer, ,l; i.'hl:tg
several 1mportant aspects have been overlooked._ Flrst of -
1;all, the slow reactlon assumptlon ow1ng to brlef contact tlme_l:;@%~fﬁ§:

-_13 not justlfled unless the crlterlon tD<< tR is satlsfled,

‘ and the knowledge of pH or. the ozone decompositlon rate Kd
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is requiredjto calCulate:t" ’ Secondly ‘even " the surface reac—"
tion 1s mlnlmlzed yet the bulk reactlon stlll goes on as

the ozonated water travels from the absorptlon chamber to N

. the ozone monltor. The decomp051t10n tends to lower the

ozone content in the solutlon, and thus accounts for the low

DA experlmental value.. As a matterwof fact, the DA\fiom‘” o
.‘Wllke and Chang correlatlon is used to calculate K0(03X5Ey e
‘the' 1nd1rect method (H o- CO system). L S S o * '

'— ."..' : ’
Qj: _ L - Lt i
L HA(T)_ = H (T ) + 2870(T T ) 67680+ 2870(T-20) S (a32)
@ R S TR v , . S
;ﬂe ch01ce is supported by Shambaugh et al 1n thelr recent -

(31, 72)

:work 1n whlch the solublllty of ozone was calculated

based On the value of H quoted from Perry s Handhook, 1 e.“

e

;67680 atm/mole/cc. -The teqperature coeff1c1ent of 2870 __”

“atm/mole/cc per°C is from Metrozov s work (cf 2. 2 l
i

"llty of Ozone . 1n Aqueous Medla)

0.

e

2 - \ N : U
The value ofﬁHCO (T) 1s obtaLned from Perﬁy s Handbook
L ‘ 2 _ . _ v | .
wfby\lnterpolatlon L ﬁ T o = f R
-Agﬁ R o T . _ v_y _
oo, (D) - 1620+44(1-20) atn/mole fraction  (A33) |
_ 2 . ‘f';“7~. T -L\ g e e e ]
L _ : SR o L ]




fProcedure for Dlrect Measurement

The ozone partlal prebsure and the'd \“ﬂhrcentratlenAi fflf AT
aln the llquld phase were measured (cf Appenplx" N 5 |
‘:detalled operatlng prOCﬁdure) The strrrlng rati
n75 94; 112, 131 rpm were tried in the absence of:UV. “In

step 8) of Appendlx 2 EXlt quUld Sampllng, the flask to

s

"recelve the llquld sample contalned 100 ml of 5% KI solutlon,

_‘sovthat 03}1n the lquld sample was flxed 1mmedLately by fr_n;-ﬁ_," g;iffi

ette and a. 0 005 N Na solutlon were used tb

2 2 3
Ehe sample. The blank should con51st of 100 ml of

8 / on with. the -ad B sane: -
‘%%H 5. f -X,\ | - _.n.:‘\ REOEE _;W%i‘v‘
, L e e e

Dat; Treatment = Dlrect MeJLurement co ,~"<wp-¢, P S
E(»volumesof~0 oosmuazs2 3 x[Na o 1 xden51ty ."-'—57f7fif??yxit
‘{A,GV o 2><welght of - sample collected '.'l_Ai.{..h':36l?J' P
‘;'fwin,, Al} LCA } o .‘l _ . >. . B ‘ N _fiyxf;'
(A25) assumlng zero gas phase re51stance

C

: ’ T A 15‘§_.'.]u-“.\.'*‘1l.‘

F
0P
- ,s(;é

>
&
TN
e
-
s

N | 2. T o .; R o e, P
8= 84 em® L R L

67680 + 2870(T—20) ‘-_';e' Lo s A3y
. co X © . T*_’— ; v_.“" / . i o '.. L ‘._« .
. o S R _| A ST S R R S
e FL#_se-ml/min;.‘k T ATt S
"Ko'canbe:solveda_[Thé,aSsumptiQn.ef’zeréfgas'phase;resis;a}ce_w';"?f

Pt

S o T e T e e Co T A
By e e
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R TR IR oo . R , :
R \\‘\ ' »f. R T PN

,1s valld as 1nd1cated‘by J. Rowleyscas)‘work that thé‘gas}g

R,
tphase mass transfer coeff1c1ent is l 53 cm/sec at 22°C.

L -’.{“
. ~

Procedure for Indlrect Measurement "

° AN

8

_ The experrmental procedure was essentlally the same as .
'sthat used for 03<@20 except that no gas, sampllng was re-

m;qulred because the partlal pressure of COQ ‘was dlrectly
N

..,glven by the total reactor pressure corrected for the‘

"o

saturated water pressure at the reactor temperaturer ;The
'ﬁdetalled procedure in Appendlx 2 could be followed startlng
'from 6) w1thout UV,-ll; 9), ll) ‘were sklpped ‘ In step 8),
’ex1t lquld sampllng, the flask used to collect the lquld
'sample should contaln 20 ml of standard 0. 02N NaOH solutlon

dellvered by burette, so that the CO2 1n the sample was
; flxed 1mmed1ately by neutrallzatlon once it was out of the

N

S A a8
;yreadtor.. The flask was welghed before and after sampllng to

<glve the. welght of sample collectedq Only 20 ml of sample b
‘ :

was requlred,‘and then the solutlon was tltrated for CO2

N

" The st1rr1ng rates of 112' 102, 92. 7 .86; 60. 2 rpm and the
fblade p031tlons of sllghtly above (normal), touchlng and

'fl mm below\the surface were trled
Co, Analytlcal Procedure(67 68) o . D

o The followlng symbols are used.‘

{OHz]- Concentratlon of NaOH solutlon as standardlzed by HCl

:r_solutlon w1th phenolphthaleln as 1nd1cator, M.‘y



[HCOB]b‘Back&;ound ﬁcd;”concentratlon‘ingﬁaOﬁmsolutibnidue:
‘““ to €O, absorptlon, M.- _‘ | | o .’ |
Ql’VZT d olume of HC1 requlred to t1trate‘the sample to the
o hdflrst (phenolphthaleln) end p01nt and the second
(bromocresol green) end point respectlvely, ml..
| v, ;'Volume of NaOH added to the\sample, ml.': , f . sv;"ly
‘ﬂvbiff;v;Volee of HCl requlred to tltrate 125 ml d1$t111£d |

‘wate to the phenolphthaléln end’ 01nt, ml.f
Lt p

S

lecé.“ Concentrat;on-ofgcoz-ln the. sample as calculated by
' ‘and V"respectively,‘M. \ﬁa; . ‘\-,' SR
Cavg _.'Average of Cl and Cz, M. R
'p o Den51ty of water at temperature T, g/cc.
.wt _‘1 'Welght of sample collected g.
‘[QQ”]n' Background coz concentratlon 1n dlstllled water, M.
It has. been knownfthat ‘NaOH absorbs CO2 in'thefair(ngr'°‘

o the standarF OUO2IQNaOH solutlon Thould contaln a small

,'amount of HCO3 be51des OH . Thi addltlon of NaOH solutlon

to the sample to flx the CO2 would cause a background HCO3 _'J".

error whlch has to be corrected for. In order to deter—

‘_mlne the amount of the background HCO3,‘an 1nd1cator, such
: ..1.\

‘as bromocresol green whlch may. change color at hlgher "pH| 1s
&

added after all the o): has‘been neutrallzed to the phen l—

K phthaleln end p01nt, and the solutlon is further tltrat d 3
‘ P . 5

o\the bromocresol green end p01nt. The volume of ac1¢ used

RN for the latter end p01nt corresponds to the HCO3 in the

s~

tandard NaOH solutlon.-



[OH I =

1“[Hcdﬁ
! 3‘b )

bf co

";1s removed in - ‘the sampllng step.

2

" latm gﬁ co..

Phenolphthaleln OH + H —%leO

Bromocresol green HCO3 + H ——’Hzco'¢~

183
2 }. ‘. .‘ A v . . - . ..."‘ i ‘ | N

Volume of HC1 used for phenolphthalelthnd p01ntXIHCl]

' Volume of NaOH solutlon y

Volume of HCl used for bromocfbsol green end p01ntX[HCl]

| Volume of NaOH used - R

1 . . NN
Vi

A back tltratlon method 1s used for the determinatlon

in the sample, because the CO2 dlssolved 1n water at

2

J

thus stablllze 1t 1n the solutlon 1n an 1onlc form HCO3

iABefore tltratlon, the sample solutlon contalns background

THCO,

and the.e3cesstH’:’

3"

and the HCO} formed by the reactlon B

, cO-“+~©H‘-+— HCO*”’

O T EE !

R

.o

"givesnthe:amount of‘excess>OHf infthe solution}whilerthel

N

pressure may escape inté alr once the pressure

NaOH can neutral}ze CO2 and

Similarly,'thexphenolphthalein-endﬁpoint

R ST TR -
“bromocresol green gives ‘the total HCO5.
(V_[OH™] =V, [HC1])P . a : . ‘
T S _ : ' ST . V;f"
_-_?fﬁ(vztatll - v [HCO ]‘)pv_; IR o
‘C27?1"3h"gwtv o f M f ;? -(~ ’”{(535)
e Sl TN LT
L ,cavg‘f" 2 R : . (h36) ‘
- . o . Sl L F e e
‘ . - , . & .
Flnally,_the CO2 background in dlstllled wategﬁus '
-7 v [oHT] S e T ‘
| [CO 1. =.——T§§——;-i S (A37)
5 . . \—[ : . . »\ . \;:\‘ s : - ‘ . N . . : ‘ . . v
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where 125 ml‘§sﬁthe}#61ume10£_disti

Data Tﬂeatment COZ—HZO System

1

. The Partral Pressure of C P

T A
A\ Assumlng  ghe gas phase 1n the

‘WLth water vapor at the reactor tem
. e R
Z'be'shown*that :“} ' w? '
p . =P, - Pyo
»coz, R H0 ©
-P ‘was found to be hlgher than P tm

to lgl_rhch HZO (70> so

P, =P + ll inch HZQ:?:a,tm

R atm .

‘H,0

P < 0.0241 at 20°C

:OZW o

11ea'%ater,tblbe,titrated:"” '

reactor is’ seturatedt”'
& . .
perature T, then 1t can
. *‘ ) . i '
(a38) .
by ‘a pressﬁre*equiVelentl
v L,
+ 2,703 %x 107

. ) - '___ _ ) C - O:A' . —3= - ' ; o
B =P - 0.0241 4 2.703x10 7 Py - 00214 (atm)

. C,Oz'-. atm

N R R S ) L o
“The Interfacial CJZZCOnCentration [COSLS

' ’ N *, '. \ ‘ .
Heo, R
-1 2 ‘
e

Peo, L

where X is the 1nterfac1al CO2 concentratlon expressed 1n

mbleffractlon,JH.') is the Henry s
“coy

‘ temperature T, atm/mole fractlon.

- @39y

-

1anconstant for CO2 at7,‘

v RS o “G.:
n E . . E

HCC' l420+~44(l 20) atm/mole fractlon  >1 mn$533)f15 -

2
'1000p .

looop"

[COZ] s

1.8 . HCO
. .26 2

s cez

¥ .26

(A40)
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s The Phys:.cal Mass Transfer CoeffLC1ent of C02 KO(COZ)
Tl ,' Lo '(Cav [CO ] ') F R A

SR ’Kd (.--C‘.?fz)"- | ([cogT -<.. 5 e S
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_.The Physical Mass Transfer Coefficient of €O, K (03)
3'1<.'O' (05) =0.988 K, (CO,) e f_rb‘IIPE?Ciuati‘oln.\ T (a30)
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. T ‘Tz‘t\zl,, .

BRI RV P e e e e e 18
. L CE b . - . e .o : [ . . N .



Appendlx 5.[ Detailed”UV CharacterizationzProcedure'}_'

e Thropgh tﬁe yearsphoﬂrhemlsts have determlned the T

quantum yleld ¢, bf products of many photochemlcal Jystems_y»fl

. as well as the 1nten51ty of the llght beam by usxng the
(73)'

thermoplle galvanometer comblnatlon Complex and tedlous

oprocedures are requlred in the callbratlon and appllcatlon :
b

B

- of the thermoplle—galvanometer system, thus the trend among

photochemlsts in recent years toward the use of chemlcal

actlnometers for llght 1nten51ty determlnatlon 1s understan— vaf

dablégh Be91des convenlenc . results obtalned w1th ‘a. well
" chosen, sen51t1Ve chemlcal actlnometer are more'reproduc1ble
‘and rellable than those obtalned w1th the thermoplle method -

i_ The lnten51ty of a l;ght beam pa551ng through the‘

X

reactor can be measured chemlcally by a sultable reactant A,_

L

whlch absorbs light- of the wavelength of 1nterest and for
| whlch the quantum yleld ¢B of some product B- lS known f-.

o accurately %or specific. experlmental condlt}ons.' Con51der—

. ing the'follow1ng photochemlcal reactlon-
A v,y s

3

N

’the quantum yleld of B ¢ '1s deflned as the number of

: moles of B produced upon the absorptuon of a 51ngle photon
at.a spec1f1c wavelength.' Then reactant A can. be placed 1n;il

\

the photochemlcal reactor to be studled w1th the exact

optlcal traln etc.-whlch 1s to be used in’ the photochemlcal

'anlde/UV reactlon. The temperature, _—

.

reactlonqr,e.~ 3/ferr1

'



"pressureenﬂ.the concentratlon of the reactant Acme adjusted T
'Jto the approprlate range, and an exposure of A to the llght _
7_beam 1s.made.forrt sec.. The. follow1ng symbols are used for

g'subsequent der1vat10ns..;7'rf R ; e g",‘~ ¢: : v

r "the lnten51ty of the llght transmltted

I nthe 1nten51ty of the llght beam 1nc1dent oni': the
f,reactor . '
x”]ﬂBt the amount of product B after exposure tlme t sec:~

oo .. . R
S ~ the quantum ylekd of B

t_“u‘the‘exposune tlme, sec

4h[A]".the_cdncentratlon‘of-Ajs
:e.‘td‘the_molar absorpcivity'of A
RN the llght path cm,'\;l . 'hQ o ' ij.s“'

7,Accord1ng to Beeréiglaw, the fractlon of the 1nc1dent

-

“~flight.absorbed by A_lS'

1-g =1-10 cIxl2 (A42) -,
oL | .

' =—————T quanta/sec.. . = . - . (A43)
°ggtil = 10 S[A]%)_ quamta/set et s A4

For a reactant A w1th hlgh molar absorpt1v1ty, where practl—'

.cally all the 1nc1dent llght 1s absorbed, the equatlon can be

.rreducedrto 1'ﬂ" = "' ',_}~"_" ff's n v" e :
' - ",'p.nB'” f..‘ A ) :;' éw‘ A . L
L IB g e LR (aad)
vIQ; ot qqanssgfff; : el e (add)
Slnce all terms on ‘the right hand sxde are known,}Idféan be‘
'qicalculated readlly. . 7', R tnva‘f )



,ff’;Smele to use. f’When sulfurlc a01d solutions of K

L w87’

5

Potassium”Ferrioxalate , ~‘:Ag'7ﬁ\

By far the best solutlon—phase chemlcal act;nometer
for photochemlcal reasearch today is the ;otasslum ferrl--
hJoxalate system developed by Parker and Hatchard(74)

is very sen51t1ve over ‘a w1de range of wavefendths ‘and yex
: 3

It

3Fe(C 04)3

. are 1rrad1ated in the range from 2500 to 5770 A,'51mul—‘ j]g"

taneous ox1dat10n of oxalate and reductlon of ferrlc to

'ferrous state occur.\ The quantum ylelds of Fe2 formatlon :

o

and the fractlon of llght absorptlon by ferrloxalate have
(74)

<&

»';been accurately measuned by Parker .and are shewn in

-

w;.” Table Al. ,In the UV reglon at wavelengths up to 3660 A,
e almost IOO&.of the 1n01dent 11ght is absorbed w1th an hV' 0

fhaveragehFezf quantum yleld of l 24 “The ferrous 1on thus n

o \

5formed 1s made to be hlghly absorblng and ea51ly analyzable

:Fby the formatfdn of the red—colored 1, lO—phenanthrollne -
. ife?% complex.;v' ' .l, . “‘,gl

The concentratlon of Fe2+.1n the sample is. read from

AN

the callbratlon by the net absorbance after correctlng for

"the background i. e. the absorbance of the sample w1thout

'UV 1rrad1atlon.; The number of Fezy-producedgln the,reactor ‘

Cat

zic,a-nx be calculated by " o . o
C concentration of Fe?tx lgoxv. . e
n o= concentratlon of Fe x;1°°f9vﬁ‘,M:-\; . (n45)
S .20 O S R T
V=0.499 0 L T

7
Y

:;Accordlng‘to\Equation (334),’the,nUmberfoﬁ-quanta,per.séc_ig"_r_:

o o . R A TR



LB

N

Table Al Quantum Ylelds _of Fett
nometer at 22" ‘

" Fraction of Light Absorbed

in xhé KyFe(C,0,), Chemical Acti-

188

E Hanovxa Lamp Dmslon Engclhard Industncs Newark,
N.J., SC-2537 lamp,. o

o Rcvcrscd radmlon

* Hanovia' s Type A, 673 A, 550 w lamp

Wavelength A (l‘,Fe(C,O.),) M (/'= 15 mm) T Opae
5460 015 0.061 ' o1s -°
5090 015 0.132 . 08 -
- 4800° 0.15 ~ 0.578 0.94
4680 0.15 0850 0.93
4360 . 0.15 T 0991 . L0t
R 0.006 0.615 L
©4050 oy oT06 - 0.962 BIRY:
. 3660 . " 0.006. ' 1.00 1.21
St T S b 1.26 -
¢ 0.15 1.00 L1s
L 1.20
3340 ~ 0.006 1.00 1.23;
3130 0.006 LL00 . 1.24
2970 o
3020 ~ 0.006 1.00 - 1.24
2537 0.006 " 1.00 1.25
‘Table A2, Energy Dnsmbut:on in Low- and Mq’dtum— =
. Pressure Mcrcury Arcs ' '
: Voo RclatIVe Encrgy
’ - Low-Prcssurc Mcdlum-Prcssure'
Wavelength,"A Mercury An:' Mercury Arc®
13,6713 183
11,287 S - 126
10,140 - 406
© 5770-5790 . 10.14. 6.5
5461 0.88 93.0
4358 . 1.00 775
4045-4078 039 422
3650-3663 - 0.54. ©100.0,
L3341 - 0.03 9.3 ;
3126-3132 . ©0.60 499
3022-3028 0.06 239 -
2967 020 - 16 [ !
72894 0.04 : 60
2804 - 002 930
2753 . 003 -, 127
2700 SRR - 4.0
2652-2655 -0.05 183 o
2571 - 60 o
2537 '100.00° 16.6° o
2482 0.01 8.6 . R
2400 - e Ca 7.3 e
2380 . R X1 e
© - - 2360 60 e T
2320 8.0 RN
222¢ . 140 ¥



Cmy 46,023 x 1073 L T
B 7. oo S ‘ S .
Io = T ' : :
e ept .
‘.ﬁB =""'1:"'.'24, : ‘up to’ 3660 A .- W -
.v.The.energy asSociated*with.the*qUanta'flux‘Id is;
. I_xhx3yx6.023 1023 . o
o B = ——  watt © e (ade)
4 _ ", e ', 00 S e -

4” where h lS the Planck constant, and equal to 6 6256><10 27

lg sec and . v hs the welghed average frequency of the medlum"
Pessure mercury lamp Belng a contlnuous llght source, the
meglum pressure mercury 1amp emlts a spectrum coverlng a.
vbroad range of wavelengths.' The average llght frequency

can. be obtaaded only if- the energy dlstrlbutlon functlon is

“known. ., = L
_ L V193 S
Lo 9y
T

5§hwhere g;'isithe‘relativelenergy‘at»the frequencyvv.k;=100
i._at A &= 3650 ~ 3663) ' Only the wavelengths up to 5461 A

"needs to be con51dered, beyond this ‘the quantum fleld is so

N

low that 1t can be 1gnored The average freqpency 1is found

to be 3310 A from the energy dlstrlbutlon functlon publlshed

(7 5)

by Hanov1a Company Table A2. The power of the UV

;7;llght;;nc1dentvongthemreactor can ‘then be wrltten‘as
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- ‘ . ‘ ' : 4 . ' S ' K ;

n, x'6.6256 x 10727 x 6.023x 1023 x 3x 1010
E = N B —3 . watt (A48)°
. tx 10" x 3310x 1078 x 1,24 | o

RPN

2.9168x10 % xn. o N |
-0 oo g R : . . ) . -

Procedure

R Synthesis of K3Fe(C2g4L3-3ng ; o

Reagents Ferric chloride, Fisher Scientific Co.,

_ n‘Potassium‘oxalatekmonohydrate, Baker Analyzed
a ‘ j;“" VReagent;J.Tk{Baker*Chemical Co.

"The procedure was. carrled out under reduced llght condltlon."

600 ml.0f 1.5 M K2C204~ and 200 ml of 1.5 M FeCl, were mixed

.with-rigorous stlrrlng at 80 C, and the remalnrng undls—'

_ sOlved solids were flltered Whlle the solutlon was hot»

jThe flltrate was seated in. the ‘ice bath to be crystalllzed.4

dThe green crude crystak;of ferrloxalate ‘had - to be recrys—yr

-'talllzed once: by dlssolv1ng 1n 200 ml of water and repeat—'

- 1ng the same procedure above The crystals were drled in a

b:current»of-warm air (45 C) by an ‘air blower The SOlld

could be stored in the dark for long perlods of time w1thout
“change/ however, arnotlceable color'change of . the'pure;“
'green crystals to a yellow1sh brown occurred rapldly,

.'baccompanled by crystal decomp051tlon, when the crystals

' wer%_géesiii;fo direct UV light. Af'
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gPreparation ofﬁStandard236lutions

Reageuts Ferrous ammonlum sulfate,_ACS Reagent,
" The NlChOlS Chemlcal Co., Ltd

l 10-phenanthrollne monohydrate, Certlfled ACS

.

Flsher Sc1ent1f1c Company

Sodlum acetate, Certlfled ACS F;sher Sc1ent1fL:Co.
. .
Sulfurlc'a01d' Baker -
The follow1ng solutlons were prepared 4.,J-fh
04) 373H,0
1n a 4 llter brown: bottle fllled w1th 0. l N HZSO4

0 015 ‘M Ferrloxalate solutlon 29.5 g of K Fe(C

solutlon.

- O 2% 1, lO-phenanthrollne solutlon- 0.4g in 200 ml distilled ..~

A watert.
=3 g e 2F ' '
10 "MFe" ,standard solutlon 0. 426g of ferrous ammonlum
sulfate in a l llter volumetrlc flask contalnlng
0. lN stO4 solutlon.,“ . ‘L.,g%f : ‘“"V.f_:f oo

Buffer solutlon 600" gm. of N o ccn3 and 360 m1 1N Hy so4

dlluted to l ther.ar;

Standard Fe2 'solutlon for callbratlon A burette was’ used

: ‘ff ;_tq.dellver,O,IZ; 5, 4,A5_ml ofvstandard 10_3_

JFe2+‘eolutién toffive'100'm1 VOiumetrie flaeks.f-
 Then 5,3, 2, 1, 0 ml of 0.1N H2‘>SO4‘~se_lu1;ﬂiou'w,ere
'if- added“to.the abbve'f;aské-respectively.rc‘make":
‘ué the.volumes ro>5 ml. After 1ntroduc1ng 2 ml:? .
’of phenanthrollne solutlon and 5 mr of buffer

o - solutlon to each flaék, the solutlons were

R



-
Sy . . sty

dlluted to xolume by drstllled water and

-allowed to - stand for 60 mlnutes beﬂgre

. . . - &~
measurement. : e

. '

uv Irradlatlon'.' f»f',., '.‘ o ;‘-&1ﬁ
The reactor was sheltered by black paper and the
kS

' rlnsed by dlstllled water, igen fllled ﬁp to the mark by

»0 015bd ferrloxalate solutlon w1th T4'closed (referrlng

flgure 2) and all the fluorescent llghts 1n the room except

T
the one ln the hood off _ The stlrrer and the coollng water

'rnlet tublng wrapped by black tape._ The reactor was flrst S

were turned on and the exposure tlme was recorded as soon as

the UV lamp was on. The exposure tlme would be 90 sec for

ﬁglOO% UV, 100 sec for 'flne fllter - 150 sec for 'coarse

-fllter ‘and 150 sec for no UV. Then,'the uv 1amp and the hood

_llght were ‘both sw1tched off ‘and the solutlon in the reactor

was collected 1n a beaker from whlch 20 ml of solutlon was

‘plpetted 1nto a lOO ml volumetrlc flask contalnlng 2. ml of

,'0 2% phenanthrollne and 5 ml of buffer solutlons.;fThe;

'flask was then stored 1ni;a_ dark place after fllllng up .

.v.w:Lth 0.1NH so. solution. . - - 2

2”4 A

e

Spectrophotometrlc Measurement

The absorbance was measured by a Bausch and Lomb /f

uSpectrometer Spectronlc 20.t The procedure had been des-

. ﬁcrlbed 1n reference‘76. A blank solutlon contalnlng no

'ﬂferrous ion was used to adjust the 100% transmlttance. Thé"”.

F— N - N -u'.»



'fvln the calculatlonth ?

B )

ST o o e : 193
' ﬁsamgles had to be measured as fast as p0551ble once they
.were taken out from the dark storage place, under a\reduced'
ufluorescence llghL condltlon to,av01d further photo— , s
decomp031tlon of ferrloxalate The callbratlon curve is-.
‘*shown in Flgure A6,'and the absorbances of the standard

solutlons .are tabulated in. Table A3.

(J .

fInten51ty Determlned by UV Inten514y Meter
"“ Inten51ty can also ‘be measured by a Blak—Ray Ultra—
g,v1olet Inten31ty Meter ©J- 225 (for anelengths from 2300Ar

j to 2700 A), Ultra-Vlolet Products, Inc., San Gabrlel,

14

“'Callf., U S. A. The UV assembly was removed from the mount- -

e, = (TR X

ulng pole, the uv 1nten51t1es were taken by the meter at thev

'center and the edge of the openlng under varlous condltlons"'

7

0~ 100% uv. T e dlmenSLOn of the openlng was requlred

\&_

S RS - :
St o i

s -‘ ape e o
s . . T . i R



- Run Fezf added A [Few

ULE W N
oMW s W

‘ml ' S 107°M %

-~ 5.435 - 11.0 -
4.348 . 23,0
"3.261 27.8
2.174 4200
0. - 100.0°

Stock Fe2+ solutibn‘concen;ratiqnﬁg.1.087x}0‘3M:

J-~+ + _ Transmittance

\\0.

194 .

Absorbance

'0.9586

0.6383
0.5560
0.3768

\

g

Table -A3.-- Absorbances of standafd Fe?+ sbiufiqns.fdr‘ﬁﬁé caliFrétidn

~of Spectronic 20 spectrometerjat 22°c.

3
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, APPENDIX6' /
' Detailed Analyses - of the Ozonation Reactions‘-v ' '
~.The symbols used in Tables A&-AS
,*KO" .“ Physical mass transfer coeffieient, cm(s.l)
kB .e' ; Rate_constant for»the‘eyanate.oxida:ion reactien, M—lsf1
CSd ‘Iﬁfe#fac{al ozoae cqneenenation, ﬁ  - '
CNQJI‘ v.CalC;latedecyahate cbncentration, M. '
S0 . 'ﬁeasufed daonedCOnsumﬁcion ratiq 
s ‘,.xf'éCaleUiatedfOZOee_coﬁsuﬁption‘raéio_,.
TR ;'. ‘Reactiqn time,.é |
“T0 \ Diffusion ;'iuie, s _\
TRD.H', A Ratiodof reaction tiﬁevto“diffusion‘timev
R e”AFCyanide feacted per unlt ;1me, mole(s })
RT Calculated ozone.coneumptlon ﬁex unit- time mole(s 1jﬂi.' o
_I;{O-?Q3v ,‘ ' Meas_dred V’O‘Zone_'.COnsumvpt'ion per up,lt 1t,1'.|+e ._v_rnole_gs 1)
FRD'? ‘i"Efacfibn&of;ozone“deedapbeed: d” ‘/? . ,”

FRC . Fraction of.ozone reacted;with cyanate .

'FRCN " Fraction of cyanlde destroyed

e “
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. RT=(1, +(XKD+3 26 % CMMs XKR)/THV/CNF)
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XU=SNRT( WD)
IPS=1,0F=-10 "
MIM=100

CALL INTG(0,y X1, IPS,NIM, FCTqFFR> ‘ ' '
TE=ARAZCSHSORTAWI%RNT )5 ( FFR% {1+ q/w2)+Fxp(—H?)isORT(311416 w20
TE=TFE=,001 . - :
F=1F=PT =
CRETHRM o S T : o - o ,
Eivn : . S L ‘ Co

EFATIIRFS SUPPNRTFEDN .
ANE WwrRD  THTRFGFRS
o [
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SO SON - o TMSKFL. COMMAON ™ 0N . : e
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S FEain NFE CNEDTLATTAM
Eo , _ S A
NbCFLEGTIONM COMBLETEN -
// F0RINMTA 16 SFR 77 10"9 14 : ’
. SIBROAUTIME [NTG(x|,xH,FP§,MnIM FCT V)
NIHFENSTON ALIX ((100) , S . R e '
NETA AUX/lnn 0,/ RS IR IR co D
A1) =L (FCT(V|)+FCT(YH)) S, o -
R H£XU4XL' R S e .
L TE(NDIF =1 MR, 8,1 S
1 IR 2,10,2 . S " I
2. HH=H ‘ : ' "
o F= FDQ/ARS(H)
‘ NELT?2=0,
el L : L
Sdd=1 .. v B : - § L T o o
LooD0 T T= L ENTE _ T Lo o _
y=AUX (1) : ’ " ' ' ]
CDELTLI=DFLTY
. HN=HH o
e HH= R sHH
‘ :.S*PI
UX =X+ HH
Sk=0, R s Co R "
no3ust,m e TR B
e SE=SMEFCT(X) o ' '
3 X=X+HD e
CAUX(T)ELSHANX (T =1)+ Pk SM
“ =1, L R
SJI=T-1.
nO e Y= 1y JT.
11=1-J
- 0=0+0
L =0+ ’ Lo
i AUX(II)_AUX(If+1)+{AHX(IT+1)~AHX(TI))/(0 1.)
o DFLTZ ABS(Y AUX(l)) e e :
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/7 JNB. M ep X T T T T PANGT 10 TTSFR 7T 1R s30T T T
// FNR THFS 10 SEP 77 16.50, 24 » - : - -
TNCS(CARD, 1443 PRINTFR) )
REAL KD,KL,KNAT ’ : ' ‘ .
_]MFNSIDN rcNI(RO),GCNF(RO),GP(RD),CT(RO),GK(RO),GKO(RO),GDT(RO):
L DIMENSTNN GKH(QO).GKL(Rnﬂ CEN(RO) 4 GCSIRNY, GCNNIRO) ,GTRERN) ,GTN(BO)
DIMENSION GTRD(RO) ,GR(BO)$ART(RO), GFRN(RN) ,GFRC(BO),GFRCH(RN)
D IMENMSTOM MM(RO) '
THTALGONT ZGCNF LGP, GT,6K, rKn GNT, GKn CKL,GFN/ROO 0. /
NATA. GCS,GONO, GTRyGTD, GTRD,GR GRT GFRN LGERC, GFRCN/ROO <0¢/
S DATA HM/30~0/
KK=0 . o .
.PFAD(S 2yM,p, T, CNI CMF
FORMAT (11, 4F10 )
IF(M-5)3,9, 9
KK ZKK+ 1
AR A=R&4, . ‘ R , '
CFlL=.6944 v JUT. e
¥KR =3 470, o :
“XKP=R SF=N&
g—((NI—CNF)J.onl Fl o
S=2.325R5%(1.,3272% (20~ T)r.001053“(T -20)%(T=20) )/ (T+105) -
=L, 002:%FXP(S) o i
'ﬁT"(T+273 5)%1,RO6F=067(79 7, _»!n
VﬂAT—.lR4 <SORT(NT/ 1 R3RQF-N&).
OKO=KOAT/ARA
CHzATARN L+ 2R70, #(T=20,) L : '
CS=P/Hx1000, . . S L °
XRI=100000; ’ o : ST '
CXLI=l. oo
, FPS=,00001
T IEND=1000
SRS IED : wo a ' :
CALL MULR(X,Fy YII XRI FPQ,TFND,IFD CNF nTrKn s CSyR CNI;xKn NFMU)

o o\ —i

GKO(KK) =X o , _ o ,
NEMO=2 : ' o S : - I
TCALL MULR(X,F XLI,XRI EP S, TFND,IFQ CNF,DT KN, cs Ry cm1 XKD NFMUy
CMD=1e7( 14 /(CMT=CNF)+XKB/X/CNF) ‘ ‘.
RT=(1e+(XKN+XKR=CNNHI, 7sa/x/cwp) S e
KL=RT/ARA/CS®1000, 7 -~ - IR
EN=KL/KO e : b : S :
GK (K K)=X ‘ oo '
BR=R%10N0,7/CNT/FL : :
ST =le/ (XRCNF+ XKD+ 3, 252 CNn YKR)
Th= DT/Vn/Kﬂ R
CIRN=TR/ATN . K :
Rr CNNX KR% 2, 25/<x CNF+XKD+J.?R CMn xKR)
v YKD/(Y“CNF+YKD+3 26 Chne XKR) :
.,_*cD(KK)-
L GTRKY=T S e e T
CoSeNTRK e |
Tz GONFKK)Y =N B AT I T R
CORIKKY=R T o e L
GRT(KK)=RT B AL PR S I o L
CGKL (KK =KL. e e T
- GKO(KK)=KN
GDT (KK )=NT
CGEN(KK)=ZEN




CGCSUKKD =S e e e e o R L I S R CE A

">,';GC»r\lﬂ(KK):Cl\|ﬂ B o ‘ C R T R BT PV R
CGTR({KK)=TR ' ' ‘ '
GTN(KK)=IN .
GFRD(KK)=TRN .
vGFP((KK)-RC '
GFRN({KK)=RN
R GR TN 1.
"9 " ILINF=O . : . . . : o
e N30 I=l, KKO- B e "f S T
L INE=IL INF41 R L IR AP PSR B S
IF(ILINF-1)10,411,y10
10 CIF(TLINES 4?)12,11 12
1T 0 WRITF(6,13) ' C , DR S o :
13 fnRMAT('l',///// Ax,'RHN Nn ,ax,luv',sx,!cmr',lox,'CMF',Lnxr
L mrp 10)(,:1'0) : . o e T
6 ,»HRITF(A 20) — S 4
20 FHQNAT(/)‘ L S RN
TTLINE=TLINF+1 ‘ ' SR
' . TR CTLINE=- 4?)7 11 7
2 ap=1-l
S _IF(GFNT(IP)—ﬁCMT(I))ﬁ TA
T TFA(EMT)=1)14,14,15
15 CTEAMM(T) =2) 16, 16417
17 'IF(“N(I)—7)1R 1R,109 .
14 WRITF(6, 24)1 GCNI(Y),FCNF(T),nD(I).nT( : :
264 . - FORMAT (' 1,5X,12, RX,'NH',AY Fll by 2X,A11 4y 2X F%l RA ?Y FS 7)
o GRTO 30 " .
I o WRITF (64 26)1 GC NI(I),G NF(T),GD(I),CT(T) " ‘ '
2F FOPMAT (0 %x T? RX,'CDARSF' 2%, F11 A 7X Fll b4y 7X ﬁ]l 4 ZY FA 7)

] O TO: 50 - R
, 1R VRITF (6. 28)1, GCNI(I),GCN (T),GD(T),GT(T) o »" '
2R FﬂDMAT(' ',5X 12, RX,'FTNF'.AX Fll &,ZX Fll.4, 2X Fll 4oy 7x F5.72)

o1e UPITF(6 29)1, GCMI(I),CCMF(T),GD(J),rT(r) , S .
.20 FNPMAT(! Y SX,I? Rx.'FnLL'.4x Fll.4%, 2x,F11 A.ZX,F11.b;? by FBa2)
20 GONMTINUE . SR N , =
CTLINE=0 )
RO 40 T=1,KK
CTLINFZTLINFET L L
R IF(ILINF -1)31,32, 31 P s
© 31 JIR(ILINF=44)33,32, 32_ ' '
.32 WRITF(6,35) : AR oo B
o LI FﬂRMAT('l',///// 1OX,'PHN wn.irlnx,\ .znx,-Kn-)
37 - WRITF(6, 38)1 GKI{T)sGKO(T) : : , o : o
38 FORMAT (v ,/,10x,12 15X, F11.4 Xy Fll 4)_g e ,<
S ILINF=IL INF+D , o ‘ o i
S U TF(ILINE-44)40, 34, 40
34 TLINE=TLINF=-1 . :
o  ,@0 ™ 40
33 IP=I- -1
: ‘-IF(GCNI(IP)—GCNI(I))37,39,:

N

.30, WRITE (6, 36)1 GK(T1)5GKO(T)

© 36 FORMAT( 1,9X,12,15X,R11. 4;9x,F11 4)‘2'
.40 O CONTINUF R
-uz——l



et e v wpiTE (6 %R)Tl 15 f3 14;ts" '?'

B 7 1-

e T IR TIE I S S N S N Sl D

'u;AJ‘psz JZ*l T T R
'12 2+J2 <5 : .o o
13=3+J2%5 .
C14=4+492%5 0 o : .
15=5+J2%5 S I N . e o . .
o TRL2=02/2%2) 45,424,645 L ;_ _ e . S
42 VRITF(6,52)11,12,13, 14,15 - ' , -

52{"FURMAT('1',///// Vx.-an NA X A(IZ,IZX),T7)~”' SRR _
S a GO TN RO e e 2w s aess .1_:;;:;{1'3ﬂr_;ﬂ;.;:1—~5gf;3f1a
B8 FORMAT(Y Yo /7777y TXeVRIN NPV, 2X, 4 (T12412%),12)° - o
59 MRITF (6, 61)GKL(11),GKL11 2)s GKLET3)y GKLIT4) yGKLIIB) t
61 FNRMAT (L 1,/ TX, "KL', TX,4( F1144,3%),F11.4) - . -
MR ETE (6 52)cKn(11),cKn(12),cKn(Ia),cKn(r4),cKn(I%)'Y
A7 FORMAT(U 1A%,y YKOY yTXy4(Fh1.403X) yFL1.4) | e
1. CMRTTR(A, 62)FFN411),GFN(12)mcFm(P?),GFM(Ta),CFN(re)',
A2 FORMAT (1 1 gAXy VFNY,TX 3 & FL1a4,y3X),FL1I.4) :
o CMRITF (6, A4)ch(Il),nnT(12),GDT(I?);GDT(IA)«GDT(I%)
CAAL FTOMAT (N U A IDT Yy TX 4 (FL1.6,3X),F1144)
L MRITR (6, 6%)nc5(11),ccs(17),rcs(la),rCS(Ia),GCS(ra>
65 FCPMAT(Y 1, AX, 10SY y TXy4(F1 1,4y 3X),Fll.4) ' -
T wp TR (A, Aé)GCMﬂ(Il),GFNﬂ(I7),GFND(TB), ACNN (T4) ,ACHNY(TS)
AARCREATEY 16X, VENOY A Xy F 1L, by Qﬁ),Fll AT : '
L WP ITER (A A7)GTP(11),FTP(I7),GTP(I ),GTD(IA),FT«rIH)
AT FioiaT(r s AX G VTP TX 44 (F11.443%),F11.4)
K TTF(é,hﬂ)FTD(Il),FTD(I7),GTD(I?),ﬁTﬂ(IA).CTU(T5
HRFCEEAT (Y 1 AX T, TX 34 (F1144,3X), M1, 4)
T OMRITR (6, AQ)FTRD(Il)qGTPD(I7),GTRD(T?),PTDD(TA),C
BG FURMAT (1 V6%, "TRA ;AX 4l F1l,4,3X),F11.4) .
: MPTTF (hy7:1)GR ML) 3 GR(L2) 500 (T3),6R(T4),GRITR)
TV FORMAT (' 0 AXy 'R AXy 4(F1Lw4y3X)y FI104)
o MRTITFR (6, 7?)GRT(Il)prT(T?),GRT(I’)yPRT(TA),GQT(TS) T
T2 FLRMAT (0 4, 6X IRTY,TX,4(F11.4,3%X), F11.4) .
, . URITF (6, 7?)FFRD(II),GFPD(I7),CFRD(I’),CFPD(TA),wFDD(TR)
ST FDRMAT(Y U AX, VERNDY G AX G LIF Il by 3X) 4 FL14)
L BMRTTE (6, 7A)err<11),CF°C(t?),GFRC(T?),GFQC(ra),,erxr%)
T4 FNRMATLY 16X PFRCY 3 XL 1F 11, 443%X),Fl1,4) " '
. T MRITF (6, 75)GFRCN(II) GﬁprN(I?),GFDCN(I3),GEDCH(TA):lr“LN(I%)
R A FﬁnnﬁT(' yHX 4 VERCNY 5 X, a(¢11 4y 3Y),c11 4)'
‘ TF|(U2~ KK/S)41 41,009 .

e

Y

003 st ‘ R ,7 '

: BN T ‘ : : |
"‘. Co [}

FEATURFS. SUPPNRTFN . ) \

ANE WARD IMTF SFRS B

s ) .

CORE REOUIREMENTS FNR THES T AT

COAMMON " © v TNSKFL- CNMMAN L0 T ‘ :

VARTARLFS - 33AR  PRAGRAM ° 1404
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nMP FHNFTIﬂN CﬂMPLFTFD o : -r.,,.',,__;,w_“‘““.”_ S
// EAR - MOLR .- 107 SEP 77:16. 51.53. . . ' .- T
‘SHBROUTINE MULR(X F XLI XRI Fps,lm\m TFR CNF T@ Cs R CNI,)(KF\ N)
TREAL RO T o :
TER=0 N
CXLEXET e
CxexL L ) S e T
oL T0L=X : '
CELLL FMU(TﬁL,CNF NTyKA, cs D,F CNI, xxn,m; T
“IF(F-n.)l,lé 1o -
LFusR o - o , : S ey
o X:XR °"°° T T S S . Lo '
,Tﬁ[_ X , S L R . ,' ":.”"f"ﬁ'c..;,_.‘_. v
CCALL FMU(T“L CNFy DT, Kn,cs Ry F, CNI,XKn N) Ut e e T
IF(F=0,)24164,2 - e , e
2 - FR=F ' -
, IF(SIGN(1.,FL)+SIGN(1.,FR))25.3 25
3 57 r=0:
'TﬂlF 1nn.ppo§
T4 7 T=T1+1
Lonn 1% K=1,TEND -
= X=. (XL+XR) . f - R L
FRE Tn|=x R - R
u’,’ LALL FMH(Tnl,CMF nT, Kn CS, P,F,CNI,xxn M)
C TE(F-0.)5,1h,5 Y7 e e - o
5 TF(STGN(L, )+cmm(1,,;:p)) 7 L
b TOL=XL. e ‘
XL =XR : i : e
‘)(QzTﬂL PR - : :
CTOL=FL .
FLEFR
, FR=TNL
7 TNL=F- —FL o Con o -~
: _AF TﬂL' - D . ' o .- (
CAZA+AT e S
TF(A~FQ°(FR—FL))P 9,9
, . TECT=IEND)17,1749 "
9 xR=X RN | o o AR
F‘R-—F o le I L u . ‘“\ .,7’- ,? . _l__uﬂ_v_,,‘ ’ - Lo o
TOL=FPS - - . ST e S o e
A=ABS(XR) AR o C P
. ‘Iﬁ(A 1 )11, 11,00 ~ o P
10 TOL=TOLEA. © : ‘ e R
11 TF(ABS(XR=XU)=TNL)12,12, 11 R
S IF(ARS(FR—FL)-TOLF)LA 14, 12 ' 3 2
1Al OONT INUE . e
- " IER=1 L S LT e
14 IF(AR%(FR)—ABS(FL))16116 1= T
15 x=xL o o R SN A
: F=FL - ) '»*5 ..‘ R R U
16 CRETURN. [T e e e
CVT. ASEREF .7
s DXE (X - XL)*FL*(I +F%R(A=TNL)/ (A%(FR=FL)))/TOL
X=X : TR o c
FM=F o o , o e T D
X=XL=NX ’,,;,f . T T
TOL=X N S B B
rALL FMU(TﬂL,CNF DT, KN, cs, 9FyCNleK01NJ”
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IF(F)lR 16 18 T TR e e Bt

L iR UTOL=ERS SR e
IR ABSfX)

TR (A-1. )20, 20,10 ;*h*'j*fﬂlr*;‘;*”?;f;_y?;;ﬁ}jé3}_ZA_j

19+ ~ TAL=TNL*A
20 jvJF(ABS(nx)-TnL)21,21,22
21 IF(ABS(F)=TALF) 16,416,222
’2>*“”1F<Slcwﬂ1.,F)+sraqu.,FL))/4,23 24
FR=F . 7 C T g
o . a0 Tﬂ 4 S R Ce T
‘7h"’XL x_ S R T
“S(D XM» i e : : ‘ L

> o
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GO TR &
28 IFR=2 -

CRETURN o o .
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QURRANTINE FMU(TﬂL,CNF,DTI(h cs, Ry Fy CNT XKD M)

QFAL KO A o o S
s XKR 2470 ’ ‘ ' o ‘ ‘
. ARAN=RG4, L
FL=.4944. « ‘ - e
cNNz1, /(1 /(CNI CNF)+XKR/THI/CNF) -
‘RT—(l + (XKD+3, 255 cmr XKB)/TOL/CNF)
=RT/ARA/CSH 1000
ST ~Ir(N 1)1,1 2 ' ‘ ‘ '
Sl i 1=3, 25 FLRCNNE Kﬂ/ARA/DT/(4 2 5% TnL CNF+XKD)
’ P =SORT( (4. 25%TOL CNF+XKD)°DT) ﬂ;;
. "nu%—(Exp(uua/Kn)—Fxpt—HUZ/Kn))/2. oo

R ‘ —HUZ*UUl/CS/UH3+(FS—UH1) HUZ/CS/TANH(HHZ/KD)—KL

60TN 3

2 Ul= SORT(DT (&*C'\|F+XKD+3 ?5 CNﬂ*XKR)) : :

L UF=SUL/TANH(BL/KM) =KL
3 "RFTURN R .
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