~" 43557
l* . National Library

of Canada du Canada
. Canadian Theses Division

Ottawa, Canada
K1A ON4 |

K

3 .

Bibliotheque nationale

Division des théses,&anadiennes N - : . '

N

'PERMISSION TO MICROFILM — AUTORlSATION DE MICROFILMER

e Please print or type — Ecrire en lettres moulées ou’'dactylographier ’ .

(

Full Name of Author — Nom complet de lfauteur

1:/, L, ,.,/) L0 /'_/,V‘ FAREE 4 L . 7
)
-
- L
Date of Birth — Date de naissance Country of ‘Birth — Lieu de naissance
' T TN E s, s D
O ! ( , 2N
Permanent Address — Résidence fixe ' - ’
e i ] .
’ 2 Ty a ey T AL P e
syo=7 7/ 7 5 T - - ’
P T
Title of Thesis — Titre de la these . :
M ? -
: ‘ . ) e SE o e
T s, e S Lqe sz Lo Ao = LA r7a a3 . v
e et / /~’742) /"‘“'/ L oz P B & 4‘:’ ¢ ~ v 4% 7(\/‘:)//1,(;; ke -~
- A ) M N -
! -~ I L~
T s T
University — Universite .
. Pl B £ ) -
e T ! J2 A T "

Degree for which thesis was presented ~- Grade pour lequel cette thése fut présentée

i
R -
B .

L]

Year this degree conferred — Année d obtention de ce grade

Ao, Sy vy

Name of Supervisor — Nom du directeur de thése
/\‘A P L I R e
k3

>

Permission is hereby granted to }&: NATIONAL LIBRARY OF
CANADA to microfiilm this thesis a to lend or sell copies of
the film. '

The author reserves other publication rights. and neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced without the author's written permission.

L'autorisation est. par la présente, accordée a la BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thése et de
préter ou de vendre des exemplaires du._film.

L'auteur se réserve les autres droits de publication; ni la thése
ni de longs extraits de celle-ci ne dori,vent étre imprimés ou
autrement reproduits sans I'autorisation écrite de 'auteur.

Date

.Signature B> - . 3 : .

NL-91 (4/77)



o .
.

l* National Library of Canada

’ Catalogbing Branch
Canadian Theses Division

Ottawa, Canada
K1A ON4

N

NOTICE

“The quality of this microfiche is heavily dependent upon
the quality of the original thesis submitted for microfilm-
ing. Every effort has been made to ensure the highest
quality of reproduction possible.

o - \ . -

ff pages are missing, contact the university which
granted the degree. . '

Some pages may have indistinct print especially if
the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

T
. D :
Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed.

F3

Reproduction in full orin part of this film is governed
by the Canadian.Copyright Act, R.S.C. 1970, ¢. C-30.
Please read the. authorization forms,which accompany
this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339.(3/77)

s R
v

&

Bibliotheque nationale du Canada

Direction du catalogage

Division des theses can®diennes ‘
A _v
\ Fein
~ : ‘ , o
AVIS -

La qualité de cette microfiche dépénd‘grandement de la
quatité de la thése soumise au microfilmage. Nous avons
tout tfait pour assurer une qualité supérieure de repro:
duction. ) .

- : . _

S'il manque des pages, veuillez‘communiquer avec
F'université qui a conféré le grade. e

La qualité d'impressiBn de certaines pages peut
laisser a désirer, surtout si les pages originales ont été
dactylographiées al'aide d un riban usé ou si 'université

‘nous a fait parvenir une photocopié de mauvaise qualité.

!
Les documAnts qui font déja t'objet d'un droit d'au-
teur {articles de revue, examens publiés, etc.)ne sont pas
microfilmés.

Lareproduction, méme partielle, de ce microfilm est
soumise'a la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-30. Veuillez prendre connaissance des for-
mules d'autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE



THE UNIVERSITY OF ALBERTA < '

~

-

EXPERIMENTAL EVALUATION OF VARIABLES AFFECTING °
THE LEAD DIOXIDE METHOD FOR MONITORING OF SULFUR DIOXIDE

(iiij) | BY

CHARANJIT SINGH

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDTES A&D RESEARCH
IN PARTIAL»FULFILLMENT‘OF THE REQUIREMENTS
.FOR THE DEGREE OF MASTER OF SCIENCE IN CHEMICAL ENGINEERING

DEPARTMENT OF CHEMICAL ENGINEERING

EDMONTON, ALBERTA
‘Fall, 1979



M : [

’ I:INIVERSAITY [OF ALBERTA

L
-

* . FACULTY OF GRADUATE STUDIES AND RESEARCH

v

, -

9

N

The undersigned certify that they have I.:ead, and recommend to-
1¢ 4 :

a

the Facu;'ltl)'r of Gradt.)atze .Studies.a.nd Riesearch; fof ac‘tep‘tar}ée, a_thesvis
entitlgdL "Experime[%él Evaiuation o"fLVa;'_ia.b-l‘es Affecting tﬁe Lead
,Dioxide Methvod' fof quniiv_torling'. of Sulfur Dio_xi'de", éuﬂmitte,d by
Charanji_téir}__ygh{in parvt».i"al fqlfillmént of the requirements.for the

" degree of Master of St;iencé in Chemicél'Engineering.




.-11i- .7‘
ABSEBACT S #

Exper1menta1 evaTuat1ons of the effect of hum1dity, temperature,_,'

wind speed and squur dioxide - concentrat1ons on. squatJon rate of Tead.

d1ox1de cyT1nders were conducted with the use of environmental

chambers and a cTosed Toop w1nd tunneT Squatwon candTes wtgh a

reactive coated area 0f 100 sz were prepared us1ng PbOz part1c1es with

spec1f1c surface. areas rang1ng from T 72 to 8.3 m2/g The effect of SOz

'concentrat1ons were stud1ed in the range of 0.08 t0'0 32 The temper-- i

»o 40°cC. uthe reTat1ve i ‘2;,
lnd O to 30 n/l

" ature effects were evaTuated hetween ~40

1t1es and wind speeds varxed from 30 to
respectlveTy R cont1nuous 30, mon1tor was used to controT gas concer-
trations in these exper1ments : A R T

The results of the study 1nd1cated that the effects of tempera-

ture and relative hum1d1ty were negligible ‘as compared to the

h
¢

significant effects of gas concentrations and w1nd Speeds

=N

The correlation factors agreed weTT with: those obtd1ned in the~pf

field by other 1nvest1gators and those pred1cted by the gas phase

resistance model proposed by L1ang et al. The pred1cted squat1on

B
.

rates by this model agreed: w1th the exper1mentaTTy obta1ned rates at

: var1ohs wind speeds In the wind speed“range of 0.3 to 8.4 m/s, the
squatlon rate 1ncreased by 1.51 mgSO3/dm2/d for an. 1ncrease of T m/s !
in the wind speed -The average correlat1on factor for candTes and
‘pTates was 0.0355 ppm/mgSO3/dm2/d w1th +25% dev1at1on over the above
wind speed range 0.7 to 2.0 m/s.

The adsorption coeff1c1ents obtained from the evaluation of 502

concentrat1on effects prov1ded the maximum allowable exposure per1ods ‘

~for stat1c monitoring dev1ces The squat1on rate remains T1near1y

proportional to the ambient concentratlons of sulfur dioxide during

the maximum exposure per1ods A conservative est1mate of the
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aTTowabTe exposure period us1ng Matheson Tead d1ox1de ~having a

“.Tspec1f1c area of 5 5 mz/g was approximateTy 3.5 months for Huey plates

a and a TlttTe over a year for squation candTes The squat1on rates'h

were found to d1ffer s1gn1f1cant1y when the stat1c dev1ces were made

- from different grades of Tead d1ox1de having d1fferent spec1f1c sur-

.face areas. ,Prov1ded thatﬂthe var1ous Taborator1es 1n ATberta employ
- reagents having similar’ specwflc area, preferabTy those hav1ng the

B area in excess of 5.5 mzAg, cons1stent and neT1abTe resuTts can be- ob-
ta1ned on Tong term trends. ‘ B T g :
¢ The evaTuat1on of the turb1d1metr1c method of squate anaTys1s '
1nd1cated that 15 mg/T squate in a soTut1on was the m1n1mum repro!
ducible: detection T1m1t (MRDL) which corresponded to a squat1on rate
of 0.1 m9503/dm2/d averaged over a 30 -day period.: S1nce squat1on rates
in ATberta‘have been generally lower than the MRDL, exposure per1ods |
of 3 months for the staﬁic mon1tor1ng dev1ces are’ recommended The
: .squate analysis shoqu be conducted at a pH of. 1.5 to m1n1m1ze the'
1potentﬁa1 errors dnherent 1n the anaTyt1caT method. The method of
'preparat1on and anaTys1s of squat1on candTes and . Huey plates as
described in this report, shou]d be adopted by various Taborator1es
The fler eva]uat1ons of the effect of sheTter shape and shelter
‘openlng areas are based on T1m1ted data but do refTect the need. for
standard1zat1on of sheTter des1gn ' The pract1ce of exposing Huey
pTates and squatlon candles in one sheTter shoqu be replaced with
: the Huey pTates mounted in separate receptac]es and. sulfation candles
in cub1caT sheTters The resuTts of this studyu1nd1cate Huey plates
can be used for 3- month exposure per1ods -and therefore prov1de an
aTternat1ve to the use of cand]es Th1s fact needs to be eVa1uated
further w1th additional fler surveys conducted in a manner

: incorporat1ng the above recommendatwons.

Y ~
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_ CHAPTER I LT e

INTRODUCTION |
. The 1ead peroxide method of est1mat1ng atmospheric su]furo
od1oxide was first deve]oped in Eng]and in 1932. The obJect was to
provide a usefu] 1ndex of genera] pol]ut1on in an area by measur1ng‘”
_long term 1evels of su]fur d1ox1de in the atmosphere It was expeCted

that the: 1ndex may reflect the overa]] air qua11ty and ass1st in

_determ1n1ng the effect of pol]uted atmospheres in causxng damage to

vegetat1on, pa1nts, corros1on of structures, resp1ratory complications B

‘1n humans, and aeroso] formation. A so11d mater1a1 "Was sought wh1chv'
reacted w1th sulfur d1ox1de in a. pred1ctab1e and un1form manner ’Thetrr
material f1na11y chosen was 1ead perox1de, a]so known as lead
d10x1de | |

A]though more prec1se automated 1nstrumenta1 techn1ques for
ambient monitoring of. sulfur d1ox1de are ava11ab1e today, ‘the use of
the 1ead d1ox1de method has ~increased cons1derab1y since its
*1ntroductlon'by N11sdon~and McCOnne11 [3]. The wide- -spread use of the
lead d1ox1de cy11nders evolved due to the 1ow cost of preparat1on andvr

3the pract1ca11ty of unattended operat1on 1ast1ng a month or more at a

‘-'t1me. The cy11nders therefore prov1de a t001 that can ‘be used to

»estab11sh an 1nexpens1ve network of mon1tor1ng stat1ons and to
~ determine the 1ong term 1eve1s of atmOSpher1c sulphur d1ox1de 1n a
-hreg1on Informat1on 0 obtained prov1des an 1nd1cat1on of the a1r
po]]ut1on prob]ems associated w1th 1ndustr1a11zat1on and popu]at1on7

“dens1ty o _];. ”',; SR - o | : S
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Except for s]ight mod1f1cat1ons in ‘the method of preparation

"_ the cy11nders used today are l1tt1e different from those used

or1gfna11y, and 11tt1e more 1s known of the factors that control their

| effect1veness., Further lack of standard1zat1on of the technlque has

X contrlbuted to a 1ow re]iab1lity of mon1tor1ng data In 1974 a Jo1nt l

J coL ' . L. -

effort between the A]berta Department of the Env1ronment and eleven

other 1aborator1es was 1n1tiated to determine the cause of_
1nconsfstenc1es in the reported data Each agency prepared and

ana]yzed its own cy11nders wh1ch were exposed at a common stat1on s1te‘

on a month]y bas1s throughout the year. Even though the cy]1nders

from each laboratory were exposed at one 51te the su]fat1on ratesnniwu“

varied con51derab1y and no re11ab1e conc]us1ons cou]d be drawn to'

[

improve ‘the. accuracy of the techanue The data obtained at the

, v common- station site s summarIzed in Appendlx A.

In th1s work the common- stat1on study was 1nvest1gated further

o and slgn1f1cant d1fferences were found in. the method of cy11nder"

preparatlon and ana]ys1s as pract1ced by various laboratorlés The L

d1fferences included us1ng one- ca11bratlon curve for the‘t

.. Spectrophotometer to us1ng a set of two curves,'us1ng d1fferent gradesb7
of 1ead d1ox1de w1tn different specif1c surface areas, adJust1ng'

so1utlons to d1fferent pH levels before sulfate prec1p1tat10n and the»

' d1fferences 1n ana]ytxca] methods turb1d1metr1c versus grav1metr1c or

(

1
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different sulfate prec1p1tat1ng reagents. A bias analysis of the
common- stat1on data was conducted us1ng the S1gn test. Of the twe]ve:“
51aborator1es part1c1pat1ng in the common-station study, three.
~laboratories had supplied insufficient data, and four laboratories
exhibited si;hificant hieses‘as shown -in Appendix A. The remaining
data cou]d_?e questioned as well d“?,td the above mentioned
differehces,end poorly kept records of the practices followed by
vérioUs laboratorikds. A need to initiate a new study to determ1ne the
effects of various parameters on su]fat1on rates, espec1a11y under
contro11ed environmental cond1t1ons was obv1ous at this stage “This
was conflrmed further when a 11terature rev1ew 1nd1cated few studies
conducted under contro11ed environmental cond1t1ons 2

Th1s work .was uhdertaken to. study the effects of temperature
bhum1d1ty, wind speed and sulfur d1ox1de concentrat1ons on sulfation
rates of cylinders or plates made from lead dioxide having different
particle sizes. A closed Toop wind tunnel and severa] env1ronmenta1
control chambers were used to obta1n the desired atmospheric
conditions. In each experiment a continuous su]tur didxide monitor
was used td control gas concentrations at all times. The su1fation‘
rates and the correlation factors.obtained from this work are compared
to the predicted results of models proposed by Ltang et al. [14].

Other aspects of this‘investggatipn include a field study of the
effects dt ambient exposure conditiqn; on sulfation rates of cylinders

and Huey plates exposed simultaneously. The_work'includes an

evaluaticn of the turbidimetric method of analysis for sulfates.
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CHAPTER 11

HISTORICAL BACKGROUND -

' Historically, efforts have been made over 100 years to. detect
sulfur dioxide using solid reagents. In 1813, Brezelijus and Marcet
(1] first used lead d1ox1de as an adsorbent to separate sulfur d1ox1de
and carbon dioxide. Russell and Smith [2] while studying the effects
of metal oxides and hydroxides on the formation & sulfur trioxide,
obtained some data on the adsorption of suifun'dioXide by the

following substances:

Lead Dioxide " Copper Oxide
Barium.Dioxide i‘ Alumi num Hydroxide
Manganese Dioxide | Chromiun’Hydroxide
‘Stann1c 0x1de — Fer#{é Oxfde
Chromium Dioxide ; Ferric Hydroxide

_IBarium Hydroxide
Of these, the on]y substances that were capab]e of adsorb1ng essen-
tially all of sulfur d1ox1de without promot1ng the formation of sulfur 1
trioxide were lead dioxide‘ barium dioxide and aluminum hydroxide.
‘With the except1on of the reactlon product formed by a]um1num hydrox-
ide, the products of reaction obtained with the other two compounds
were essentia]]y insoluble in water. . In 1934, Wilsdon and McConne]l

[3] found that the rate of adsorption:of sulfur dioxide by lead

dioxide was nearly three times as great as by bar1um dioxide. The
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experimenta1 deta indicatedbhardly any decrease in the rate of adsorp-
tion even when thirty percent of lead. d10x1de had been converted.
This probabiy led to the selection of lead dioxide as the preferred’
adsorbent. However, due to the difficulties in maintaining constant
concentratione of sulfur dioxide and introduction of other experimen-
tal errors, Wilson apd McConnell estimated the upper limit of conver-
sion of lead dioxide to fifteen percent and indicated that in this
'Vrange of conversion the rate of adsorption Wpe ]inear]y pfoportiona]
to the concentration of sulfur dioxide.

Wilsdon and McConnell were the firs%’investigators to develop
the "lead dioxide cand]e"‘teohnique which was subsequently adopted by
the Pollution Researcn Committee of the Department of Scientific and
Industrial Research (DSIR) in the United Kingdom. Wilsdon et al.
worked on the lead candle method becaus® the conventional methods
emp]oyed at the time were not adaptabie‘to wide-area monitoring of -
sulfur oioxide. The resu]ts of the monitoring were considered to
provide an index for estimating overall bollotion originating from
burning of coal. The conventional methods involved aspiration of
iarge volumes of ambient air tnrough solutions of‘iodine.or hydrogen
peroxide foilowed by an anaiy;is of absorbed sulfur dioxide.-

Lead dioxide cylinders have been used extensively in éng]and
since their introduction, The use“of cylinders in Canada was first
recorded in air pollution investigations conducted between 1955 and
1957 at fork, Redoubt, Halifax, Montreai Ottana Saskatoon, Norman
Wells and Trail. [4]. The purpose of:, the investigations was to deter-
mine the su1tab111ty of the lead diox1de method for Canadian exposure

conditions, to determine the factors affecting the variability
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of the method, qhd pdssib]y, estab]isﬁ a correlation factor Qith
volumetric measurements. The results showed that the method was well

‘suited}to Canadian exposure conditions.

In the United States, similar use of the "candle method" has been
made in atmospheric air pollution surveys in the 1950's. A survey in
Nashville, Tennessee in 1958 to 1959 [5] involved the collection of
1400 sulfation candles at 119 sampling g:étionéfin é 12-month period.
The study was directed towards answering such qugstions as (1) how
1ong}%¢2) how frequénf]y, (3) how m;ny, and (4) where the candles
should be 1n§ta1]ed to determine long-term air pollution trends. The
Tennessee Valley Authority has used the lead candles method since 1954

. [6] for monitoring the atmosphere neér‘power plants. In this study
‘[61, the discussion're1ates brincipa]ly‘to practical field
experiences, correlation of sulfation with recorded sulfur djbxide
concentfation and usefulness ofvdata in appraising air po]]utionﬁfrom

industrial sources.

*

The original lead peroxide method developed by Wilsdon and

2.1 Development of Lead Peroxide Method

»

McConge]] remains essentially unchanged today. A 10 by 10 cm pieqe‘of
cotton gauze was wrapped around a porcelain cylinder and a,thick
paste; obtained_by mixing lead dioxide, gum tragacanth and Qaper, Wwas
applied to the gauze wifh a spatula. The lead candle so prepared was
a]]oweq to dry and then mounted on a-bos; she]téred!by_a céw]vto

prdtéct»the candle from rain (Figure la). :Later the DSIR ‘replaced the
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,cbw] with a cubical, louvered box which was considered a bettey
shelter from rain (Flgure 1b). Instead of s1tt1ng on the post the
cand]e is now capped into the ce111ng of the louvered box."

In 1964 Bowden [7] proposed further s1mp11f1cat1on of the
candle method. The mod1f1cat1ons dispensed with the glazed porce]a1ni
'cyl1nder and the standard tapestry cloth. The porcelain cy11nder was'
‘replaced with a perspex rod knur]ed' cylinder on the grounds that the
porce1a1n cylinder dimensions were subaect to var1at1ons due to firing
shr1nkage. Cylinders of nearly standard dimensions were machined in
perspex, the central portion be1ng knurled before the ends were f1xed

The knur]ed ends were made smooth by f]owxng ch]oroform over then.

Sowden further suggested coating the surface of perspex cy]1nders‘ ,

directly w1thout the tapestory cloth wh1ch may shr1nk 1rregu1ar]y
after the reactive paste is dried. -The cloth was a]so cons1dered
difficult to detach from the porce1a1n cy11nder without 1ncurr1ng the
loss of the reacted paste. Tragacanth gum was found unsatisfactory
for sticking the paste direct]y on the perspex surface&and_was
replaced with sodium methyl-carbOnycellu]ose (‘Palycell'). These
modifications were aimed at reducing the Preparation time when a large

number of cylinders are to be handled. The alterations were not’

' expected to give improved resu]ts. Bowden also replaced the cubical

she)ter with a cylinderical louvered box to m1n1m1ze effects of

: she]ter orientation on sulfation rates (F1gure lc)
In 1968, Huey [8] simplified the exposure system further and
dispensed with the elaborate type of shelter necessary for lead

dioxide cylinders, also known a. candles. The new sampler is a
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p]ast1c petr1 d1sh of 4. 8 cm 1. D., coqmon]y known as a Huey p]ate.
The plate is placed in a bracket mounted on a post or powerllne pole
in an upside- down pos1t1on (Figure ldﬁ complete]y exposed to the
atmosphere. The® petri d1sh serves as the\shelter, sh1pp1ng container
and lead d1ox1de support.. The plate is preparg?:for monitoring by
coat1ng 1tsv1ns1de surface with lead dioxide paste and by dry1ng it in
- the oven. _ o
In 1969, Bou]er1ce and Brabant £9] emp]oyed fLat g]ass p]ates
for. sulfation stud1es us1ng a thin- 1ayer chromatography app11cator.
Th]S techn1que a]lowed the area and th1ckness of lead d1ox1de coat1ngs
-dto be contro]]ed more accurate]y than the convent1ona1 method of
prepar1ng cy11nders. Four plates, each with a 25 cm2 coated area were
attached to a wooden holder of a square-base prism shape. The system )
was then exposed in a reguiar shelter (Figure le). In some cases one
or two of the four p]ates so mounted gave higher sulfation rates
exhibiting the directional effects of prevailing winds. If the wind
direct%on‘is not a consideration, the technique can he used to prepare
only one glass p]ate‘100 cm? coated with lead dioxide and set up'verti-

cally or horizontally th the regular candle shelter.

2.2 Deve]opment of Analytical Techn1ques

| The usefulness of the Tead dioxide candle as an economic device
is hampered by the often ted1ous ‘and time ‘consuming grav1metr1c
ana]ys1s of exposed candles as proposed originally [3] In the

.or1g1na1 procedure [3] the exposed surface area is measured and the

cotton fabric ho]d1ng the paste stripped from the support and treated



10

with sodium carbonate solution. The compos1te is allowed to stand for
three hours while stlrlng 1t _occasionally during this per1od

The solution 1s then bo11ed for half an hour (30 minutes). Any
loss of water during boiling is made up by the addition of d1st11]ed
water. The hot so]ut1on is filtered with appropriate wash1ngs and the
_f1]trate ac1d1f1ed with hydroch]or1c acid. The sulfate in the -
| solution is prec1p1tated by add1ng barium ch]oride. The precipitated‘
. barium sulfate is filtered, washed, fgnited aﬁd weighed.

Efforts were ndde by various investigators to simplify the
original method and to find more rapid alternate analytical techniques
promjsing equal or better accuracy. | In 1959, Kénho [10] used a
colorimetric method instead of the gravimetric method and indifated

“

that the co]orlmetrlc method was more accurate for concentrat1ons as
]OW as 1 m9503/dm2/d. The 1ncreased accuracy would perm1t ‘shorter ex-
posurevper1ods for candles. Kanno,. however, did not provide any
compafative data between the ewo methods. Further, concentrations in
Alberta are even lower and the suggested accuracies would need to be
eya]uated‘at these concentratiohs. Bowden [ 7] employed acidimetry for
the analysis of sulfates. Lead sulfate was converted\to su]furic'aciu

el

by a cation exchange resin and the f11trate t1trated aga1nst

L\,

standard1zed sod1um hydrox1de. The method claimed good success at“;ff

thher su]fation leveTs,"but“only.sat1sfactqry nesulbs_atf]ow
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sulfation rates. The range of solfation measured varied between 2-6
mgSO3/dm2/d.- The sulfation rates inJAlberta are lower than this.ranée.
Rayner [11] converted the insoluble Tead sulfate to soluble ammop}um
‘sulfate with ammonium: carbonate and titrated the fi]trate with barium
perchlorate using thorin indicator. He 1nd1cated that the accuracy of
this method is +10% for 10 mg sulfate. For 2 mg sulfate, the results
were 20% high. Once again the sUggested>accuracies do rot provide an
significant advantage over the turbidimetric method used:in this
| study. Huey [8] employed a turbidﬁmetric procedure while Vijan [12]
proposed a h1gh temperature combustion: method in wh1ch ]1berated
sulfur dlox1de was titrated us1mg potassium jodate as a titrant. The
_rap1d combust1on method proposed by Vijan at best produced results
that were as accurate as the gravimetric technique, although some
* reduction in time spent in theeana1ysis is c]aimed Carlson and Black
[13] proposed an atomic absorptlon method based on the premlse that
1ead sulfate is s1gn1f1cant1y more soluble than Tlead d1ox1de in
ammonium acetate solution. The exposed gauze is stirred with ammonium
acetate solution, followed by separation of solid/1liquid contents and
analysis of lead in the centrifugate by conventional -atomic absorption
technique.

The above developments have not significantly altered phe
origina] lead dioxide method. Some improvements such as mechanized

preparation of coated surfaces-or a switch to.a. more rapid and easier

.om

i
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?; ana]yt1ca1 method or usage of low cost shelters: have been adopted by

some agencies; more so to cut the cost of mon1tor1ng than due to any
expected 1mprovement of results.
In Alberta, both the sulfation candles and the Huey plates are

used to monitor ambient concentrations of su]fur dioxide. Except for

)

© . a few modifications, the lead dioxide candles are prepared in a. simi-

lar manner to that used by Wilsdon and McConnell [3]. 'Instead of the

T

porcelain Cylinder used by wi]sdon et a1., an 8 ounce glass jar having
a 20 cm circumfgﬁence.is used in Alberta. A surgical gauze 5 cm 1n
width 1s wrapped around the Jar and provides the required surface area

of 100 cmZ, A lead dioxide paste, obtained by mixing the 1ead d1ox1de

reagent with gum tragacanth and water, is-applied to the gauze with a

brush instead of a spatula. Application with the brush prov1des a
£ 7

smoofher coated surface. The candle is dried at room temperature in a'
sulfur d1ox1de free atmOSphere The Huey plate is prepared as pro-
posed originally by Huey [8] and the coated p]ates are drled at 50 to
55 degrees Ce1c1us The s]ow drying of candles at room temperature.
prevents development of cracks 1in dr1ed pifte Huey plates being
sma]ler in s1ze generally do not cause thls prob]em Currently, thev
Tead dioxide reagents used in Alberta vary from one 13boratory to
another “and a standardization of particle size or surface area is
lackinga Different analyt1ca1 Procedures are used by various
1aborator1es, some of which are less accurate than the others thereby

making a compar1son of su]fatlon data d1ff1cu1t
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2.3 Effect of Variables

A‘review of the ]iteratgfe indicated thét'é'large'number of
studies evaluating the\effecté of different.variables on the lead -
dioxide fiethod wefe conducted under aétua]”field conditiohs and
1argéT7{W;uring the summer months. While such eva]uafions are
essential, the effects of individual parameters and their reiatife
influence on total sulfation measurements can be studied only under
»confrolled exberimental’conditions. Only few such studies were
conducted in the laboratory épd those reported in the Titerat&re‘were
found to be inconsistent-and‘fhconclUsivé. A summary ﬁ?'these studies
Vconducted eithef in ;k1aborat§ry or unde? actual field cdhditions is

presented below.

w

4

2.3.1 Effect of Humidity and Rainfall

In a fiéld study conductedAat-the City-of LeiceSferi[ZS], the
effects of relative humidify-on réactivipy were evaluated using daté
obtained at four stations over a period of 22 months. The hﬁmidity
data was obtained. from meteorological measurements. The reactiQity
was defined as the rate of production of sulfate divided by ambient
concentration of sulfur dioxide, (mgSO3/dﬁ2/day)/bpm, and is the reci-

- procal of the correlation factors commonly used in the literature.to
relate sulfation rate with ambient con;entrations of su]%ur d{éxide.
The;Leicester'study did not indicate- any significant correlation
between relative hunidity and reactivity. The effects of rainfall on
'reéctivity Qere, however, found to bé significant. ‘Obéervatiqns over
a 26~monfh'per10d indicated a correlation Of‘+0.64 with reactivity.
The suifatioh candles used in this study were partially protected froh

rain by a cowl open on its §ides, as shown‘ip'FigUrenla,‘and ihe
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candTes'were found'to become at Teast partiaTTy wet. The quantity'of
rainfall was measured in 1nches per month. In‘the'sane'study'
laboratory tests were s1mu1ated to ‘compare the reactivity of dry and
wet Tead d1ox1de cyTlnders ‘ The cyTinders were kept wet by a. wickA‘
d1pped in a beaker of d1st1TTed water. Although the wetness of ‘the
candTes coqu not be ma1nta1ned constant, the Taboratory tests
estab11shed that the wet candTes adsorbed 10% to 90% more squhur
'd1ox1de than the dry candTes However since the rain would aTso

reduce the concentrat1on of sulfur dioxide in the ambient a1r the
Tstudy concluded that rain affected ‘the ambient concentrat1ons of
squur d1ox1de ‘and the react1v1ty of sulfation candles in OppOSTte
vd1rect1ons The cowls were, therefore replaced by a Touvered box. for
'better protectfon of candles from rain.. Foran et al. [4], 1n the1r
'f1er study at the Trail site, did not, f1nd a correTation between
ra1nfa11 and react1v1ty even though the squat1on candTes in th1s
study were aTso protected by: cowTs, similar to those used in the
Le1cester study. The Trail site study was conducted over -, two year )
per1od to determ1ne the su1tab1]1ty of ‘the Tead dioxide method to
Canadian exposure - cond1t1onst The apparent'anomaly jn the effects of
rainfaT] on reactivity at Leicester and TrajT.sitesjwas expTained with
thersUpposition that the TraiT sTte is nbt subject‘to driving ratns as
. are the sites in the United Kingdom. NewaTT and anes [32] in a'fier
study in-London, also found lack.of any correTation'reTatedhto
. rainfall. Rider et al. [29] in their Taboratory study evaluated the
'ﬁeffects of 0% 50% and 100% hum1d1ty on Huey pTates by adJust1n§
reTat1ve hUm1d1ty in a des,1cator They concTuded that aTthough E;MLH
squat1on rates d1d not change w1th hum1d1ty,‘the capactty:of the

'pTate to adsorb sulfur dioxide appeared to increase with the effects.
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':ofAsu]fatfon not occurring.unti] a 1onger exbosure period eTapses.“
The amount of sulfation showed a marked 1ncrease at 50%: and 100%
hum1d1ty after ]ong exposure per]ods. This was attrlbuted to the'i
poss1b111ty that hum1d1ty forms a water layer whlch s]19ht1y d1sso]ves”
A:the 1ead Sulfate at the surface thereby expos1ng fresh - 1ead d1ox1de
for reaction. A]though ‘the suggested mechan1sm has not been\
conf1rmed ‘their flnd1ngs confirm that wetness of the paste due to
condensation of ‘water vapour on the pdste surface promotes the
vreact1y1ty, but without condensat1on the relative hum1d1ty has no

'effect on the 5u1fat10n rate of the . 1ead d1ox1de cand]es.

2.3.¢2 Effect of the Su}fﬁgigioxide Concentration and the [ead Djoxide
Particle Size

1

w1lsdon and. McConne]] L3] conducted experiments in.a sma]] w1nd
»‘tunnel to est1mate the range of proport1ona11ty between the rate of

. adsorpt1on and the concentrat1on of- su]fur d10x1de The porce1a1n

base cy11nders were p]aced in the tunnel and a stream. of air contain-
ing known concentrations of sulfur dioxide was passed at a ve]oc1ty of

'approx1mate]y 0 25 cm/s. The data was obta1ned at 40, 189 and
666 ppm of su]fur d1ox1de with exposure t1mes vary1ng between 6 to .

24 hours. The rate of format1on of lead su]fate W, mgS03 per 100 sq cm

per day for a g1ven concentrat1on C, was expressed as ...

LR
"

Kw .- ...Equation 2.1

where C is ‘in ppm and K, wasﬁshowhfto be independent of.Su]furtdioxide

concentrations Dbito_IOOO.ppm.
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Wilsdon et al. estimated that ‘the rate of adsorption remained

‘approximately linear even when as much aswisi’of-theijead-dioxide had -

been'converted ~This’ corresponds to a mean daily rate of su]fat1on of

13 m9503/dm2/day [4] for a standard Cy11nder exposed for one month.

This su]fat1on rate is much h1gher than the commonly encountered_

'fsulfation rate of less than 0.3 mgSO3/dm2/d in A]berta [28] The con-'.

~ centrations of su1fur dioxide used in their exper1ments were hundreds

of t1mes greater than those preva1ent genera]]y in the atmosphere

Further the studies d1d not cons1der the effects of particle size:on -

su]fat1on rates or on percentage convers1on of lead d1ox1de during

“~

which the adsorption rate would remain Tinear for a known gaseous

concentration..

Foran et al. [4] in the1r field study attempted to determ1ne the"

o va]ue bf K by mon1tor1ng amb1ent sulfur d1ox1de concentrat1ons w1th a

- -Thomas Autometer wh1ch was operated at the same site as the su1fat1on

cand]es The proport1ona11ty constant Kis common]y referred to as‘
the corre1atlon factor The autometer read1ngs in ppm of sulfur
dioxide were p1otted aga1nst the su1fat1on rate-in mgSO3/dm2/d and the

slope of the line was determ1ned to be 0 028, with 95% conf1dence

limit of +0.002. Foran et al. assumed that c]1mat1c cond1t1ons at

.other exposure sites wou]d ‘not affect the correlat1on factor K any

- differently than at the Trail site and therefore conc]uded that

. ambient concentration of. sulfur d1ox1de corre]ates very close]y w1th

the su]fatIon rate obtained by the 1ead d10x1de method. However, the~

study conducted in the C1ty of Le1cester [25] lndwcated that the

correlation factors are site spec1f1c and vary between 0.01 and 0. 04.]

Thomas and Dav1dson [6] found cons1derab1e scatter and re]atavely low

degree of correlatlon between the su]fat1on cand1es and s1x autometersTJ

~r
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operated in a region having Tow ambient. sulfur dioxide concentrations.
The lack of correlation was also attributed to inherent wide varia-}
t1ons in est1mat1ng such concentrations from autometer charts How-
ever in another area, having moderate or average concentration of
sulfur dioxide of approximately 0.02 ppm or greater, Thomas et al.

found a high degree of correlation between the sulfation rate and
gaseous concentrations. Stalker et al. [33] found that the correla-

tion factor also varies with the type of chemical method used to de-
termine the amb1ent sulfur dioxide concentrat1ons The sulfur dioxide

concentrat1ons were determined both by the tetrach]oromercurate (TCM)

'procedure described by West and Gaeke [34] and the Thomas Autometer

" The autometer measurements of sulfur d1ox1de were two to three times

3
¢

higher than the TCM measurements. The reason for the higher autometer

readings,ﬁas most likely the response of this instrument to other

1

acidic pollutants such as hydrogen sulfide or nitrogen. oxides 1in

~

-addition to sulfur dioxide present in the atmosphere Stalker et al.

expressed the op1n1on that, based upon their over-all experience, the
candle method is a good procedure for estimating mean sulfur dioxide

levels in communities which have mean gaseous concentration of at

‘least 0.025 ppm. The reliability of these mean estimates would

probably be in the order of +25%.
The above mentioned stud1es [4, 6, 25, 34] at first appear to
1nd1cate contradictory conc]us1ons reached by these authors. However

1f the premise of correlation factors being site specific is accepted,

then lack of correlation in a region with lTower ambien . Jaseous con-

~ Centrations may be simply due to the insensitivity of the analytical

methods used in determining gaseous concentrat1ons .especially if

 different ana]yt1ca1 me thods g1ve d1fferéht s&]fatnon rates or gaseous
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concentrations as pointed out by Stalker et al. [33]. These studies
did not consider the effect of lead dioxide particle size on the rate
of su]fat1on Since the particle sjze effects were found to be sig-
‘nificant [24], Hickey and Hendricksdh'[24] attempted to provide a
design basis for the leéad dioxide cylinders. 'According to their de-
sign, the rate of sulfation would remain Tinear for ambient concentra-
tions o{ sulfur dioxide provided ;he cylinders were made with lead
dioxide of certain particle size or surface area. Conversely, if the
surface area of the adsorbeﬁt is known, a maximum allowable exposure
period for.the cylinders could be Caiculated such that the sulfation
rate would remain linear for the estimatedcambient concentrations of.
su1fuf dioxide. The term "critica) loading percentage” (CLP), was
used to determine the percentage conversion of 1e@d d1ox1de of
specific surface area for which the rate of sulfation remained linear
correspond1ng to a known gaseous concentrat1on Such 1nf0rmation
could provide not only a consistent basis for sulfation candle
preparat1on but may also provide consistency in the determination of

' corre]atvon factors<~ Hickey et al. _indicated that in many cases,

Foran et al's. data [4] at the Halifax Federal Building had exceeded o

the critical loading percentage and the lower estimates . of sulfuhﬁ

d1ox1de concentrations were due to the attenuat1on of su]fat1on rates
at the saturated surfaces.

In deriving the design equation, Hickey et al. proposed that if

each cy11nder was to contain a conservat1ve amount of seven grams

'(usually e1ght grams) of lead d1ox1de then 100% adsorption would:

amount to S o

v f (7) (64060)/239.21 = 1873 mgs0,
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where 239@2] = mp]ecular weight of ]ead’dioxide, and
64.06 = moqecular weight of sulfur dioxide.
Iheﬁ; the des1gn equat1on that would ma1nta1n the rate of
) adsorpt1on Tinear with sulfur_ dioxide concentration and show the
effect of particle size, gaseous concentration and exposure time can
be expressed as 3

= (1873) (P)/(Q) 100"

..Equation 2.2

where M = time of exposure, days
C = concentration of sulfur dioxide, ppm
P = critical loading percentage, %
Q'= adsorption coefficient, mgS0,/ppm/ day

The adsorption coefficient can be determined from experfments or
previous surveys. - Thisgequation would also be applicable to Huey

plates or other f]at plates. Should the amount of lead d1ox1de used_

for cylinders or plates be d1fferent than the assumed 7 grams ‘the: '~

namount of 5u]fur d1ox1de adsorbed at 100% conversion can he'
reca]cu]ated"and .Substituted. in equat1on 2.2. The cylinders designed
_and exposed for per1ods perm1ss1b1e by equat1on 2.2 would continue to.
form the su]fat1on product with the rate of su]fat1on rema1n1ng
Tinearly proportional to the amb1ent concentration of sulfur dioxide,
unlike the data collected at the Halifax Federal Building [4] where

some of the cylinders were saturated and the rate of sulfation had .

- decreased.’
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2.3.3 Effect of Temperature

, wThe effect of temperature on su]fatlon rate of candles has been

generally considered to be 1n51gn1f1cant even .though only one of the

stud1es actually conducted an exper1menta1 eva1uat1on of this
parameter w1lsdon and McConne]] [3] expected a slight increase in
reactivity with rise in temperature. Th1s was based on a mode)
descr1b1ng the absorption of soluble gases in cy]1ndr1ca1 liquid films

w1th an expre5510n of the form, for mass transfer coeff1c1ent
Shayg = f(Re)0.8

..Equation 2.3

The mass transfer coeff1c1ent in equat1on 2.3 has the sanmh

dimensions-as 1/K in equat1on 2.1, ML 27~ 1 Equat1on 2 3 was used to

est1mate any temperature effects on ‘the sulfation react1on .The gas
density and v1scos1ty were expressed as functions of temperature of

the form o = Po (1 + alt ) and u = “o(] tapt'), , respectively,

1_ a 1,a 2 are .numerical conStants and t 1s the temperature in degree Ce1-1j1

cius. The dens1ty funct1on is 1ncorrect s1nce the - dens1ty of agas’

: decreases with an 1ncrease in temperature .Therefore when the
:corrected dens1ty funct1on, P =oo/{l taot), is subst1tuted in equa-

. t1on 2.3, the increase in reactivity for an increase iin temperature of

1°C was reca]cu]ated to be 0. 02% instead of 0.4% deduced by W11sdon et

al. This increase in reactivity as a function _of temperatyre is

1ns1gn1f1cant Slnce many other 1nvest1gators have c1ted w1lsdon et-'

B

"51 s. work the temperature dependence needs to be re- eva]uated

further. ) _ L o
| chkey and Hendrickson [24] conducted.a'few experiments at 25°C
and at 45°C to determine tke effect of temperature on su]fat1on rate.

A 125 ml Er]enmeyer f]ask was used as the react1on vessel conta1n1ngr

e
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known amounts of lead dioxide, and sulfur dioxide was injected with a
syringe. The exposure time was 5 minutes in all cases. Since the

reacti%n is exothermic, it was difficult to maintain constant

tempena;gre. Tests were repeated three times at each of the two

temperatures andiﬁﬁ‘significanf temperature effects were observed.

The literature survey did ﬁef\?eveal\gpy similer evaluations at

sub-zero temperatures under controlled laboratory conditions. ~ There-

were, however, field surveys [5, 25, 33] which indicated that the

sulfation rates in winter months were greater than those obtained in
the summer. This was believed to be due more to the stabler
atmospheric conditions in winter whiich would attenuate the rapid
'd.Syers1on of su]fur dioxide .and result in re]at1ve1y higher ambient
concentrations of the gas. 'The ]1m1ted data of H1ckey et al. combined
'ZW1thTIhe.]QCKLOf_§;qugswatueeider tempefatureé indicates a ﬁeed to

evaluate the -temperature effects over a broader temperature range.

.‘2 3 4 Effect of Wind Speeds and Shelter Geometry
- The effect of ‘wind speeds on the candle react1v1ty was first B
| déferm]ned by Wilsdon and McConnell [3] who exposed the lead dioxide
candles in a wind tunﬁe] atvsulfur dioxide concentrations ranging
between 34 to 666 ppm. The yas ve]ecities varied between 0.3 to 30
S cm/s. A 1ogarithm1c‘plot of the correlatioh factor K (equgﬁion 2.1)

’e-and wind speeds indicated that-K. varied 1nverse1y as the fourth root

Cof w1nd ve]oc1ty, that is,

W .
2 =1z constant X UU.<¢5
C K

...Equation 2.4
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However, wind tunnel exper1ments conducted later by the.
Departinent of Scientific. and Industrial Research (DSIR) [35] 1nd1cated
that the react1v1ty was not s1gn1f1cant]y dependent on wind speed. In.
these tests the su]fur dioxide concentrations in the wind tunnel were
ma1nta1ned between 1.0 to 6.0 ppm with the wind Speeds rang1ng between
1.5 to 9 m/s. These findings of the DSIR were substant1ated further
by a field survey conducted in the City of Leicester [25J The survey
was conducted over a, 26 month period at four central stat1ons in. the
City of Leicester and did not show any s1gn1f1cant effects of wind
speeds on the reactivity of the cand]es. The cand]es 1n’th1s survey
were part1al]y_protected from rain by a cowﬂ of standard dimensions as
shown in Figure la. The~atmospheric wind speeds ranged betweenv0.3 to
18 m/s. | |

However, contrary to the findings mentidned above, the field
data obtained by Lawrence [36] indicated that reectivity was a
function of wind speeds according td the following power law equation.
The field data was obtained by exposing the sulfation candles in a
louvered cubical shelter. The wdnd speeds in this survey varied

between 0.3 to 0.9 m/s.

l=

= Constant X u0.55

[}

-.Equation 2.5

Lawrence [26] showed further that the shelter geometry also

affected the su]fatlon rates of candles. A cub1ca1 and a cy]1ndr1cals~‘-

shelter were placed, in turn, in ‘a wind tunnel and for a given
external wind speed in the wind tunnel, the air flow inside the

shelter was measured with an anemometer.
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The tests showed that for a given external wind speed, the percent
transmission ef air fhrough the cylindrical shelter was greater than -
for the cubical shelter, resulting in'approxfmate1y 10% to 20% greater
sulfation rate for the cylindrical shelter. This finding was
confirmed by Bowden [7] in a field survey which indicated tha£ 
sulfation rates were 20% greater in the cylindrical shelter. |

" Lawrence's reéu]ts‘also showed that the percent transmission of
air throuygh the cubical shelter was a;functioa of the shelter
or{entation with respect to the externa] wind direction. With
unsymmetrical wind distribution such as may occur in a valley, the
sulfation measurement’jn a cubical shelter coufd be affectea by the
—iglter orientation. Orientation errors may even oecur at many urban
Sites, a]though to a 1esser degree. In‘the préseat»study, the
compar1son of the two shelters was made.in a field survey as discussed
in Chapter 5. There was, however, a difference in the des1gn of the
cylindrical shelter used in this study and that used by Lawrence [26].
The cylindrical shelter ‘used by Lawrence was made bi placing three
posts symmetrically (Figure 2a) with the screen louvres wrapped around
these posts at different heights. The space Qetween euccessive layers
of the lquvres was cbmp]ete]y open except where the louvres were
connected to the post. In contrast, the cylindriéa] shelter used in
the present study was a cylindrical sheet metal box .with randomly .

punched slits for passage of air (Figure, 2b) . For exper1menta1;

-purposes ‘the number and s1ze of the sl1ts was Such that the tota]fﬁ7iﬂ

. lopenlng area of the cy11ndr1ca1 she]ter was - approx1mate1y equa] to the

) ;0pen1ng area of the cub}cal cy11nder.' A schemat1c of the cub1ca1" S

(.

.shelter is” shown in F1gure ]b R fv"ﬂf "““'f‘“'jf‘“.“ T Ea
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Although any effect of wind Speed variations‘was expected to be
ref}ected in the sulfation rate, whether these variations affected the
ambtent concentrations of sulfur dioxide was first evaluated by Newall
and Eaves [32]. They reviewed the anbient monitored concentrations of
su]fur.dioxide for the mdnths of November to February during the years
1956 to 1960. The data was obtained durinyg various atmospheric pollu-

“tion surveys in Eng]and-\ The wind data obtained at a meteorological

f;stat1on, was d1v1ded 1nto four ranges and for each range of" w1ndi7'

LSpeed ‘the correspond1ng average concentrat1on 0f sulfur dioxide was
‘obta1ned. The data ptots indicated that the average da11y-concentra—
“tion of sulfur dlux1de was an inverse. funct1on of wind speed but tht_
effect was far less marked at wind speeds above than be]ow L. 5 m/s.

The works cited in the previous sections indicate inconsisten-
cies in the conclusions drawn by various investigators independent of
whether the tests were .conducted in.the laboratory or in the field.
The problem is complicated further since most of the data cited in the
literature were obtained with methods of varying accuracy in measuring
sulfation rates or gaseous concentrations or variations in the
locations of wind speed monitors. .Further, the effect of individual
parameters dn sulfation rates appears to be different under laboratory
conditions than in the field. In the field, the su[fation rate}of
candles is under a multiple effect of various parameters as combared

to singu]ar parameter eva]uations conducted in the laboratory.

- ?However due to the conf]tctlng conc]u51ons reached in the literature,

‘1nsuff1c1ent data Ain. somes cases; and fa11ure to obtain comparable
-.data -ip the common statlon study done in A]berta it was decided to *

?jre-study these s1ngular effects 1n the . 1aboratory 50 tnat their

'relat1ve smgn1f1cance under the f]End cond1t10ns cou]d He est1mated SR

" The present study was extended to 1nc1ude an eva]uat1on of the

;fturb1d1metr1c method and 1ts 11m1tatlons.
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CHAPTER I11

THEORETICAL CONSIDERATIONS AND MASS TRANSFER MODELS

3.1 Theoretica] Consideratiohs-

Measurement of su]fur d1ox1de 1n a1r s based on the fac111tyffﬁ
“with. wh1ch the gas comb1ne$ w1th so]1d lead d1ox1de to form 1ead

. su]fate the exotherm1c react1on be1ng

- . . . R .. . : - i
~ .

PbOz + S0 = PbSO4

..Equation 3. ] L

—

The free energies of formau1on Llo] of PbOZ S02 -and
Pb504 are -52 34, -71.79 and -193.89 kilocalories per mole

respective]y. Thus,  from

o G = IAG products - IA G reactants
we have igi'f;ﬂ , ,i;hvw - . -~ co.uiEqudtion 3.2
a G = (-193.89) - [(-52.34) + (-71.79)] = =69.76.

indicating that the reaction could proceed spontaneously.

The Arrhenius equation,

k = B e~E/RT
where ...Equation 3.3
k = reection velocity constant
T = absolute temperature
E = energy of ‘activation
R = Qaﬁvconsfant_
= frequency factor 41»;;',‘, - )

.
'|

A

"1nd1cates that react1on ve]oc1ty sh0u1d be a funct10n of temperature

N
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If k can be determ1ned at a m1n1mum of two temperatures, the
activation energy can be est1mated [15] from the s]ope of the stra1ght-’
i1ne obta1ned by p]ott1ng log k versus 1/T since the frequency factor'.

" Bis re]ated to the spec1f1c surface area. Its value increases with .

increase in. area and ‘in simple cases is proport1ona1 to the specific
vsurface area [18].. e

.In—gas—sol1d,heterogeneous reactions, since one reactant is -in

the solid phase and 1s consumed -the rate of react1on var1es with

o

t1me In many types a solid product builds up around the react1ng
core. For some cases the rate of react1on at the 1nterface ‘may be
rate contro111ng whereas in others, the rate of diffusion of one or
the other of the reactants through the product 1ayer may become rate
| controlling. Pilling and Bedsworth [16] illustrate the different rate

controlling steps in their work on the c1assification‘of5meta1s into

_;two groups wWith respect to format1on of ox1des. Bikerman [17J "

: sunmar1zed part of their" f1nd1ngs as follows‘\:_‘w

If a un1t volume ofometal 1s transformed into ox1de the number
.VOf gram‘atoms ConsumEd 15 Dl/Ml if Dl, is the den5‘|ty of the -~ -

metal and M) is its atomic weight. If the oxide molecule contains

n atoms of the metal, o1/nM]} moles of oxide are formed. If the
density of the oxide is 0, and its molecular weight is M2, the

" the volume of ox1de formed is P 1M2/nPoM1: If P1Mz/nPoM] is

iigreater than un1ty, the oxide occupies a larger volume than the (

metal from wh1ch 1t,orig1nated;.otherw1se ox1dat1on=1nvo]ves -

contraction.

e
Ay



28

For‘potass1um, sod1um ca1c1um bar1um and magnes1um the rat1o

v ,ole/nple;vranged from 0.41 to 0.79, 1ndwcat1ng that a porous or dis-

continuous coat1ng 15 formed [16]. The rate of corros1on for these

»meta]s ‘was’ found to be constant. Howcver for meta]s such as cadm1um o

'tralum1num z1nc, t1n lead, and tungsten the volume rat1o of ox1de to:“
metal ranged from 1. 21 to 3.59, Th1s part]y exp1a1ns the protect1ve
~';nature of ‘oxide films such-as.the oxide on aluminum.

In the formation of 1ead Su]fate from lead d1ox1de and sulfur -

dioxide, the vo]ume ratlo of solid product to sol1d reactant is

(9.375) (303;27) _
(1) (6.2). (239.21) - - ™

”

” ...Equat1on 3.4

o

where 303 27 539 21 are the mo]ecular we1ghts of the so]1d prdduct .

“and the reactant and 6 2 and 9 375 are the1r respect1ve dens1t1es.

'}Therefore, it m1ght be expected that the su]fat1on react1on cou1d be .

~

icategor1zed w1th the. metals forming protect1ve f11ms., Th1s may, ina’ie

genera] way, account for the finding [3] that adsorpt1on of . sulfur”
dioxide by ]ead d1ox1de was proport10na1 to the gas concentrat1on
until some certa1n percentage of the lead d1ox1de ‘had reacted Th1su.
could mean that the mechan1sm of adsorptvon or- rate contro111ng step
»dchanges as adsorpt1on proceeas. “ | . |
A]though experiments conducted in th1s study were not des1gned .
to evaluate the k1net1cs of the 1ead d1ox1de reaction w1th sulfur
dioxide, the exper1menta1 data obta]ned in this study was used to

determine the predom1nant rate contro]]1ng step. The experlmentally

&
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determ1ned rate of su]fatlon is compared with that determined from two- -

d1fferent models [14] In ‘the first model, the mass transfer rate is
‘ca]culated from the gas phase res1stance a]one whereas in the
~:second case, the d1ffu51on res1stance 1n the ge] phase 1s assumed to
be rate contro]l1ng. The exper1menta1 data was a]so used to eva]uate“w

the effects of. temperature using the Arrhen1us express1on. :

7

e

3.2 Mass Transfer Models:

Model 1 - Gas Phase Resistance Controlling

A pictorial representation of this model is shown in Figure 3.1.
.. in2.model assumes that |
( “1)  the gas phase res1stance is ‘the only contro.@ing resistance,

-

55(ff1)5 the 1ead d1ox1de partlcles are d1spersed un1form1y in the gel
"(iii) ‘the ge] phase 1s very thln such that a]] the 1ead d1ox1de

"'particles are exposed at’ the gel surface,

( 1V) ‘the gel surface has-“an 1nf1n1te capacity to adsorb sulfur’

\ .
.\‘

d1ox1de over the test perlod since, 1n actual sampling, only a
small fraction of the lead dioxide is converted,

( V) the reaction rate is very_tast‘such that the concentration of
su]fur ‘dioxide at the’get surface is zero over the test

‘ .per1od d‘

s

(- vi) . the rate of mass transfer for the Huey plate 1s equ1va]ent to

'*uthat ‘of mass transfer in a- f]at p]ate of s1m11ar d1mens1ons.

3
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Based on the above assumptions, a steady state mass transfer
correlation for forced convection can be applied to determine the rate
of sulfation in a Huey plate. For a filuid flowing past a surface, the

flux at steady state is given by,"
_ _ -pdCp o
NA = kc A CA = W _y = U

...Equation 3.5

where Np

1t

mass flux, moles/cmé/s

K

it

c convective mas. transfer coefficient, cm/s

&
and aCp = concentration gradient, mole/cm3

By solving the concentration variation term of equation 3.5

371, a dimenéion]ess expression of the following form is obtained

cX
— = Sh, = (.33% 1/2 §c1/3
D x = 0.332 Rey S? ...Equation 3.6

The average mass transfer coefficient over a plate of width b
and length &, is obtained by integration. For a plate of these

dimensions, the total mass transfer rate WA, may be evaluated by

WA = k¢ A(Cp - Cp o) = J/kc(CA - Ca,0) dA
A .
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and from equation 3.6,

=kc s (Ca - Ca0)

o1
Wy = ti/’ D (CA - Ca,p) Shy ix
A » -

dx
X

. i
_ y D(CA - Ca.0) Sh
Therefore, kc £ (Cp - CA,O) jl‘ A,O‘ X
. i U
...Equation 3.7
Comparing equations 3.5 and 3.7, the rate of mass transfer in a

Huey plate is given by:

i

g _
~ 1| D(CA - Ca,0) sh, = -
) X
0
* ...Equation 3.8

where
W] = amount of sulfation, mole/cml/s
D = diffusivity of SO, in air, cn2/s
L =

length of Huey Plate (diameter of disc), cm

Ca, CA,0 = SO2 concentration in air and at gel surface, respectively, mole/cn

In the above equation, Sh, is the dimensionless Sherwood number
) o

s

for flow past a flat plate and is approximated by,

v

Shy = 0.332 Rex1/2 Se1/3  for Rey < 2 X 105 :
3 " | |
2 - e ' “v ?\ : Rt Lo
= 0.296Re,0.8 5c1/3  for Rey > 2 x 105 =+

s . ...Equation 3.9

EA
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where
Rey = U x/ v, Sc = v /D
Y

3 PN e oW
= average wind velocity, cm/sec
v = kinematic viscosity of air, cm?/sec
In the case of the reactive candle, the rate of mass transfer is

given by:

Wi = (Cp - Ca,0) D Shy/d

‘ ...Equation 3.10

where

d = diameter of candle, cm.

The dimensionless Sherwood number, Shy, for flow past a short

cylinder can be estimated by the following equation [20].

2

Shq = +0.65c1/3 Rey1/2

d +1> In (1 +28

2H d

...Equation 3,11
where
Req = U d/v
= height of the reactive candle, cm’

. H

The correlation factor, C/W, can be obtained by substituting

equations 3.9 and 3.17 into equations 3.8 and 3.10 resipoctively.

ES
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Integration of equation 3.5 for laminar flow is given by,

dx

Wi =

L

L
10.332 D Cp Sc]/3./' Re,1/2
0 X

= 0.664 D Cp scl/3 Rel]/z

)

«

Conversion of units of W} and Cp to thos® of W and C,

results in the following equations:

Huey Plate
55.94 X 102 D Sc1/3 Re, 1/2
W=2=C 2 ‘ 2 for Re, < 2 X 105
‘ Tp & L

¢ 311.69 D scl/3 Re, 0.8

for Re, > 2 X 105
TA!.

...kquation 3.12

Reactive Candle

84.24 X 102 D Shy
W=C

Tp d
...Equation 3.13
where

W

it

P 3
amount of sulfation, mgSO3/ dm</d
C

average ambient SO, concentration, ppm

Ta absplute ambient temperature, °K

Rey

e/ v
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Model 2: Gel Phase Diffusion Resistance Controlling
This model is also described in Figure 3.1. The leéd dioxide
part1c]es are aga1n as>umed to be un1form]y distributed in the gel.
phase and the ge] phase is assumed to have a f1n1te th1£kness. ‘Thé
sulfation reaction is assumed to occur in the gel phase during thé
~test period. In addition, the model assumes that

(1) there is‘no'fluid motion in the gel phase,

( ii1) the yas phase resistance is negligible since the éffective
sﬁlfur dioxide diffusivity inside the gel phase is much smaller
.than the gas phése diffusivity. .

(i11) during the test period, all the lead dioxide particles between
the gel surface, 7=0, and_the moving reaction front inside the
gel phase at Z = Zf(t), are converted to lead sulfate and sul-
fur dioxide would be required to diffuse through this layer to
react with the fresh particles at the reaction front.

Therefore, Fick's second law of diffusion can be used to

describe the mass transfer of sulfur dioxide inside the gel phase and

the applicable boundary conditions are given below:

3 Cp 3 2Cp ¢
—— = Deff ——
2 t 822

...Equation 3.14

n

I.C. at t<0, Cp =0 for all 2>0

...Equation 3.15

B.C. at t20, Cp=Tpat z=0

- ...Equation 3.16

(3p]
>
[}

0 at Z = Z¢(t)

. ...Equation 3.17
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203, dze(t)

et o OB AL T 2y L LT :
R .a4Z dt )

...Equation 3.18

In the'above.equation Deff 1slthé effect{Qe diffusivity of sulfur
dioxide in the porous ge]-énd Cg is the initial Tead peroxide concen-
tration in the gel, mole/L. In addition, TA is the average sul-
fur dioxide concentrat1on at the gel phase.(Z = O) wh1ch is the same -
as the bu]k sulfur d1ox1de concentration in air since the gas phase
resistance is neglected.

Equation 3.14 was solved és déscribed in [3U], and has the

following solution:

1
—_ erf[ _
erfy/a /Deff V 4Deff t

..Equation 3.19

where the parameter a is determined by

CB\ﬂa/Deff-erf,}a/Deff = Tp exp (-  /Deff)

..Equation-3.20
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.. .. From the concentration profI]es of equat1on 3 19 [30] the

,','\;:'ron, €

average rate of sulfat1on can be ca]cu]ated over’ the test per1od

-

W= 4.7 X106 cpg /a7t

.. .Equation 3.21 -

where the rlght‘hand side. of- equat1on 3. 20 is mu1t1pl1ed by the

b

conversion factor 4 7 X 105 to get the units of W, thie rate of sulfa- =

tion. The conversion factor includes a mu1t1p1e of 2 to 1nd1cate that'»"

average rate up-to time I (dgys), is tyice_the jhstantaneous rate. In
equation 3.20, the value of Cp/Cp is genera11yfless”than)Tu-G, hence,

the value of a /Dy is less than 0.01, and then equation 3.20 can be

‘s1mp11fled by emp10y1ng series expans1on of the: exponent1a] terms and

integration of the error function, to a f1rst term approx1mat1on as =

given by,
o _ Deff Ca | :
T3 Couh | “ |
S | ..Equation 3.22
Hence, !

W= 4.7X ]UﬁJDeff Th CB/1.134[7 =

...Equation 3.23
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"~ CHAPTER IV

A

IR

EXPERIMENTAL TECHNIQUES ~—

4.1 Apparatus - ¢ .- oo LTI

=0 s

The apparatus used in thfs study c0n§isted of four major pieces
Qf equipment: exposure tuhne], exposure box, sulfur dinide
monitpfing“;onsalé and-enQironmentallcontr01 chaﬁbérs. The detai1s’of
éééh piece of eduipment and. its.purpose in this studyiis describéd

below. :, ‘J _ "1 ' -

4.1.1 Exposure Tunnel

| | A c]osédjlooﬁbéxposure:tunne] was dengned and constructed.to
study the effect of wind speed on the squafioﬁ réte of lead dioxide
cylinders and flat-plates. A photograph and a schématfc of the tunnel
is shown in Figdfe 4.1.

The tunnel Qas constructed from sheet metal eXcept for the test
section which was m@de of plexiglass. The funnelvcros; section was
ébout 0.09 m2 {1 ft2) with the straight sec;ions being 2.9 m long.

Air and gas mixture was recirculated with an aluminum fan. Flow
straighteﬁefs of ggg-cr;%efshape é3 cm (9 in.):deép and 7.6 cm X 7.6
cm (3 in. X 3 in.) in'cross—sedtion, were installed before'thé test
section. The tunnel was installed iﬁ an 6rdinary room and all"

experiments conducted with it were at room temperature.

Wind speed was varied by changing the fan speed and by adjusting

the damper to a predetermined setting. The fan speed was controlled
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by a 3/4 HP Impact V * S Drive coupled with a 1/3 HP, 1725 RPM
electric moter, both manufactured by Reliance Electric Company. Wind
speeds up to 30 km/hvcould be generated in the exposure tunnel. The
tunnel was calibrated for wind speeds'correéponding-to various "drive
settings“~before'conducting-ahy experimental runs and the calibration .
<was not repeated during testing. During the calibration the top plate
of the test- sect1on was rep]aced with a. perforated plate hav1ng a’'set’
. of openings across- the width of the tunnel. Only one opening at a
time was used to insert the probe of a hot wtre anemometer for
measurement of wind velocity at a predetermiined 'settfhg;‘wﬁjle the
remainder of the opehings were covered with a masking tabe} The
velocities were measured at the mid-point depth of the tunnel to
correspond to the mid-point of the lead dioxide gauze on the test
cylipders. When using the flat plates,. the base height was raised to
the mid-point levels in the test section. Wind velocities were
measured across the cross section and a region with small velocity
variations was selected to piace the test plates and cylinders. .The
ye]ocities in this region did not vary by more than ten percent;u

A mixture of sulfur dioxide and air-was fed in the cavity of the
fan as shown in Figure 4.1. Excess mixture of.the yases was vented
through a two inch column of water, wHich was also the pressure
"maintained in the tunnel during all exper1ments The yaseous mixture
was made in the sulfur d1ox1de mon1tor1ng censo]e and pumped- into the
tunne]. A water manometer was installed on the tunnel to indicate gas
pressures in the tunnel. A large pressure build-up, more than
approximately four inches of water was avoided so as to prevent
leakaye of gases through the fan-axle bearings. An elephant hose was
placed on top of the bearing to vent any leaked gases to the building

vent systemn.
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A tef]on sample line from the tunnel to. the ana]yser provided a
- continuous- check on su]fur ;Tox1de concentrat1ons These measures
provided a closed-loop, dynamically controlled, well-mixed gaseous

mixture that could be made to flow past the cylinders at the desired

wind speeds.

4.1.2 'Exbosure Bot

The exposure box was a modified yersfdn of a "Fisher Isolator
Lab" as shown in Figure 4.2. The box is mounted on a stand with
ro]]ers and could be.wheeled into or out of environmental chambers.
The exposure box was used to study the effects of hum1d1ty, tempera-
ture and concentration of sulfur d1ox1de on the sulfation rate of
candles, which were made of lead dioxide particles of two sizes.

| The exposure box was equipped with a 1/200 HP blower motor
installed on 1ts inside wall. The blower fan had a baffle plate
”'mounted»at its 1mmed1ate outlet to prevent direct h]owing of gaSes on
the cylinders placed inside the box. During the experimental runs\
the cylinders were located approximately two feet away from the, b]ower
outlet towards the opposite end of the box. A flow profile inside the
box was made using a hot wire anemometer and the cylinders were placed
at locations where the measured velocities varied from 10.1 to 25.4
cm/s.

A mixture of sulfur d1ox1de and air was pumped into the box near
the blower fan Tocation as shown in Figure 4.2. Excess m1xture of the?
gases was vented through a column of water. Sulfur dioxide concentraik
. tions were cont1nuous]y mon1tored by w1thdraw1ng a sample of gases

through a 0.6 cm (1/4 in.) 90° elbow made of stainless steel tubing.
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4.1.3 Sulfur Dioxide Monitoring Console
The console was used to generate,scontrol and-monitorpthe'
~various concentrations of sulfur dioxide requihed in different
experiments. It may be connected to either the exposure tunne1 on the
exposure box. The console consists ofrthree main components: a soﬁrce
to supply sulfur dioxide, a gas m1x1ng system and a gas mon1tor
capable of ana]ys1ng cont1nuous1y concentratlons of sulfur d1ox1de in

“a test enclosure. F1gure 4.3 111ustrates a photograph and schematic
of the'conso]e.v | o ) o e +

~In this.study, Teflon penmeation tnbes were used to supply
su]furJdioxide gas in all experiments. : The permeation tubes were
: ;p]aced'in ‘AID' 's constant temperature calibration system model 303",
which was capab]e of +0.25 degrees cent1grade temperature -control.
The permeatlon rate is extreme]y temperature- sens1t1ve and can vary up
to 8 to 10 percent per degree centigrade change [21].- The tubes were
fea1ibratedvover a period of seyeral days as explained in the
calibration section.

The gas mixing system consisted of an oi]-]ess'pump, two.rota-
meters with needle valves and a timer act1vated solenoid valve. The
arrangement of the components is shown in Figure 4.3. The componrents
ﬁenc]osed in the dotted rectangle were not a part of the mtxing system.
- Air was pumped through the mixingisystem to nake required concentra-
tions of sulfur dioxide., Neeg1e va]ye #i'was used to control the
total supply of dilution dir. The air stream was proportioned along
two‘routes; a small volume passing through rotameter #1 and oven to

sweep the permeated sulfur dioxide and the remaining volume of air

passing straight through needle valve #3. The mixed stream is metered

through notameter #2.
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Needle valves #2 and #3 were adjusted to ensure that a small

volume of air wgé cdntinué]Jy sweeping the permeated sulfur dioxide in

‘the oven. The mixture was allowed to fill the exposure system-
under—expefimeﬁtation continually and the excess gases were vented
through a column of water. A sample of the gaseous mixture was
conﬁihua]]y withdrawn, analysed and recorded by the continuous sulfur
dioxide monitor. The timer activated-solenoid valve allowed an
'autbmatic zero check two times every 24 hours by dlternatively
switching to zero air pn;é every 12 hours. The zero air consisted of
room air which wés passed through‘a silica gel column before being
Sawpied by tne munitor. |

The gas monitor utilized in this st;dy was a Davis, model 7u Al,
sulfur dipxide continuous énalyser (Figure 4.3). The aﬁalyser
operates o; the princip]g of electrical conductance caused by ioniza-
tion of dissolved material. ~This is accomplished by measuring
resfstance of a sample and water mixture passing over a pair of
electrodes. The primary element of the measuring system is the
conductivity cell shown in Figure 4.4, The cell is fabricated from
clear, resistant plastic which minimizes solubility of the plastic.
The active and water check electrodes are both housed in the cell.

The air sample enters the cell at point " and_the ion free
water enters the cell at point “B" (Figure  4.4). The water passes
over the water check electrodes which are positioned upstream from the
mixing of the sample and water. Both sample and water mix together in
the cell chamber. From the chamber, the solution passes between the
active electrodes where its electrical resistance .is measured. After
being ahalysed, the solution leaves the cell at point "C" where it is
sent through a suﬁtion devicerback to the ion exchange reservoir,

whereif deionizatiqn takes place.
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The sensitivity of the monitor js dependent upon the total num-
ber of ions formed. The sensitivity~is affected by the rates of flow
of the sample with respect to the rate of flow of water since these
determine the concentrations of the sample in water. .

The measuring circuit is A.C. opérated while the indicating por-
tion is D.C. operated. Errors due to polarization, that is, the
change in the composition of the so]utibn adjacent to the electrodes,
are eliminated by employing alternating current. The output from the

"cell is rectified and sent through the measuring circuit. Additional
operating instruction can be obtained from the Davis instruction book

[22].

4.1.4 Environmental Control Chambers

devtypes of chambefs were used in this study to determine ef-
fects of humidity and temperature. The first kind had the capability
of generating relative humidities between 20 to 80 percent over a tem-

_perature range of 5 to 50 degrees Celsius. These chambers measured
approximately 31 cubic metres and were lined .with shining aluminum
panels on the walls and ceifing. A photograph of the sulfur dioxide
console connected to the:exposure box inside the chamber is shown in
Figure 4.5. The control panels of the chambers were capable of main-
taining humidity levels within 5% and temperature control within 1°C
of the nominal settings, respectively. These chambers are located in
the Biological Sciences Building at the University of Alberta.

To study low temperature effects, smaller chambers of
approximately 7 cubic metre size were utilized. The temperature could
be varied from 0 to -60 degrees Celsius. Humidity control was
obviously not possible ohpe the temperatﬁre was set &t 10 degrees

Celsius or lower in either of the two types of environmental
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chambers. These chambers were located in the Mechanical Engineering

Building at the same university.

4.1.5 Preparation of Lead Dioxide Cylinders and Plates

Before preparing the ca;dles, each grade of lead dioxide used in
this study was characterized using the Brunauer, Emmett and Teller
.(BET) adsorption apparatus at the Alberta Research Council to
determine specific surface areas. The apparatus is rather complicated
as are the calibrations and corrections involved in its operation. A
good description of the equipment and procedures with reference tH the
determination of spetific surface areas is given in reference [23].
The surface areas of Matheson and Baber lead dioxides were obtained by
the above method and the data is disaussed in Chapter VI duriﬁg the
evaluation of the critical loading percentage. Calculations in this
study were based on specific surface areas since no assumptions of
particle shape are required when the BET adsorption technique is
used.

To prepare the candies, a tape of surgical gauze, 60 cm.long dnd
5 cmhyide was wraﬁped around 8 ounce jars of 20 cm tircumferehce. The
gauze was secured to the jar wfth cqtton'thread and painted with a
lead dioxide mixture. The mixture was prepared by adding 300 ml 6% 2%
gum tragacanth solution Slowly tq approximately 300 g of lead dioxide,
in portions, with continuous stirring until a smooth paste entirely-
free from lumps was obtained. A mortar and pestle could be used for
this purpose. The gum solution is prepared by dissolving 50 g
gum in 100 m1 methanol and diluting it to 1 litre with distilled
water. .- The lead dioxide paste is even]y'spread on the surgical

gauze around the jar with a small brush. A set of 25 cylinders could



50

be prepared, each contaihing approximately 8 9 of lead dioxide.
After dfying, the amount of lead dioxide coated av;faged 8 +0.75 g
" and the pasted area measurements were within 5% of the requifed 100
;quare centimetres. Flat-glass plates with 100 cm? surface area were -
coated with‘the same lead dioxide mixture. However, since no gauze
was used for the plates, it was necessafy to dry each previous coat
before app]&ing another to retain a smooth surface. The weight of
lead dioxide on thé plates ranged between 6 to 7 g.

Huey blates used in the field study were prepared by grinding 4
g of Gelman paper in a grinding mill and transfer-‘ng it to a blender
containing 400 m1 of water. After blending the contents fer a minute,
64 g of . lead d?oxide and approximately 20 ml of 2% gum tragacanth
solution weré added and the mixture blended for a few more minutes. A
circular gauze was attached to the Huey plate with acetone.
Approximateiy 1 ml acetone was poured -into the plate and allowed to
dry in a fume hood. A 10 ml portion of the blended suspension was then
placed into each Huey plate and the plates were then dried in an oven
at 50 to 55 degrees Celsius. The amount of lead dioxide in the plates
averaged 1.60 + 0.04 g with an average pasted area of 19.65 + 0.0]

’

cm2.
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4.2 Procedures
4.271 Opkrating Procédure '

A schematic of the comp]ete exper1menta1 system used in this
study is shown in Figuré 4.3. The oil-less pump and the exposure box
were placed 1ns1de envlronmenta1 chambers during study of the
hum1d1ty, concentration and the temperature effects. The sulfur
dioxide monitoring console was positioned outside the chamber at room
temperature and the sulfur dioxide feed and sample Tines were
connected to the equipment {nside the chambers througa receptacles in
the chamber ya]]s. Trz complete arrangement of Figure 4.3 operated at
room'temﬁé¥ature only when the wind tunnel was used as the exposure
system. In any event the monitoring console was to be operated at
room temperatufe at all fimes to avoid changes in solution
conductivities ?nd to prevent freezing of water lines in the monitor
at colder temperatures.

Calibrated rotameters were used to determine the range of sulfur
dioxide conbentrations that could be obtained by adjusting needle
valve No. 2 and 3 in Figure 4.3. The needle va]vgs control the
rate of flow of air and the~pé?meated sulfur dioxide at a fixed
permeation tube temperatufe. This procedure provided an estimate of
the system's capabilities. AdditionaT details on rotameter
calibration are given in Appendix B. Before condutting experimental
runs,a preliminary set of candles or plates was inserted in the
system and the system was allowed to reach a -steady concentration
of sulfur dioxide. Initially there was considerable adsorption of
sulfur dioxidé on the system walls and lines but continuous operation

of the system for half a day was found to be sufficient to reach

4
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a state of.dynamic equilibrium. Steady state concentrations of sulfur
dioxide could be maintained easily afte; this period; After reaching
the equilibrium, the system fesponded quickly to any stimulus; flow
rate adjustments or adjustment of permeation tube temperatures. The
90% response time of the monitor to changes in the input was less than
a minute. Repeated calibrations of the permeat%on tube at fixed
temperathres indicated a E_S% variation>in the gas permeation rate.
During experiments w%th the exposure box in the citcuit, the box
contained two sets of duplicate candles of two types. With the tunnel
in circuit, only one candle or plate was in;erted at a time. The
steady ve]dcity profile and good mixing of gases in the exposurc bov.
permitted p]aéement of a set of four cand1és at a time. This was sub-
stantiéted further by identical su1fatio; rates of duplicate ca@ples
in most runs. Preliminary candles or plates were exposed in the
system to ma%ntain steady conditions when no experiments were being
conducted. "This ensured minimum adjustment time of less than 10
minutes for gas concentrations to rise to steady levels upon thqnge of

£

candles or plates at the end of a test run.
Occasionally leaks had developed in the monitor circuit affect-
ing ‘the rates of flow of sample with respect ‘to the rate of flow of
water in the conductivity cell. This would cause a rise or fall of
gas sconcentrations on the chart recorder. Elimination of leaks and
propef adjustment of sample and water flows was sufficient to

normalize operation of the monitor. A zero check was made twice daily

and the zero drift was estimated to be one-half division per 24 hours.
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4.2.2 Analytical Procedure ’ ST

The analytical procedure to determine the(su]fa;e cbntent of the
reacted lead dioxide surface was very s%mi]ar to:the-ASTM's turbidi-
‘metric method. Despite the avai]abil}ty of more sophisticated and
accurate analytical techniques, this simple technique was followed to
determihe'its.1imitations and whether, with some modifications while
maintaining the simplicity of the method, acceptable results with
known precision and accuracy limits could be obtained. To retéin the
simplicity, measurement of the coated area of each candle or p]afe
after exposure was considered undesirable provided an estimate of

inherent statistical zeviation had been obtained. Such estimate is

described in section 4.1.5.

In the analysis of sulfation candles, the impregnated cloth sur-

face was cut with a razor blade and separated from the glass support
either by a spatula or knife point. The contents were transferred to
a 400 ml1 beaker containing approximately 5 g of sodium cafbonate
(anhydrous powder) dissolved in 150 ml of distilled water. Extreme
care is necessary to prevent loss of reacted lead dioxide during the
transfer process. 1In case of flat plates, the reacted lead diox%de
was scrapped off the glass surface. With Huey plates, the whole plate
without the 1id was placed in the beaker. The contents of the beaker
were stirred occasionally and the mixture was a]lowed>to soak over-
night. Reacted lead dioxide in the Huey plate was lightly er%hed
into the beaker and the plate rinsed and removed. The solution was
then heated for 30 to 45 minutes keeping the volume close to 100 mi
for fhe candle dr‘the flat plate and 50 ml for Huey plates. Distilled

water was used to make up any loss of water. The hot contents were
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| ﬂ@*fi]iéred ﬁgéddaﬁvwhatdan No. 2V, 18.5 cm folded filter paper ;nd the
| filter contents were washed several times with distilled water. The
f11trate was.. allowed to cool to room temperature and neutralized w1th

50% HCY. Bhe pH g%kfhe faltrate was adjustéd to 1.5 using a pH meter.

The filtrate vo]ume was exact)y adjusted to 250 m] fdf caod}

vei2s
ml for Huey plates, and the contents fwbre shaken t& mix the 501, "dnh
well. A 50 ml aliquot was pipetted into a spectrophotometer cel” and
a spoonful (approximately 0.5 g) of Su]faver IV was added to
prec1p1tate sulfate. The spectrophotoﬁéter was set at 100%
transmission with reagent blank. In this case tne reagent b ank
consisted of distillec water mixed with a spoonful of Sulfaver IV.
The cell was allowed to stand for 5 minutes -and the precipitates,yere
shaken vigorous]y; Percent transmittancelw@s read at 420 nm. Avfew
sample blanks consisting of unexposed candles wéfﬁ analyzed but‘the
spectrophotometer adjustment was found to be equal to those reflected
by the reagent blanks. Therefore, only reagent blanks were used for
the remaining tests. The ca]ibration of the spectrophotometer was~—
checked periodically with at least a set of fwo standards. Complete

details of spectrophotometer calibration are given in Appendix B.
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CHAPTER V-
RESULTS

The resu]ts of experiments conducted to study tﬁe effects of
various parameters on the sulfation rates of‘full gize candles or
plates are described in this chapter. Excépt for Huey‘p]atés which
were used in field tests, the pasted area of the cdnd]es or flat

plates was 100 cin2 within 5%. The sulfur dioxide concentrations were.
maintained constant at the selected levels within +0.01 ppm. ia?ger
v TN ,

deviations in gas concentrations oé%%rred invariably due to the intro-
duction of leaks in the.ﬁonitoring system. The leaks caused a
~ variation in the rate of flow of sample with respect to the rate of

ff]ow of water in the conductivity cell. Once the leaks were
eliminated, the monitor“operated normally. Experimenté for which
lTarge deviations in gas concentratidns occurred, were repeated.
Before conducfing any experiments the linearity between rotameter flow
rates and indicated concentrations on the chart recorder was checked
as exb]éined in Appendix B.

Visual observation of the flat g]assvplates indicated that
sulfation is mostly a surface phenomenon. The lead dioxide immediate-
ly in contact with the glass remains the same shade as at the
beginning of the expoﬁu}e period, while the outer areca assumes a

somewhat lighter color after the completion of chemical reaction.
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51  Effect of Humidity

The relative hdmidjty of the exposufe box was controlled by
pumping humid air of pre-set relative humidity from the envifonmen£a1
chamber. Cylinders were exposed to nominal relative humidity settings
o% 30, 45, 60 and 80 percent, respectively. Humfdity variations were
limited to + 2% deviation between runs conducted at the sam; humidi ty
Jevel. ‘Thé sulfur dioxide concentration and the dry bulb temperature
of the environmental chamber were kept constant at 0.2 ppmwand 21°c,
respectively. Experiments conducted at 80 percent relative humidity
were rejected dué to the occurrence of cohdensatibn in the samp]ing
lines. The experimentsl results are listed in Table 5.1 and plotted
in Figure 5.1.

The straight vertical f?nes on Figure 5.1 indicate that the su1-'
fation rates are independent of the effect of relative hJ%idity for
both types of lead dioxide cylinders. The two types of cy™nders re-
fer to candles pasted with two batches of lead dioxide of differéﬁt
surface areas per gram of the reagent. Tﬁe surface area of the lead
dioxide particles influences the sulﬁatiBn rate more significantly.

Juring the 80 percent relative humidity run,‘the gaseous mixture
in the t=2flon sampling lines started to condense on the inside walls
of the t-bing and even though attempts were made to prgvent such con-
~ densati. 1, these were unsuccessful. Consequently, the sulfur dioxide
in the gaseous mixture dissolved on the wet walls of the sampling
line , thereby causing a significan; drop in the concentration of
.uifur dioxide. The monitor iﬁdicated almost 100% 1055 of sulfur
dioxide concentrations with concentration readings(épproxihating zero

ppm. This experience indicated that should high ambient humidities
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TABLE 5.1 , :
EXPERIMENTAL DATA OF HUMIDITY EFFECTS ON SULFATION
RATES OF ‘TWO TYPES*"OF CANDLES/ W

‘Iemperature = 21°C Sulfur Dioxide Concentration = Q.2 ppm
= : Sulfation Readings ' Su]fatibn Rate**:
R.H./Exposure Cylinders .
% Hour % T Avg % T mg/1 SOz  mgS03/dm? /d
. 32/48 M-S 405 41.25 36.5 - 4.368
- 56 42.0
B - 57 64.0 64.75 22.0 2.634
- 58 65.5 ' : \
31.6/48 M-59 " 40.5 415 36.5 4.3&8 ‘
- 60 42.0
B - 61" 67.0 66.50 21.p 2.538
B - 62 . 6€.0 :
43.0/48 - M - 65 44.0 43.50 34.8 4.167
‘ - 66 43.0 _ » '
B - 63 64.5 61.25 24.0 2.873
. - 64 58.0 '
41.5/49 M- 67 45.5 24,50 34.0 3.987
- 68 43,5 |
B - 69 64.0 64.00 22.5 - 2.639
- 70 64.0 : 2
- 74 44.3 . |
B-T7 61.0 62.25 23.4 2.802
-T2 63.5
60/47.5 M- 77 50.3 47.40 32.0 3.871
- 78 44.5 o : »
B - 75 64.0 63.87 22.5. 2.72
) - 76 63.8 ' A
*'f%he two types of cylinders are denoted in Table: 5.1 by prefixes 'M' and 'B' and

- refer to Matheson and Baker lead dioxides having different surface areas per
gram of reagent. ;

** The sulfation rate has been adjusted to account for a 13% loss of sulfate in
digestion and filtration steps of the analytical method (see Section 5.7).
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persist, surface condensétﬁon on'the exposed candles could occur and a
tilm of water on the wet péste would proinote fhe dissolution of sulfur
dipx?de, thereby increasing tne apparenf adsorpfion capacity of
>vcand1es. |

‘

5.2 Effect of Sulfur Dioxide Concentrations

Effects of gas cdneentratibns~were evaluated at :three nominal
tevels: 0.08, 0.16 and U.32'ppm. Although these levels are yreater
than commonly encountered ambient concenﬁrations_in Alberta, the se-
lection Qas limited aue to the sensitivﬁ:y level of the mar-tor. The
swiallest concentration level that could be read on the chart recoreaer
was mid-point of the smallest division on the_chért and this
~ corresponded to a sulfur dioxide concentration reading of 0.01 ppm.
Since 0.01 ppm would represent the smallest accurate readable
concentration level of sulfur dioxidg, the concentration variation at
each of the three nominal leyels was approximated to be 10 percent at
the 0708 ppm level, 5 percent at 0.2 ppm and about 3 percent at 0.32
ppin. The exposure box temperature was maintained betweenl-l to
-2.5°C during all runs. The data is summarized in Table 5.¢ and
plotted in Figure 5.2.

The concentrations usea in Figure 5.2 are weighted averages
determined over the exposure period. With the known speed of the
chart recorder, intervals of time of constant sulfur dioxide
concentrations,weré marked to arrive at the weighted average for the
test period. This was done to improve the accuracy 6f‘experimenta1
data furthefa vThg data is represented with_]east square lines as

3

shown in Figure 5.2.
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for Matheson W = 22.4 C + 0.17
...Equation 5.1

and for Baker Pb0y W = 12.84 C + 0.55
. .
...Equation 5.2

The s]opé of the lines gives the reactivity, W/C, for the two powders.
The units of the reactivity are mg SO3/dm2/ppm_ The dotted portion of
the plot extrapolates tﬁé eiperimcntal data to sulfation rates at zero
concentrations of sulfur dioxide. Whether this extrapolation is valid
would require further experimental evaluations with a nonitor which is
more precise and accurate at such low sulfur dioxide concentrations.
Within the range of gaseous concentrations studied in this report, the
adsorption coefficients were calculated from equations 5.1 and 5.2. .

In terms of parts per million of sulfur dioxide "and milligrams
of sulfur dioxidefadsorbéd,‘the adsorption coefficients on a per

cylinder basis are:

for Matheson PbOp = 22.4 X 64 = 17.92 mg S02/ppm/d
80

...Equation 5.3
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TABIEL 5.2
EXPERIMENTAL DATA OF SO TCONCENTRATION EFFECTS
ON SULFATION RATES OF TNO TYPES++ OF CANDLES
Temperature = (-2 +1)°C

Weighted Sulfation Readings . Sulfation Rate**

Conc./Exposure S0g, Avg.S04
ppm Hours  Cylinders % T 31 mg/1 ' mgSQ3/dm2/d
0.0936/96 M- 12 143.25 35.0 35.00 2095
-4 43.20 35.0 N
) B - 20 55.00 27.4 27.95 . 1.673
- 21 53.00 28.5 . pe
.0828/72 M - 40 58.3 25.4 26.00 2.075
- 41 56.0 26.6 ‘
B - 36 69.5 20.0 20.30 1.620
- 37 67.5 20.6 |
- 46 37.5 39.5
B - 47. 58.0 25.6 ©25.70 3.077
- 438 57.75 25.8 .
0.21/96 M- 15 10.00 81.5 81.15 4.857
- 16 10.20* 80.8
B - 18 22.00 56.5 56. 50 3.382
_ - 19 22.00 56.5
0.195/97 M- 13 11.2% 78.0 77,95 4,576
- 28 11.8% 76.5
B-17 . 25.0 Y 52.5 I 52,50 3.1
0.318/48 M- 42 18.75 61.5 60.95 7.296
- 43 19.50 60.4
B - 27 34.25 42.5 41.45 4.962
- 44 36.5 40.4
0.33/48.5 M - 50 18.00 63.0 63.00 7.464
' - 51 18.00 ° 63.0 ‘
B - 52 38.50 38.6
- 53 40.00 37.4 .37.33 4.423
- 54 37.00 36.0

* These readings are outside the selected calibration range and’may have
a slightly higher inherent error margin. :
** The sulfation rate has been adjusted to account for a 13% loss of su]fate

during the digestion and filtration steps in the analytical method (see
Section 5.7) -

++ The two types-of candles refers to candles made from Matheson and Baber
1ead dioxides having different surface areas per gram of reagent.

—
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and for Baker Pb0; = 12.84 X 64 = 10.27 mg SOp/ppm/d
' 80

7’ .
...Equation 5.4

The adsorption coefﬂ;cients so obtained were used to arrive at
an allowable exposure time versus sulfur dioxide concentrations
“prevalent in Alberta. This is discussed in the Chapter VI of this

report.’

5.3 Effect of Wind Speeds

These effects were studied in the clo;ed Toop wiﬁd tunnel kept
at the room temperature of 23.+ 3°C at constant sulfur dioxide con-
centrations of 0;2 ppm. A set of flat glass plates and a
set of.sulfation candles were pasted with Matheson lead dioxide having
a surface area of 5.52 m2/g of reagent. An additiona) set of sulfation
-candles was prepargd using an FC-2x355 lead dioxide reagent having'a‘
surface area of 8.3 m¢/q. Each of the plates or the candles had a past-
ed area of 100 cm2. The experiments' were designed to study the effect
of wind speeds on two different exposed surface geometries; a flat and
a cy]ipdrica] surface, and as well as on candles made from lead diox-
ide reagents of different sﬁrfacd’areas. Table 5.3 summarizes the da-

. ta obtained during these experiments. .The data is plotted on a loga-
rithmic graph paper and a best-fit curve of the form, y = axn is fitted

to each set of data in Figure 5.3. The least square solution to the

above equation for each set of candles and plates is given below: .
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For candles pasted with,

0.41u + 0.75

Matheson Pb02 W
‘ ...Equation 5.5

FC-2x PbO; w = 0.350 + 0.75

...Equation 5.6

and for flat glass plates pasted with,
Matheson Pb02 w = 0.49u + 0.70
' ...Equation 5.7

where w = log W and u = log U

&

v~ <
The slope of the three lines varies between 0.35 to 0.49 with an

averagé s;ope being 0.42. That is, the average sulfation fate w is
proportional to 0.4th power of wind speéd.

‘The sulfation rates for.éll»the candles -and plates at eacH of
the wind speeds were within a band-width of 1.5 mgSO3/dm2/d or less.
This margin is so small that Ehe differences in s&]fation'rates cannot
be conclusively related to having been caused either by the difference
in exposed surface yeometries or due to the difference in specific
surface areas:per gram of the lead dioxide reagents. The plots of
equations 5.5 and 5.6 show that the sulfation rate does notA}ncrease
in proportion to an increase in specific surface areas of the lead
dioxide reagents. The sulfation rates from fhe two plots differ in-
significantly even thouygh the specific surface area of the FC-2x lead

dioxide was 1.5 times the Matheson powder.
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TABLE 5.3

EXPERIMENTAL DATA OF VELOCITY EFFECTS
ON SULFATION RATES
Temperature = (23+ 3)°C

Sulfation Readings Sulfation**

' L Solution Rate
Sulfation  Velocity/Exposure Conc.* Volume mg/1 -
Device . m/s hours Cylinders Factor % T ml S04 mgS03/dme/d

Matheson 0.30/20 ' B-8 1.034 86.0 250 13.0 3.61
Candles 1.57/47.5 A 1.008 26.0 250 51.2 6.15
4.36/48.5 B 1.019 35.5 500 41.2 9.57
5.85/48 C 0.965 '26.3 500 51.0 12.65
8.38/46.5 D L1015 22.3 500 St.. 13.69
FC - 2X 355 0.30/17 - FC -9 0.970 . 89.0 250 12.0 4.18
Candles 1.57/24 FC -1 0.977 68.0 250. 20.5 5.02
4.36/22.75 FC - 2 0.948 44.6 250 34.0 9.06
5.85/24 . FC -4 1.042 23.5 250 54.4 12.49
Flat-Glass 0.30/24 P1 0.925 87.0 250 12.6 3.26
Plate Coated 1.57/48 P2 1.000 32.3 250 44.2 5.29
With Mathe- 1.57/24 Ps 1.010 61.5 250 23.6 5.60
son Powder 4.36/24 P3 1.010 34.0 250 42.6 10.10
- 4.36/24 P3 1.054 31.5 250 45.2 ]0.26
5.85/24 . Pg 0.980 21.3 250 57.6 14.07
8 1.072  38.5 500 38.6 14.92

.38/27.75 Pe

* Concentration factor is the ratio of actual weighted concentration to
-2 ppm and the adjusted sulfation rate is obtained by dividing with
this factor. -

** The su]fatfon rate has been adjusted to account for a 13% loss in sulfate
during the digestion and filtration step in the analytical procedure (see
Sectton 5.7). ’
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The experiments, therefore, indicate that the wind sp2ed
varfations in the fange of 0.3 to 8.38 m/s, affect the éu]fation rave
strongly. Sulfation rate is not direét]y proportional to the specific
surface area (Figure 5.3). This must likely be due to some particle
ag]omération oécurring when lead dioxide pastes are made up. However,
there is a significant difference in rates between pastes made from
Matheson powder and from Baker powder”(Figure 5.1). It is therefore,
recommended that powders used by various laboratories have the same

specific surface area.

5.4 Effect of Temperature

0

The study of temperature effects involved the use of.severaT
environmental control chambers each of which was capable of providing
temperature control within a certain temperature range. Depending
upon the température bfiinteregt; the exposure box was located “in oné
of the chambers for the duration of the experimental run. In.a11’ex-
periments; the concentration of sulfur dioxide ;as maintained at 0.2
ppm with a maximum deviation of 0.0} ppm. The éxposure periods Qere
generally two days in each run. Any smafl variations in gas concen-
trations or exposure periods were taken into account in the calcu-
Tation of sulfation rates reported in Table 5.4 and piotted in Figure
5.4. Duking each run, a set of four candles, two Matheson and two
’Baker, were exposed simultaneously in the exposure box at a constant
‘temperature. . i

The 1ea$;_§quare fit to the sulfation rates of Matheson candles

is given by equation 5.8 below.

rd
-

W= -8.38 X 10-3 Tp + 6.78

..... Equation 5.8



68

The Matheson plot in Figure 5.4 indicates higher sulfation at
Jower temperatures. As the temperature increases, the sulfation rate
of»Migfeson cand\ee.decreases In the range of -40°C to + 40°C, the
sulfation rate of Matheson candles decreased at the rate of 0.0084
mgSO3/dm2/d/ K. The sulfation rate from the 1east square equation 5 8
at 40°C is approximately 17% lower than that at -40°C. The predic ed
sulfation rates at the two temperatures (equation 3.13 of Model-{)
differ by approximately 10% only. The calculations by Modei-1,
however, suggest that sulfation rate is greater at higher temperatures
contrary to the experimental findings. It is difficult to explain
'this inconsistency. In any event, it appears that effect of
temperature in the described temperature range is small.

A straight line coutd not be fitted to the scattered data of
Baker cand]és in Figure 5.4. Further, the sharp decrease in sulfation
rate at 232°K could not be explained rationally. Consequently, the
temperature experiments were repeated to re-check the sulfation rates
at colder temperatures. The repeated experiments were conducted at
nominal temperature se;tings of -5, -20 and -45°C. The actual temper-
atures in the exposure box averaged =3.75, -16.5 and -41. 5°C. The
repeated data'is also plotted in Figure 5.4, but. reported separately
ih Taple 5.5. The repeated data reconfirms the previous findings with
respect to Matheson and Baker cand]es. A possible exp]anat1on for the
scattered data of Baker candles may be that the effective area of the
paste undergoes a change at subzeto temperatures. Since all candles -
are dried at room temperatufe, the possipﬁﬁity of a small amount of
moisture remaining in the paste exists. This moisture at subzero
temperatures freezes and may be respons1b]e for reducing the effective
surface area available for reaction. The larger surface area of
 Matheson lead dioxide of 5.5 mZ/g is not affected as significantly as

. does the surface area of 1.7 mé/g of the Baker lead dioxide.
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Table 5.4

EXPER IMENTAL DATA OF TEMPERATURE EFFECTS ON
SULFATION RATES 4&F TWO TYPES OF CANDLES

/
Temperature Sulfation Readings
°C/Exposure Conc. Avg. Avg. S04 Sulfation Rate
Hours Factor Cylinders 2T %7  mg/l mgS03/dmé/d -
42.5/48 0.983 M-81 44 45 33.6 4.09
-82. 46
B-83 72 74.5  17.6 2.15
-84 77 |
45/48 1.019 M-85 43.0. 42.75 35.4 4.16
-5t 42.5
P-§; 75.5  75.5 17.2 2.02
-88 75.5
44.5/48 0.989 M-89 41.5 44.0 . 34.5 4.18
-90 45.5
-91 45.0 (
B-92 76.5  16.5 16.6 2.01
20.5/48++ 1.000 M-65 44.0  43.5 34.8 417
266 43.0
B-63 64.5 61.25 24 2.87
-64 58.0
21/49++ \1.000 M-67 - 45.5  44.5 34.0 3.99
“ -68 43.5
B-69 64.0 64.0 22.5 2.64
-70 64.0
-2/48%* 1.01 M-45 34.7  36.1 40.75 4.83
-46 37.5
B-47 58.0 57.87 25.7 3.05
~48 57.75 -
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Table 5.4 (continued)

Temperature | _ Sulfation Readings

°C/Exposure Conc. : Avg. Avg. S04 Sulfation Rate
Hours Factor Cylinders %7 %7 mg/1 mgS( 3/dmZ /d
-32/48 0.973 M-93 35.25 36.12 40.8 5.0°
-94 37.0
B-95 65.5 65.0 22.0 2.7.
-96 64.5
-32.48 0.985 M-97 38.25 38.5 38.6 -« 4.69
98 - 38.75 -
B-99 67.5 66.4 21.4 2.60
-100_ 65.25
-32.5/48 1.019 M-101 ~  40.5 40.4 37.0 4.34
2102 . 40.25 ,
B-103 ~  66.0 64.75 22.0 2.59
2106 63.5 |
L ~ .
-32/48 1.01 M-107 36.0  36.75 4.0 4.73
, -108- - 37.5
B-105 67.5 67.75 20.6 2.44
2106 68.0 .
-41/48 \ 1.014 M-109 32.5 33.0 43.6 5.15
\ -110 33.5
B-111 78.0  77.5 16.4 1.94 —
12 77.0 //(
-40/48 C1.019° M-113 35.0 36.4 40.5 4.76 '
| . -N4 . 31.75 .
“B-115 78.0 77.5 16.4 1.93
-116 77.0
-41/48 0.975° M-117 40.5 40 37.5 4.60
2118 39.5
B-119 82.5 82.7 14.4 - 1.83

-120 83.0

++ This data set is from Table 5.1. These experiments were conducted -at 21°C
and because there were no humidity effects, the data provides effects of
temperature. Although one of the set from Table 5.1 was chosen, an average

* sulfation rate of all the data in this Table could also be plotted instead:

with similar results. _ ‘

** This data set is from Table 5.2 at 0.2 ppm. The other two sets at 0.2 ppm
may be plotted in the temperature effect plot but were omitted to minimize
inherent error as g;p]ained in the footnote of Table 5.2.
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Table 5.5

REPEATED EXPERIMENTAL DATA OF

Temperature Sulfation Readings
°C/Exposure Conc. . Avg. Avg. SO4 Sulfation Rate*
Hours Factor Cylinders  %T  %T ~ mg/] mgS03/dmé /d
-3.75/51+ 1.051° " MA 1 30 30.75  45.6 . 4.88
| . MA 2 31.5
-3.75/69+ 0.975 BA 1 36.5 35.75 41.0  3.50
BA 2 35.0
216.5/90 0.949 MA -3 47.75 47.38%* 32.0 4.31
MA 4 47.0 '
-16.5/82 0.977. BA 6 28.5 -+ 28.5  48.4 3.47
BA 7 28.5 '
-41.5/48++ 1.278 MA 9 27 26.5  50.6 4.74
MA 10 26
’ BA 9 75 75.25  17.2 1.61
BA 10 75.5 )
. ” :
:
. j

Sulfation rate has been adjusted for 13% loss in sulfate during
analytical procedurg (Section 5. 7) .

** “For th1s set, the f11trate was diluted to 500 ml due to h1gher
reaction whereas for all other sets it was 250 ml.
introduce dilution errors.

++ A new calibrated permeation tube: was used for this test and
difficulties were experienced in paintaining concentrations due

to electrical interference.

During these runs the

'gain'

on the monitor waé not adjusted

. This would

properly and therefore, the concentration readings were
fluctuating and had to be estimated.
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©- MATHESON PbO,, 5.52 m?¥/q

A -BAKER PbO,, 1.72 m¥/g
2

@ - REPEATED DATA FOR
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FIG. 5.4 EFFECT OF TEMPERATURE ON
SULFATION RATES ’
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The repeat runs were not as reliable as those reported in Tab]e'
‘5.4 due to equipment operational problems experienced in these test;.
There were electrical interferences between the monitoring console
output signal and the circuitry of the envirdnmental chamber during
the frequent switching on and of f of‘the temperature control cycle.
This caused sudden variations in t;e recordings of sulfur dioxide
concentrations. Later, leaks deve]oped in the air and -water flow
lines of;the Davis sulfur dioxide ana1yzgr and finally the analyzer
pump had to be replaced since it gradually failed to puhp the required
-flows. Eventually host of phese problems were corrected but the data
obtajned in these runs had to be adjusted to correct so%e of the
inaccuracies occurring during the runs. f

In. summary, aparf from the fact that both the predicted and
experimenté] sulfation rates vary little with significant tem;erature
variations, it is difficult to explain the two opposing trends or the
scatter in the Baker candle data. A possible ekp]anation of the
negétive dependency of sulfation qate on temperature is discussed in "

| .

Chapter VI.

5.5 Validation of Mass Transfer Models

The sulfation ra;es preditted'by eithér of the two models
discussed in Chapter 111 were compared with the experimental rates
oS&ainéd from Figures 5.2 and 5.3. The predicted sulfation rates for
the p]atgs and'cand]es at var;ous wind spéeds were calculated from

equations 3.12Aand~3.13 of Model-1, respectively. The experimental

. sulfation rates for candles and plates were computed from equation 5.5
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and 5.7 which represent the best fit.to the experimental data of
Figure 5.3. The prédicted rates from Model-1 were calculated at an
average sulfur dioxide concentration of 0.2 ppm and average
temperature of'25°C, which were the same c;)nditions used in the wind
tunnel tests to obtain data for Figure 5.3.

The sulfation rates so obtained were used in the ca]culaticv)'n of
predicted versus experimen'calv correlation factors at varjpus wind
speeds. The corre]atidn factor (C/w5 at a wind speed is the ratio of

!

average cdncentration of su}fur dioxide to the predicted or
experimental sulfation rate. Thge predicged and the experimentaT data
on sulfation rates and correlation factors are listed in Table 5.6.
Figures 5.5 and 5.6 show a comparison of the correlation factors for
sulfation candles and flat plates, respectively. Figure 5.7 shows a
comparison of su1fatiph Eates for candles and flat glass plates.

| Model-1 predi¢ts that the correlatio‘n factor, C/W is inversely
proportional to the,s,qu“értgﬁ?got of the windlspeed and this s in
agf‘eement with the experimént&] results. Figure 5.5 shows that for
Matheson candles, the predicted and experimental , corre]ation- factors
agree very well in the wind spc;ed range of 0.3 to 8.4 m/s, For the
f]at-g]éss plates, the two correlation factors agree within 25% of
each other at a.constant wind-speed as shown in Figure 5.6. The,
percentage figu‘re was determined by taking a differénce between the
correlation factors at a wind speed-and 4d1'v1’d1'ng the’ difference by the
‘ sm;aHer’of the two factors. It is not clear whether the a‘greement

between the predicted and the experimental correlation factors r}wﬁs

true at wind speéds less than approximaté1y 0.3 m/s. For example, the
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data in Figure 5.2 was collected at an average wind speed of 0.18 m/s
%n the exposure box and the corre%ation factor was calculated to be
0.043 at a sﬁ]fu} dioxide concentration of 0.2 ppm. Even though a
témperature difference exists between the data for Figure 5.2 and 5.3,
the effect on correlation factors was considered insignificant. The
predictedggorre1ation factor of 0.089 from Model 1 is approximately
~ double that indicated by Figure 5.2. A partial exp]énation of the
disagreément between the two factors may be due to the .inaccuracies
associated with measurement of such low'wind speeds. An accurate

- measurement of velocity profile in the exposure box at these wind

,,/ )
e

speeds was difficult.

Figure 5.3 indicates that the sulfation rate of Matheson candles

or flat-glass plates is proportional to average of 0.42th power of

with Model-1 where the sulfation

the wind speed. This compares w

-

/

rate.is proportional to the/équare root of the wind speed. There is
insufficient data to establish whether’ equations 5.5, 5.6 and 5.7
Qou]dAbe true at wind speeds less than 0.3 m/s. 1In' the range of
0.3 to 8.4 w's, an eicellent agreement exists between the predicted
énd experimental sulfation rates for Matheson candles as shown in
Figure 5.7. Model-1, however, predicts 1ower sulfation rates for

f]at-g]asslplates.
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Table 5.6 .

PREDICTED (MODEL-1) AND EXPERIMENTAL
CORRELATION FACTORS (C/W) AND SULFATION RATES

Average S0, Conc. = 0.2 ppm

Average Temperature = 25°C

% Average Wind Speed, m/s

0.3 1.57 4.36 5.85  8.38
].- Matheson (6.3 cm diameter X 5.1 cm) Candle ‘
* Su]fatiqn-Rate by Model-1 2.9 6.5 10.6 12.3 14.7
+ Experimental Sulfation Rate 3.4 6.8 0.3 1.6 13.5
**Correlation Factor by Model-1 0.068 0.031 0.019  0.016 - 0.014
Experimentaf Correlation Factor 0.059 0.029 0.019 0.017 0.015
2.. Flat-Glass Plate Coated With Matheson Pb0,
~ . (12.5 cm X 8.0 cm)
* Sulfation Rate by Model-1 2.2 4.9 82 9.5 11.4
+ Experimetal Sulfation Rate 2.8 6.4  10.5 122 14.5
: . ’ o
**Correlation Factor by Model-1 0.092' 0.040 0.024 0.021 0.018
Expefimenta] Correlation Factor 0.071 0.031 - 0.019 0.0)64 0.0138

14

* - Sulfation fate,quts in all cases are mgSO3/dm2/d

+ - Experimental rates were obtained .from .equation 5.5 for Matheson

candles and equation 5.7 for the plates”

**- Units of correlation factors are ppm/mgSO3/dm2/d
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©
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Model-1 was used further to calculate sulfation rates of
Matheson candles at various concentrations of sulfur dioxide while
using a constant wind speed of 0.18 m/s. These rates were then
cogpared with the experimental sulfation rates read from Figure 5.2
for the same candles. In both cases, the average temperature was
-2°C. The-twb sets of data are listed below and plotted in Figure
5.8. The predicted sulfation rates were lower than the experimental
.ratgs. The diffgrence in sulfation rates is believed togbé more due

- tonthe difﬂicu]ty in measuring accurately such lew wind speeds. The
'%Z)Surements were at the extreme enq of ﬁﬁe hot wire anemoneterwgcale.
In any case, a ]ogrithmic piot (not shown here) of fhe experimental
data yiven below indicated that the sulfation rqﬁe was proportional to
the concentration raised to the péwer 0.97. This compares well with
'Model-l whiéh indicates that sulfation fate is proportional to average .
'sulfar dioxide cbncentration at a constant wind'speed.

. \

Matheson Candle -

Averag Wind Speed = 0.18 m/s Average Temperature = -2°C
gSulfur Dioxide ,‘ A © Sulfation Rate, mgSUq/dm27H
Concentration, ppm > - Model-1 Figure 5.2
0.1 Sz 2.4
MW | | 2.2 . 4.65
6.9

0.3 : 3.37

«
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As discussed in section 5.4, the tempefature effects between
-40°C and +40°C for both the predicted and experimental sulfatjon
rates were small even though in one case fhe'sglfation rate increased

slightly with an increase in temperature whereas in the other, it

decreased with an increase in temperature. The pre&icted sulfation

rates were 2.35 and“2.]2 at 40°C and -40°C, respectively at a constant
wind speed of'0.18 m/s andqgas concentration of 0.2 ppm.

Calculation of sulfation rate (Appendix C) by Model-2, which is )
independent of the effecfs of gas velocities resulfed in sulfation
ratesigf 4?.88 mgSO3/dm2/d. The §u1fur dioxide concentration was 0.2
ppm and the calculations were done at a.teﬁperature of -2°C. The

calculated sulfation rate is obviously too high and inconsistent with

experimental data.
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5.6 Effect of She]ter Shape and Opening Areas

These experiments were condueted in the field at amtient‘
‘exposure cohditions using both the candles and Huey plates pasted with
Matheson 1ead~dioxide. The effect of she]ter opening areas were
evaluated using three cubical shelters whereas the shelter §hape
- effects were determined by a comparison of sulfation rate of cand]es
exposed in a cubical and a cylindrical shelter, both having,
approximately equal opening areas.

Since the practice of exposing the Huey plates and su]fation‘
candles simultaneously in one shelter has been followed in A]berta at
‘some locations, the field experiments were also conducted in the sahe
manner. The Huex,p]ates were 5 cm in diameter and were mounted on the
cei]ing of each shelter. The shelter also contained a Mathesonilead
.dioxide cylinder mounted on its base. Three cub1ca1 she]ter C-I;
-2 and C-3 were designed with open1ng areas of 200, 600 and 1180 cm2
respectively. A round shelter R-1, as shown in Figure 2b, of 203
cm2 opening area was also positioned in the field to determine shelter.
shépe effects. Al she]ters were mounted on the roof of an air
monitoring-tfai]er approximate]y 3 metre high. | The tie]d'data SO
.obtgined is listed in Table 5.6. The effect of the cubical she]ter
opening areas on su]fat1on rate is shown in Figure 5.9 and the effect
of shelter shape_1n F1gure,5;10. ‘

| Figure 5 9 ihdicates ah approximate 25 percent - tncrease in sul-
fat1on rate for cy]1nders w1th a six .fold increase in the shelter
opening area. However the Huey plates are not affected by the in-

crease in openjng areas. Contrary to the findings of Huey [8], who

; o ? _ . s
had indicated that Huey plates reacted approximately 20% greater than
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the candles, the sulfation rates of Huey plates obtained in this study
were s1gn1f1cant1y lower than that of the candles.” A possible
exp]anat1on of this, resu]t may be that the amb1ent air f10w1ng through
the she]ter‘comes'in contact with the candle first which is much-
larger in size and occupies a- greater volume of the she1£er space.
Iinmediate redctidn of sulphur dioxide with the much larger coated area
6f'the candle would cause reduction of gas concentrations in air
inside the sheTter, thereby reducing the sulfatfon rate of Huey plates
mounﬁed just above the candles. Huey plates mounted on d separate
recepfaﬁ{Z outside the cubicaT shelter and fulfy exposed to the
atmosphere are recommended to arrive at a more reliab]eveomparison‘of
sulfation rates. A 1arger §catter in the Huey plate data in Figure
5.9 may also be due to such concentrat1on var1at1ons in the sheﬂter.

» Figure 5.10 shows that the sulfation rates of candles 1d round
;helters were lower than thoSe obtained in thg cubical shelter even
though both shelters had'appfoximately edual epening areas. Thig
wasvconfrary to the findings of Lawrence [26], who in his experihents
in the wind tunnef.fouhd that tﬁe perceetage of aﬁ; flow i;side the
shelters at constant externa]ewind speed was greater for

L 4 : ]
cylindrical shelters than for the cubical shelter, and should

-

.therefore result in apprdx;mateiy 10 td 20%;greater sulfation rate
in the cylindrica] Ehelter. Lawrence foUnd that for a given eXternql
alr speed the highest percentege transm1ss1on occurs when a face of.

\‘—“ﬁé shelter is perpend1cu1ar to the direction of the air flow. The

1owest‘percentage transmission occurs when a corner of the shelter

P :\ ;?‘3

is into”the wind.  The round shelter was designed'tp minimize the
’ ‘ ’ ' ’;o \

N\
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directional effects of prevailing winds. However in this stddy,
unlike the cubica] she]ter which had 1ong slits of rectangular
openings aligned at “the same height on all faces, the Openings in the
round‘sheJEFr were unaligned and consisted of sma11»s]ifs punched

randomly around the circumference. A comparison of the opening

dimensions is given below. N

‘Cubical Shelter Cylinderical Shelter
¥ )

Total Number of Openings i 16 (4 on eath’TEEe;/' 28
. Average Length of Each Opening 17.8 cm ©5.72 ¢m
Average Width of Each Opening 0.7cm . 1.3 cm
v “ .

’ a7 Even though the opening area is approximately the same, it is
now realized that the distribution of a-large number of small
unaligned oﬁenings around the circumference of the shelter may have

-

af%ributed to a higher resistance to the free flow of ambient air
through the round‘she$fer then that encountered in the cug{ca1 shel-
ter. This would result ip smaller su]fation rates of candles in the
round %helter. -

' 5 A]thoughbthe amount of data in these experiments ié not
extensive, but because the data were'obta1ned under f1e1d con¢1t1ons

and cons1stent1y show a difference in sulfation rates ranging from 2

- to 20% for each of these months, arbItrary changes made in she]ter

ge.metry and emp]qyment of one sulfation device or he other by an

agency should be approached'cautiously..
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_ TABLE 5.7

FIELD DATA ON SULFATION RATES OF CYLINDERS VERSUS HUEY PLATES
USING SHELTERS OF VARVING OPENING AREAS —

Sulfation Reading Sulfation Rate*

Exposure  Candle - % T S04, my/1 -~ mgS03/dmé /day
Period & Plate ‘ .
 (days) Shelter Candles Plates Candles Plates Candles Plates
. Oct.4-0ct.26/76  C-1 - '87.5 - 12.4 . - 0.134 -
(22 days) R-1 ‘88.9 - 12.0 - 0.131 -
_ LA - .
Jan.8¥eb.1/77 - 80.5 95,2 15.2 9.6+ 0.140  0.088

c-1
(26) -2 Rejected Due to Spilling ,
' o -3 67.25 93%75 ¢1.0 10.0+ 0.193  0.091
R-1 ~85.75 96.5" 13.0 . 9.2+ 0.119 0.@85

C-1 79.25 - 94.4 15.6 ~ 10.0+ ~0.120 0.077
C-2 72.0 95.6 18.8 9.5+ 0.144 0.073
C-3 68.75 93.0 20.0 10.2+ 0.154 0.078
R-1 « 80.0 96.3 15.2 9.2+ 0.117 0.071

Feb.1-Mar.4/77
(31)

o~

- ‘
Mar.4-Apr.13/77 C-1 © 74,75 - 76.0. 17.4 17.0 0.104 0.050
(40) - ' C-2 61.6 . 71.9 23,@ - 18.6 0.138 " 0.066
- C-3 62.75  77.25 23.0 . 1l6.5 0.138  0.039
R-1 80.12.  65.5 15,2 . 21.6 = 0.09  0.051

/
/

8 . 8.6 13.9 0.148  0.079 -

1 14.0
C-2 © 80 ©90.6  15.2. 11.4  /0.173  0.129
c-3 82.75  79.0 - - 14.2  15.8 " /0.162 0.089%:
R-1 9.2 80.) 11.0  15.2

/ 0.125 0.968'
"/ i 2

/

-

) | - IS . -
* The sulfation rate has. been adjusted to account for a 13% loss in sulfate
- during digestion and. filtration step in‘the andlytical procedure (Section 5.7) .

+ These readings for Huey plates (Figure 5.11)_fa1].outsidé the selected
. calibration rapge and their precision is lower—than other readings in this
~Table. The sulfation rates of these plates were calculated from extrapolated .

_calibration curve.

) .
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. {
" 1° MEAN -SULFATION RATE OF CANDLES WITH
. ONE STD. DEVIATION VARIATION- '

- A MEAN SULFATION RATE OF HUEY PLATES '
) 'WITH ONE STD. DEVIATION VARIATION.- :

> N r

Oy/dm2/d .

0.04

0.03

0.02

- T T T T
) 200 ) 400 4 600 ° ) 800 1000 IZEO
CUBICAL SHELTER OPENING AREA, (cm?)

‘ FIG. 59 EFFECT OF SHELTER OPENING ON
' SULFATION RATE
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5.7 Ana]yt1ca1 Accuracy and pH Effects

s Accuracy of a measurement techn1que refers to a degree of d1f—

ference between observed and known, or actual va]ues [38]. The

accuracy of the turb1d1metr1c method was determlned by conduct1ng a

- sulfate recovery analys1s and a study of so]ut1onpr effects, In the

;recovery'analysis, samp]ezéof/}ead'sulfate reagent of “known sulfate

concentrat1ons were d1ges d and ana]ysed accord1ng to the turbidi-
metr1c method, and percentage recovery was-: calcu]ated As reported in®
Sect1on A.of Table 5 7 - the average recovery was 87 percent of the

total Sulfate 1n1t1a11y present as lead sulfate. This means that of

the 1ead su]fate formed: on su]fat1on candles exposed in the atmos-

phere, on]y 87 percent 1s recoverab]e by the. turbidimetric methodq

--after d1gest1on. A 13 percent loss occurs. during the d1gest1on and
f11trat1on step. Th1s is conflrmed further by the 100% recovery of
- sodium su]fate standards as reported in Sect1on B of Table 5.5. Two
. known standards were m1xed to obtain two sets of compos1te samples
'the concentrat1on for the first set being 17.46 ppm which is near the
]ower sens1t1v1ty Tevel of the ana]yt1ca1 method and that of the
secondﬁget 50 -ppm, beiny near the upper level. The'average recovery
for both sets was a]most lUU percent 1nd1cat1ng ‘that after the diges-
tion step, there was no Toss inisulfate recovery when standards are
'prepared us1ng sod1um sulfate as done in th1s study \

A study of the pH effects on measured sulfat1on levels was
undertaken s1nce many - 1aborator1es in Alberta were. ana]yzlng the sul-

-.fat1on devices" at d1fferent pH levels . the two typ1ca] va1ues be1ng pH

of 4.5 and 2.5, A study by See and So]omon L3]] had 1nd1cated
differences of up to 30% in -the measured su]fat1on 1evels at pH of 6.1

and 2.8. The d1fferences were observed between two ser1es of

standards, one series prepared at pH of 6 1 and the other at pH 2.7.

*)c‘_-‘\

PaA
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‘ .’:‘9,0‘ .

e ”.~TA§}E' 5.8 L
o - ACCURACY oF TURBIDIMETRIC METHOD -
A, Ulge3t1on and Ana]ysws of Lead Su]fate Samp]es of 30 _ppm
and»bO;gpm Su1fate Concentration RE
R ‘Pre U1gest1on Su1fatefConcentrat1on
, Samp]g .30 ppm ¢ L 60 ppm - o
~ Number . % T* ppm* R Tx , ppm* >
R 58.5 . .25.4  v25.0 . 2.5 - . %
.2 57.0 . 26,2 - .  24.5 . = 53,2
- 56.0 - 26.8 © 24,0 - 538
L 4 58.5 C25.4 0 2600 T Bl '
5 . - 57.5 - 260 25.0 © " 82.5
'{f 57.0 . ° 25,6 - 24.0. ' .53.8
~° Avg. 25.9 T < 52.83
S 0.548 - ° . 0.989 - .
o cv C2.1% R 174 S
,»%uRetovefy %:‘ :; : g%ﬁg xjfloo..‘_ =  52083 X 100 B
s‘dm. 86.3 o= 88.05’
Recovg;x,of Sod1um Su]fate Standards
| R Added Standard 5 to 76 Added Standard 78 o F10 /
- Sample 17.46 ppm - . . ___5Q ppm ‘ ;oo
’ Number . % T* ppm¥eL AR ' ppm* :
W | L T .
1 £ 2 2 A -
2 75.2 . 17,5 0 26,5 T 50.6
3 . - o0 18.2 - 25.5 -5l "
4 T Ta0 17.8 268 0 50 g -
5 76.5 - % 16.6'. 264 50.5
6 ¥ : 76.0 ©  17.0 . 26.8 50 0
o Avg. AT T R D
S S, S 04567 e 0,700
eV S 3.2% e T 1.3%
Recovery = - 99.7% Lo e L 101%

- Refers to spectrophotmeter read1ngs, that is, péréent transmission and
corresponding concentration of.sulfate. from the calibratioh curve. -«



‘v"spectrophotometer readwngs.

N

) El
2

A plot of data obta1ned from these tests resu]ted in two 11ne5’_“'-

”1ntersect1ng atJ%Fpo1nt representtgg 0. 25 mg? qu?ate such that the“

”curve at pH. 6 1 gave 1ower absorbances for equ1va1ent 1gve]s of 'd '

su]fate less than 0. 25 mg.. The reasghs for the d1fferences"vere the'
vary1ng solub1]1ty of barium sulfate at var1ous pH 1eve15.‘ However

4 SIf the standards are run at. the same pH as the samp]eé’ See et al ;'

\‘

indicated that the dissolved bar1um su1fate would be“compensated forv_}

and the obserVed resu]ts wou]d be correct. But the rev1ew %f"
\ .

‘common-stat1on study cdnducted in Aﬂberta had 1nd1cated that 1m some
. cases; 1aborator1es were not adJust1ng the pH 1eve1 of the standards.
. or: were adgust1ng the samp]i\pH 1eve1 d1fferent3than that of the'
}standards. Therefore 1t was dec1ded to eva]uateﬁthe.pH effects 1n

- the same manner, thaf is the standards or the ca?1brat1on*curve were
“_at a'different;pH.than_the samp]es. In th1s study, the samp]es were
therefore, adjusted to pHilevels of,4;5 and 1.5 'although the
ca]ibration curve was obtained at apr of 1. 5 The pH 1 5 Was
se]ected to ensure comp1ete react1on of excess carbonate Such thatf

_effervescence of the: carbon d1ox1de wou]d not 1nterfewe w1th-.f

~ The ana]yses were conducted at the two~pH 1evels us1ng f1e1df”:
~asamp1es. The cand]es exposed in the f1e1d were str1pped d1gested and 1r5
”f1]tered, and the rESultant solution was adgusted to pH 4 5 and the\
solution ‘volume was made up to ZSQ.ml. ‘An a11quot of the so]ut1on was

adjusted to a'pH;of 1.5 wjth.concentrated HCT. In a]],cases approxi- 1
-mately a drop or-two‘of'HCt was'necessaryttO'adjust:the pH ofrthe.
aliquot to ]Qs;jthereby ensuringnno'dtluttOnueffects;':The data jsbg

"tabu]ated below..
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- S L vi\\-\ 3m§/1 Suifatev . “
~ Cylinder. . - pH 4,5 - pH1.5 % Diffgrence*
LCoRE 22 e T ame T
¢k S 2 . 13.6 ,'v;‘ 59 |
., CR-T S e . 7.8 g |
Sz s s oK

* Pergentagevgased on correct result at pH 1.5.

0

The measured su]fat1on rate is approx1mate1y 6: percent greater'

”at pH 1.5 than at pH 4.5 for fle]d samples. It was observed that the

adjustment of so]ut1on ;Wiéo 4.5 can: cause large errors due to the ef-

' fervescence of carbon d1ox1de st111 rema1n1ng in the solut1on. ) Upon

add1t1on of the prec1p1tat1ng reagent, ‘a frath tends to form -in -the

S

spectrophotometer ce]] and un]ess more ‘than 10 to 15 m1nutes_?s

a110wed for the froth to d1sappear the spectrophotometer read1ngs

~

wou]d be affected K?” ' %; o ;j

The resu]ts obta1ned above mere]y indicate the potent1a1 of

3

errors when a non-standard1zed ana]yt1ca1 techn1que As fo]]owed by

' d1fferent 1aborat3r1es. The error potent1a1 1ncreases when the

i analyt1ca] techn1ques are comp]etely d1ffer%nt._ﬁtp’any event, since

=

adJustwng the samples and the standards to same pH compensates su]fate

, so]ub111ty var1at1ons [31] ana]ys1s can be' conducted at e1ther pH 4 5

or 1. 5 but ana]ys1s at pH 1 5 1s recommended because 1t m1n1m1zes

c A .
'1nterferences due to excess1ae effervescence by ensuring a more'

”l7complete reaction of excess carbenate at lower pH.

o
-
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5.8 Minimun Reproducible Detectiqn Limit (MRDL) | )

Durﬁng'the common station study eva]uatio , the.lack gf a .

.

R

non- standard ca11brat1on method bf 1aboratory Spectr photometers was;

»

determ1ned to be one of the sources ‘of error in the measured su]fatlon

--results. In a report L£7J by the Env1ronmenta1 Protect1on Agency, 93%

~ of the reproduc1b1]1ty var1at1on in a test result was attr1buted to

’1aboratory-bias with the‘bther 7% dUe to repeatabd]jty_var1at1on;

4

Most oé_the apparent Taboratory bias variation was rather-a‘day effect

”primari1y caused by.dubious}dai]y spectrophotometer re-calibration

4

‘procedures. The report concluded that‘restriCting the uJsage of ‘the

. calibrafion'curve to\i\‘/ﬁpper region'can'haive the'hnalytical

'pchedure s percentage error contr1but1on to the reproduc1b1]1ty-

var]at1on. A]though th]S report was produced to. improve xhe source. :

> ¢alibration of'the'spectrophotoneter-were conSJdered to be equally

sampling method,for ox1des of n1trogen the 1nferences drawn about the

'J

3

, applicable to the turbidimetric method. An attémpt was, therefore

'ﬁca]1brat1on curve at various concentrat1on levels. Accprd1ng to

repTiCate observations. The reference [38] describes the procedure

‘made to conduct prec1s1on ana]yses [38] of the spectrophotometer

reference9[38]h prec1s1on'refers*to thevreproduc1b11ity among -

for determination of precision in terms of standard deviation and

‘coefftcient of variation. (CV) and this procedure has - been fo]]owed

. here. Another reference~[39] that d1scerns between the ‘use of

,standard dev1at1on and coeff1c1ent of var1at1on ‘as too]s for

determ1n1ng prec1s1on in air po]]ut1on measurements 1nd1cates that

.typ1ca]]y acceptable va]ues for the CV are between 5 - 10%
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. %, TABLE 5.9 | . .
DETERMINATION OF, SPECTROPHOTOMETER CALIBRATION CURVE PRECISION
[ ; _"‘s- » g e | Rt | s s
i { N | ,

-Sahb]e”

“Sulfate Congentkapiohs from Calibration Curve, . ) T Statistics
. - . mg/] o . B E

Number Run. 1 Rum 2 Run 3 Rum & Run 5 Ag,x S CV(E

o .

10
11

- .
£

L omSgD Tas 35 3000 40 41 0.9 238
8.5 ';7;5? o 6.2 7.0 1.7 oLt 1607
11:5 Clos s 8.8 . 10.8_ ‘f{ '9.9. i 1.46  14.7
142 168 148 . 15.6 9 lo.0, 1508 | 0.72 - 4.7
205 190 208 208 195 20,12 0.82 4.1
28.5 - 30.2 29.2 29,5 | 22.8’,“'\_29,44” _ 0;6%\ 2.2
39}0 - 40.8 39.2 3 39.0. ‘40.8 7 39:76  -0.95 . 2.4
49.8°  47.5  51.0 50.5  49.8 4972 1.3 2.7
60.8  61.0 . 60.8  6L.5 _ 59.5' 6072 . 0.74 - 1.2 -

)

: : A - ,
69.5 - 80.0 66.2 66.8 69.5 70.4 - 5.58 7.9

* %

Standard Derivation , ‘
The coefficient of variation (CV) as a measure of dispersion is compUtéd

by CV.= (s/X) X 100.
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The SpectrophotomEter calibration data is ihc]dded in Appendibe
but su]fate concentrations correspond1ng to percent tran5m1ss1qn of
‘ eaeh run are given 1n Tab]e 5.8. The coeff1c1ent of var1at10n at eachd
concentrationbleve]»was-then]determ1ned to'proy1de‘an_1nd1gat1on of
prec1s1on at that level. A plot df Cv VErsus'concem;rat;;n 1eve1.ts
shown 1n Figure 5. 11 Correspond1ng to -an. arb1trar11y selected var1-:
_at1on of 6% 1n prec1s1on” a. concentrat1on range of 15 to 70 mg/]'
sulfate was used to obta1n most of the results 1nc1uded in the pre-
vious sect1ons‘of th1s chapter, In some cases an extrapolat1on of the
calibrationdedrve‘was emp10yed Figure 5 1] c]early shows‘a very
'rap1d decrease in prec1s1on for concentrat1ons below 15 my/1 su]fate
’Th15‘error may be further,exaggerated’1fvmorevthan one operator that
is,'various 1aboratories are involved. Althodgh 1ower sulfate‘concen-_
trations are detectab]e by the turb1d1metr1c method al1s ppma]tmtt-is
the minimum reproduc1b1e 11m1t within 6% dev1at1on.~.The‘QS%_cohff-
dence range at th1s level is 13 2 to 16.8 ppp. .

In order that amblent sulfation results be compat1b1e between
“various 1aboratories using‘turbidimetric method it is recommended
that a series of ca]1brat1ons be conducted by .each laboratory as done
in this sect1on and a precision analys1s made- An agreed range of

calibration curve .should then be ‘used bj all 1aborator1es and any

sampling data falling outside this range rejected.
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CHAPTER VI

" DISCUSSION

o . o : ®

\

_ The sulfat1on rate of lead d1ox1de cand]es in Alberta are, in

f generaT less than 0.3 my 503/dm2/d at most mon1tor1ng stat1ons L}B]

An exaglRaof typ1ca1 field data is- 11]ustrated in Table 5.7 of.

Chapt ;‘fThe mon1tor1ng was conducted in. the ref1nery row - area of
the £1t"of Edmonton primarily dur1ng the w1nter months when amb1ent77T
/toncentrat1ons of squhur d1ox1de are somewhat h1gher than in the sum-",

mer months. Approx1mate1y 50% of the data in Tab]e 5 7 1nd1cates:

Squat1on Teve]s of. cand]es around 15 0 mg/] or less The rema1nder; N

of the resu]ts are sT1ght1y h1gher. However, s1nce squat1on rates in
- summer months are. han as much or Tess as in the w1nter ‘months [4, 36]
somewhat s1m11ar to the past experlence in Alberta, the prec1s1on
ﬁana]ys1s of Section 5. 8 show that almost aTT of. the data on a year]y |
tbas1s is ana]ysed near or beTow\the m1n1mum reproduc1b111ty detect1on
limit (MRDL) of the turb1d}metrti method The d1fferences in the sea-
_sona] su]fat]on rates 1n ATberta may or may not be as h1gh as. 1nd1-¢f?
H‘cated in references L4 36] s1nce accurate measurements were d1ff1cu1t
dat such low squat1on rates. At the MRDL of 15 ppm, the 95% confi-
'dence 1nterva1 perm1t?‘a var1at1on of up to 26% -in the su}fat1on rate,e'
that is - Lo m _,.;\'.; R -
L (e -13.3)13.3 = 268
Th1s var1at1on at 95% conf1dence Tevel can be reduced further to
‘ approx1mate1y 10% if the cand]es or p]ates are exposed for per1ods 1n‘v
. eXCess. of the typ1ca1 one month so that the reacted su]fatlon Tevels
are high enough to be in the m1d-ca11brat1on curve range. At h1gher

. su]fat1on leve]s, measurements are ‘more accurate and standard
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deviation is smaller. Honever before expos1ng “the candles)or p]ates- '

A

for longer’periods 1t is necessary that. 1nformat1on about ‘the

adsorption capac1ty of su]fat1on cand]es be obtained. Var10us”"
-;»1nvest1gators [3 14 24 -29] have 1nd1cated that the su]fat1on rate

of. the candles rema1ns l1near w1th sulfur d1ox1de concentrat1dn on]y

-tunt1] a certa1n percentage of the 1n1t1a1 amount of 1ead d1ox1de on,

.the candle has. reacted b w1lsdon and MeConnell [3] 1nd1cated'

' effect1ve1y no change i the rate of adsorpt1on of" sulfur d10x1dep

"unt11 at least 15% of the Iead d1ox1de had been consumed. This’ wasi

‘an est1nated f1gure based on very 11m1ted data and corresponds to an

-

‘-f equ1va]ent mean daily rate of su]fat1on of 13 as compared to that 1n'v'

. Alberta of 0 3 mg 503/dm2/d chkey -and Hendr1ckson [24] in \ the f1rst

' »h1net1c study of the su1fat1on react1on conducted exper1ments to

L

. determ1ne this® percentage,‘referred to as. the cr1t1ca1'load1ng'

percentage" as descrlbed in Sect1on 2.3. 2. /}n order that the

proport1ona11ty is ma1nta1ned under d1fferent exposure cond1t1ons,

\ |

“_Jnformat1on of the: cr1t1ca1 1oad1ng percentage and a bas1s for

_.determ1n1ng the max1mum exposure per1od are requ1red Th1s wou]d

ensure a standard des1gn bas1s to obtaln e1ther a- representat1ve

' corre]atlon factor between the su]fatlon rate of cand]es and amb1ent
'concentrat1ons of su1phur d1ox1de or to compare. . d1fferent sets of

'su1fat1on data for estab11sh1ng 1ong-term trends." In th1s study the

+ N

cr1t1ca] ]oad1ng percentage of the Matheson ]ead d10x1de powder ‘was'
"obta1ned by compar1ng it's surface area w1th the surface areas of the'
.;powders 1nvest1gated by H1ckey and Hendr1ckson. By 1nterp01at1on the

: cr1t1ca1 loadIng percentage was ca]culated as in the fo]1ow1ng.



e

o e e
s ' PR Sgec1f1 - Critical Loading = -
Lead onx1de R * Surface, m?[g ~ Percentage
- ‘Matheson = - 552 . 671+ )
Baker ' ' s '5. 1. 72 e A o
'ACS 0.72 w [24] -"-j~ 448 - - 48
>

".Baker 0.49 w [24]. . 6.82. T e

The max1mum a]lowab]e exposure per1od for Matheson cand]es was

e determ1ned from equat1on 2. 2 us1ng a max1mum amb1ent concentrat1on of

3 ools ppm* of sulfur d1ox1de preva1ent 1n Alberta That 1s, §

BN
o

M= - (1873) (6’71)/(0Jﬂ5)* (17.92)** (100) N
eue days SR ’ ...Equation 6.1

‘Dur1ng the max1mum exposure per1od the su]fat1on rate rema1ns" S

f;_constant s1nce the exposure per1od was ca]cu]ated us1ng cr1t1ca1f

|load1ng percentage.. A s1m11ar calcu]atlon for Huey p]ates of Surface;r;
“ areas between 19 64 + 0. OlacmZ was made The plates were. prepared by 3

,.Alberta Env1ronment and conta1ned a m1n1mum of 1 65 gm of the. Matheson

‘ ;‘1ead d1ox1de Al]ow1ng exposure of plates to s1m1lar gasp””

v;concentrat1on a conservat1ve est1mate of a]]owab]e exposure per1od o

was ca]culated to be

L_jﬁi_x 1 65 ) (6% 71)/ 0.015) (17 92) (100) ST
1 U 7

o BN RO S AR
o= 110days R e ;_...Equat1on 6 2

-+ 6,71 [(9 Yo 8) (6. 82 - 4. 48)] X (5 52 -4.48) + 4.8 wd/g.
- Indeterm1nate since Hickey [24] d1d not use powders 1n th1s
range of specific areas. P
-Estimated maximum 24-hour runn1ng average of 502 around gas p]ants n
““in Alberta: .In almost all cases, monitored" concentrations of SOp -
were well below this level.. The flgure was afrived-at by a random ,
. ‘review of records of monitored data with the. Alberta Env1ronment. o
*x Adsorpt1on coeff1c1ert in equatlon 5.3.7 : i

*
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since cr1t1ca]“10ad1ng percentage 1s 1nverse1y proport1ona1 to
-part1c1e size L24] that is, the sma]ler the particle size, the larger
~ the critical loading percentage, the al]owable .exposure per1od can be
extended even further with 1ead dioxide powders having sma]ler

“particle siﬁe or greater surface area. In _terms of spec1f1c surface

area, lead d1ox1de With areas equa] to or greater than about 9

,m2/g exhibited a marked increase in adsorpt1ve capacity as compared to”

:”1ead d1ox1des with.smaller surface areas [24]. This corresponds to a

part1c1e size of* 0.36 microns. | |
Considering that one month exposure_periods:during common

station study generated su]fatton rates at or below the minimum

reproduc1b1e detect1on 1eve1s of the ana]yt1ca1 method and that

extended exposure per1ods are perm1ss1b1e an 1mprovement in the_ )

,accuracy of su]fat1on resu]ts can be realized by extending the;
‘exposure periods to at 1east 3. month periods. This. would a]]ow
'suff1c1ent increase in the accumulation of. react1on product thereb;
decreasing ana1ytica] errors inherent in the.analyses of.sanples ;
having sulfation levels near the MRDL - In:turn, 3 month exposure
per1ods wou]d reduce the mon1tor1ng load and yet provide a better
estimate of 1ong term su]fation trends of a reg1on.

The use of ‘Huey plates instead of cy11nders is also feasible for
3 month exposure per1ods for concentrations of sulfur d1ox1de
prevalent in Alberta. ‘The effect of this‘change will be to reduce the
cost: of monitoring and the costiof operating the stations. The data
col]ected in this manner wou]d be representative of the 3.month period
and attempts to ca]culate sulfat1on rates on a monthly basis by
dividing with a factor of 3 would be correct on}xy]f ambient
~cc-centrations of Sulfurhdioxide remain constant from one month to the

next in a 3 month period;_'And such -an assumption may not hold true.
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Ambient menitoring of sulfur dioxide concentrations iu a reygion using
contfnuous mon1tors could indicate whether sulfur dioxide
concentrations remain constant in a 3 month per1od. In any event, the ¢
3 month period could be chosen to represent a season and the data
obta1ned would provide re]1ab1e seasonal variations.

»Exper;mental eva]uat1on of the effects of environmenta]r
ggrameters'indfcates that-gas concentrations and wind speeds affect

the sulfation_rate of the static devices far more than the influence’

of humidity and temperature variations. Unless the react1ve surface

" of lead dioxide paste was wet the sulfation rate rema1ned unaffected

‘under various humidity cond1t10ns.' This fact is in concurrence with
the findings of other’ 1nvest1gators (4, 25]. Sulfation rates at
colder temperdatures are marginé]]y higher.. There have been no
previous exper1menta1 evaluations in a labdratory of the temperature
effects at the sub-zero temperatures.‘ H:cFey [24] studied the
'f.temperature effects at 25 C'and- 45 C but was unable to ma1nta1n
constant temperatures due tgvthe exothermic reaction. ‘The exposure
period was too short and was 11m1ted to approx1mate1y 5 minutes. The
study conc]uded no d15cern1b1e effects at those temperatures. Wilsdon
and McConnel [3] theoretically postu]ated that an increase in tempera-
ture of 1°C should yield an increase'im the'reactivity by 0.02%. Th1s
is contrary to the exper1menta1 eva]uat1ons of th1s study where a tem-
perature decrease led to a slight 1ncrease in sulfation rate at the
‘rate of Q.0084 m9503/dm2/day/ K. An attempt to plot the Arhenius equa-
tion from the temperature data in th1s study results in a positive
s]ope instead of the expected negatlve ‘slope for the lead dioxide

redction with sulfur dioxide, . A poss1b1e mechan1sm of the reaction

may involVe'physical'adsorpt1on of sulfur dioxide at lead dioxide

1
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surface before chemisorptionvand formatibn‘of the final product: The
concentration of lead dioxide is assumed constant. '
50 kf e
2 oh. (sop* ko PbSO
T (S02*} | — 4
_ ...Hquation 6.3
The amount of physical adsorption decreases rapidly as'the
temperature is raised. . The pseddo-steady complex is chemiadsorbed

forming lead sulfate as governed by,

R0"'ko Pp* .-“ \ _
| ...Equation 6.4

where Pa* = k¢/(kp + ko) PA - . - 5»
‘ : - ..Equation 6.

and Pp pp* represent initial and 1ntermed1ate—cemplex concentrations
of sulfur dioxide. Tﬁe experiments to evaluate temperature effects
were conducted under dynamic flow condftions at constant contentra-
t1ons of sulfur dioxide and the 1nsens1t1v1ty of the chemical reaction
to temperature changes indicates that chem1ca1 reaction is not rate
controiling.

The effects of temperature pred1cted by Model-1, however, indi-
cate that the sulfation rate increases slightly at h1ghér tempera- .
tures, contrary to the experimenta] findings.” The important point to
~note is that regard]ess of how the temperature variations affect the .
sulfation rate, the temperature effects are very sma]] and with the
ana]yt1eaT technique used in th1s study, more precise determination
was difficult. |

A s1gn1f1cant increase in the rate of su]fat1on with an 1ncrease
- in gas veloc1ty would indicate that mass transfer through the f1u1d
film is rate controlljng. The plots in Figure 5.3, represented by
Eqdations'S.S to 5.7, indicate an average'suffation rate increase of
1.51 mgS03/dm2/d, for each 1.0 m/s increase in wind speed in the range
" of 0.3 to 8.33 m/s. That is, the effect of wind speeds on sulfation
rate is significant. A logarithmic plot of the;eXperimentai'data for
Matheson candles in Table 5,3 indicated that the data can be

approximated'by the power law eqeation, |

-
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W = Constant X 0.4
..Equation 6 6

~‘fMode1 1 pred1cts that the sulfation rate is d1rect1y proport1ona1 to

" the -square root of the w1nd speed This indicates a good agreement
'between equat1on 6.6 and Model 1. The strong effect of the w1nd‘
speed, therefore 1nd1cates that gas phase res1stance 1s the predom1—
nant'rate contr0111ng step Further, a compar1son w1th equat1on 2.5,
wh1ch was der1ved from s1mu1taneous measurements of sulfur d1ox1de and
mean wind speed .in the f1e1d 1s reasonab]y good a11ow1ng for
d1fferences in the two env1ronments Equation 2.5 indicates that at
vconstant,concentration, the su]fation'rate is proportional to wind
,speed raised-to‘the power'O 55. The sulfur dioxide levels for
equat1on 2. 5 were mon1tored w1th the lead dwox1de method u51ng cubical
shelters to house the su]fat1on candles, and the w1nds Speed were.
obtained from anemometers at a nearby weather station
| The mass transfer correlations for flow of gases transverse to
) _tplinders and parallel to plates are shown dh»Figdre B-3, of Appendix
C and the Figure was taken from reterence (40]. 'The‘fjgore.ihdicates
“that within the range of Reynolds numbers of 0.7-X 104 - 3.8 X 104 for
cylinders and 1.4 X 10% - 7.6 X 104 for plates used in this study, ;hé’
Ttohvettive massvtransfer corre]ations for cy]inders and pfates at a
fixed Reynolds ndmber are w1th1n 20% or less. This would exp1a1n why
in F1gure 5.3 the sulfation rates for cand]es and p]ates at each w1nd,'
~ speed were so close to each other. | _ ‘

'“i Since gas phase res1stance is contro]l1ng, velocity effects are
.sign1f1cant, that is, the so]fat1onrrate_1s proport1ooa1.to the square

root of wind speed. It should be possible to reduce and perhaps

z
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e11m1nate ve1oc1ty 1nf1uences by p]ac1ng a veloc1ty 1ndependent
contro111ng res1stance 1n series w1th the’ re51stance in the gas phase
- One approach to this wou]d be to’ p]age a 1ayer of 1nert porous"
fmater1a] such as a surgical gauze or a porous, non- adsorbent membrane

of su1tab1e material over the pasted layer of 1ead d1oxide such that

su1fur dioxide reach1ng the reactive surface would be essent1a11y.
: permeat1ng the gauze or membrane w1thout 1ntroduc1ng ve]oc1ty effects.
at a neg11glb1e velocity. | -

It is realized that rate- contr0111ng steps can change in the
course of. react1on and can over]ap one another at certain stages But
_such changes occur general]y due to changes in the composition of the
.reacting m1xture as well as changes 1n the part1c1e size w1th thev

progress of a react1on S1nce dur1ng this study the concentrations; oﬁ
- the sulfur d1ox1de were ma1nta1ned constant 1n a11 exper1ments and the
[;max1mum exposure per1ods, as ca1cu1ated by equat10n 2 2, were not ex—"
fceeded dur1ng exper1ments, the change in rate contro]11ng step is not
~ believed to have taken p]ace due to either of the two reasons. “As it

wgs not the object of th1s study - to determ1ne the react1on mechan1sms,“

o

add1t1ona1tk1net1c stud1es would be necessary to def1ne react1on
.mechan1sm further. | h _ ' 5 " '
' The above d1scuss1ons have been to this point ma1n1y related to‘
fthe s1gn1f1cance of the 1nd1v1dua1 env1ronmenta1 parameter However,
how would each of these parameters affect ‘the su1fat1on rate re]at1ve.
. to each other in the field, rema1ns to ‘be d1scussed | An attempt was
“made - to provide a common bas1s of qompar1son such that the re]at1ve
"»519n1f1cance of wind. speed gas concentrat10n temperature -and humid-
ity in the range of va]ues\prevalent in A]berta ‘could be determined.

Equations 5.1 5.5 and 5.8 were used for each respect1ve parameter

and- the squat1on}rates for Matheson candles were calculated-at the



'uppervand the 'l'ower'lim‘i-t of the "‘se'1ect.ed range of each parameter.
‘ ‘The two rates are then divided resultmg in a fract1on i\ess than' 10
vThe sma’l]er the fract1ona1 value the more sensitive 'is the sulfation
| 'rate to variation of that parameter in the Jpec1f1ed range.» - |
| The average wind speed in Alberta over a Tong perlod- typicaﬁy
.a month, was se]ected as’ be1ng the ‘samé as used by Liang et v‘ [14]
That 1s the average w1nd Speed 1s ass:med to be no h1gher than 2. 2
m/s and Tower than 0. 67 m/s. Th1s is cons1dered a rea able range
because sulfation 1nstruments are generaHy set at a he1ght %‘F/one\ to
two metres above ‘groun,d, where the wind speeds’ar_e_"low. A temperature
range of -30 to +30°C ‘was used whichvehgompa'ss'e's\ the complete range of
yearly temperature' variationsvinA]berta. nith few eiceptional days ‘
:'S1m11ar1y, the range of su]fur dioxide concentrations was selected'
. 'between 0.001- 0.015 ppm. Due to the fact ‘that recorded ambient con-
centratwns on a daily basis in Alberta are’ ver_y frequent]_y zero, the
“selected concentratlon range refers to the max1mum recorded 24 hour
--averages hkely to occur in any part of Alberta. This data was ob-"
' ta1ned from a random review of the Department records around‘a few gas’
p]ants . The ratio of su]fatwn rate is unaffected by whether the
range of parameters are based on a month]y or daily bas1s .Howeyer, a
larger or smaller range than the ones selected above would affect the
following ana]ys1s - With respect to humidity var1at1ons since the
'fsulfat}on rate remains unaffected as shown in Figure 5.1, the ratio of
ulfatwn rates at any two hum1d1t1es wou]d be 1.0. The rat1o of- su1-"
fatlon rates of Matheson candles was now ca]cuw’ted at w1nd ‘speeds’ of
0. 67 and 2.2 m/s from equat1on 5 5, and was found, to be 0.61.
‘Sijﬂar]y, this ratio at temperatures of1+30'a:n:d-—3,0°c fromleq'uw(
5.8 s 0.89 and at sulfur dioxide concentrations of.0:001 and 0.015

BN B
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- ppm, from equation 5.1 is 0.38, respectv¥e1y Tha%éf{}

N

C: U 5 Ta @ Humidity 0.38 : Q.61 : 0.89:

.The above analysis merely indicates .the re] t1ve s1gn1f1cance of vari-
ous parameters affect1ng su1fat10n rates assum1ng that’ var1at1ons in
each parameter at a site in Alberta would be as*extreme as indicated
‘by each parameter-range However, s1nce amb1ent concentrat1ons of
su]fur d1ox1de have been shown to decrease s1gn1f1cant1y with _increase
“of wind speeds for wind speeds less than 2.5 m/s {32] the s1gn1f1-
cance of- w1nd speed and concentrat on affects are re]ated and would
tend to compensate 1nd1v1dua] aﬁfect on su]fat1on rates;ﬁﬁfer amb1ent
cond1t1ons Further on a long term bas1s, the average range Jof var1-

at1on of. each parameter is expected to be smaller than those seiected

il

above and the. re1at1ve s1gn1f1cance deduced above wou d ch ange Th1s

wou]d especially be the case for gas concentrat1ons since the se]ected
range mere]y represents the maximum daily concentrathns In summary,
it can be stated that the ‘gas concentratwn and the w1nd speed effects
are s1gn1f1cant1y more influential and that the effects of . temperature

and hum1d1ty are negligible forvcond1t10ns-preva1ent in Alberta.

The determination of'a“universa11y’app]icab]e«corre]ation factor
(C/W) is difficu]tfdue to uncertafnty~of.severa1 factors such ‘as -

Change'in day—to-day emissions of sulfur dioxide, Change-in the wind .

; speed d1str1but10n throughout the day and the stab111ty cond1t1ons of
L

"the atmosphere However, . exper1menta1 data indicates that the corre-
4]at1on factor rema1ns constant at a constant wind speed with. changes

.1n gas concentrat1on (F1gure 5 2) and var1es sharply w1th changes 1n

.w1nd speed at a constant gas concentrat1on (Figure 5.7). Flgure,5-2v

also indicates that due to the efﬁect of different specific surface
~areas on sulfation rate, thelcorre1ation:factors~wou1d-be different

for different lead dioxide reagent. The sensitivity of correlation

3

.
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factors to f]uctuat1ons in wind speed 1ndicates that these factors'
' shou]d be used only over a sma11 ‘range of wind speeds -Therefore, if
the se]ected range of average w1nd Speeds of 0.7-2.0 m/s is applied to
figure 5 5 and 5. 6, the average correlat1on factors obtalned from the
exper1menta1 data for cy11nders and p]ates are 0.0337 and 0.0375 with
+25% deyiation over the selected range This compares very well with
thevHuey [8] suggested factor of 0.035,-and the field measured values -
[4,6] between 0.02-0.04. fhe predicted correlation factors by Liang
et al. from Model-] were“03023 to 0,041 in the”above wind speed
range. o = - o |
. ﬂowever, if the wfhd Speed effects on the candles or p]ates
,could be v1rtua11y e11m1nated by . cover1ng the reactive lead d1ox1de
‘~;surface w1th a porous, non adsorbent gauze such that sulfur dioxide
reach1ng the react1ve surface would be essent1a]1y at zero ve]oc1ty at
a]] times 1n the f\e]d a reliable corre]at1on factor: from f1e1d data
A cou]d be obta1ned prov1ded that for some per1od of t1me a cont1nuous'
-mon1tor is 0perated at the sane location as the static dev1ce Such )
’ ’an information cou]d be used to: compare the corre]at1on factor fromh
' thesfjeld‘data with that predicted by Mode]-]. ThlS hypothesis is
based on the experimental data of this study Which 1nd1cates that the
\5‘corre1at1on factor remains constant at a wind speed w1th changes ‘in
.~ gas concentrat1on S1nce wind speed effects could bé e11m1nated by
'wfcoyer1ng the reactive surface w1th a gauze, 1t wou]d seem reasonab]e

that even if amb1ent gas concentrat1ons vary, the corre]at1on factor““

ivaould not vary. o :,v'.‘_}r.awi_v\

Q'.:“

S1nce it has been shown that exper1menta11y determfned sulfet1on e

;;_rates are proport1ona1 to 0 4th and 0. 97th power of wind speed and gas

TN

‘concentratlon as compared to the. 0. S,and 1.0 power of ‘the two parame——- -



ters by Model-1, respectively, the assumption of gas phase resistance

as the predominant controlling step is Justified; Model-2 is indepen-

" dent of wind speed effects and' the 5u1fation rate is assumed to be
B prOportional to the square root of the concentration of gas, contrary

to the experimental findings in this study.

The field exper1ments of Section 5.6, although limited in data,

consistently show a d1fference in su]fat1on rates due to d1fferences

"~ in she]ter geometry for each month dur1ng the 5 month test period.

The results 1nd1cate that arb1trary changes made 1n she\ter geometry

or emp]oyment of d1fferent sulfation devices cou1d 1ntroduce sources

of error in the measured data The round shelter as des1gned in this

study resu]ted in lower sulfation rates contrary to the findings of

Bowden [73 and Lawrence [26] A round shelter des1gned as illustrated.

l 1n {26], wou]d be needed to confirm resu]ts obta1ned by Lawrence and

L 4

Bowden
_ The su]fat1on rates of Huey p]ates were found to be lower than
the candles, contrary to the findings-of Huey [8] The poss1b1e

reasons for our results are already discussed in Sect1on 5.6. -It is,

- therefore, recommended that the’ uey plates be exposed in separate

receptac]es 1nstead of w1th the cy11nders in. cub1ca1 she]ters
@

.The exper1menta1 results obtalned during the eva]uat1on of.

analyt1ca1 accuracy.and .pH effects 1nd1cate a sulfation 1oss of 13%

dur1ng the digestion step. A correction factor accounting for the

~sulfation 1oss was 1ncorporated in the data of Chapter V as indicated

in the footnotes of var1ous "tables. The resu]ts of the pH effect

evaluations 1nd1cate approximately a 6% increase. in meaSured su1fate'

1eve1s ‘when. the a11quot was adjusted from a pH Q'S to pH 1.5.

vHowever, See and So]omon [31] 1n the1r work found that large errors

N

R
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up to 30% in the measured su]%ate levels can occur if the samples are
}adjuéted to a different pH thén the standard cah’bratioin. curve.‘ See
_et al. evaluated the differences in me§§ured sulfate levels at pH 6.1
and 2.8. The errors are largest at'the low levels of sbeate due to
‘1ow reproducibility. See,ét a].‘indicatéd further thaf if §£andards
and samples are’adjusted to the same pH, the errors caused by the
different solubility of barium sulfate at different pH leVeis do not
’Qéédr and the analysis can be conducted at either pH. Howev@p;-at”
higher pH, large errors can .occur due to effervescenée of carbon
dioxide still qemainiﬁé in the so]ution. For this rea;on, it ds’

recommended‘tﬁgtfaﬁa1yéis be conducted at pH 1.5.

‘See and So]omon.[31] also found thaf ana]jtica]]y reprﬁdﬁcible
results wéré not obtafnabTe below 75 g sulfate even with two aliquot
from the same solution. Théy used an‘aquuot size of 5 ml confaining /nh

gthé;above amount of sulfate. The.Conversfbn of.Zﬁrkg/S hl su1fate'tq

:_ppm‘gives’exactly the same MRDL 6f']5'mg/1~504 asxfound in this sthy-
using én.independent phecfsibn ;na1ysis abproach. This correspondsb;o
a sulfation rate of 0.104 mg SO3/dm2/day‘onia 30-day basis.

In the turbidimetrié'method, the reproducibility of the analy-
tical results depends on theléuifate concentration of the filtrate
after adjustment of filtrate to. pH T.S_(Appehdix B). For this reason,
only the concentration of sulfate per Tifre in the fi]traﬁe is uséd Ss

- . the minimum reproducible detection limit.

T -
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 CHAPTER VII

CONCLUSIONS’AND'RECUMMENDAf&ONS

The work done in thiS'stUdy leads tG thelfollowgng conclusions

and recommendations. | ‘

1.

e

The minimum reproducible detectfonllimit of su]fate coh¢entrat1?hs
by the turbidimetric method is 15 mg/1 SU4. The method’can detect

sulfate concentrations below the above limit but the reproducibil-

ity is difficult and ‘unreliable. The 15 my/1 sulfate concentra-

tion corresponds‘Epgé\fulfation rate of 0.1 mgﬁag/dmZ/d averaged

& :
over a 30-gay pgriod; The calibration curve should be used within’

the 15 to 70 my/1 SO4 range, preferably avoiding thé,reédfng of

the curve at either extreme. Precision ana1y51$ (Sectfon'5.8) by

each participating laboratory should be conducted to'yekify the
COIN

calibration range. The turbidimegric“method'is'a simple, useful

v : : : N
and inexpensive method that can provide consistent results within

the specified limits. . o - ' . o
- g _ _ »
A large number of sulfation rates obtained during the common sta-

tion study (Appendix A) were less than 0.1 mgSO3/dm2/d; Although the .

sulfation rates at other sites in Alberta, or during the winter
season, may be somewhat higher at some of the sites than the above
mentioned minimum.rate, generally the su1fation ]evé]s obtained

during a one month exposure period are too low to be analysed

. - reproducibly by the turbidimetric method. Therefore, to obtain‘

better quality data with the turbidimetric method, it is

~ recommended to extend the exposure period of the sulfation devices

to a minimum of 3 months.



3.

- periods.

i

Huey p]ates and su]fat10n candles conta1n a sdff1c1ent amount of
lead d1ox1de for an exposore per1od of 3 months. The s1gn1f1cant r
effect of spec1f1c Surface area -on sulfat1on rates mandates that
the ]ead d1ox1de reagent used by var1ous canpan1es have the same |

spec1f1c area per gram of the reagent. Since a marked 1ncrease in

fadsorpt1ve capac1ty has ‘been-indicated for lead dioxides

having surface areas greater than 9 m2/g [24] other lead dioxides

w1th greater spec1f1c surface areas, instead of the MatheSOn

vreagent can be used if- necessary, to allow even 1onger exposure .

~

. Huey p]ates and cand]es shou]d not be exposed s1mu1taneous1y in
" the same she]ter, due to the poss1b111ty of 1nterference between
'_the two devices as d1scussed «in Sect1on 5.6. Huey p1ates mounted'

on a separate receptable are recommended to arrlve at a reliable ‘

compar1son of sulfation rates between p]ates and candles.

“Nnong the- env1ronmenta1 factors cons1dered su]fur d1ox1de concen-
" trations and’ w1nd speeds affect the sulfat1on rates S1gn1f1cant1y

1Hum1d1ty has no. effect Unless condensat1on at the coated’ surface

' ~occurs. Hum1d1ty and temperature effects are negl1g1bfe for con-

‘.d1t1ons preva]ent 1n A]berta. The wind effects result 1n an

‘average su]fat1on rate increase of 1. 51 ‘mg SO3/dm2/d for each 1 m/s

increase in w1nd speed in the range of 0.3- 8.4 m/s- Con51der1ng

~ that sulfation rates 1n A]berta are. genera]ly 1ess than 0. 3 mg

SU3/dm2/d the w1nd effects are very s1gn1f1cant.
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In the f1e1d it shou]d be possib]e to reduce and perhaps

o e11m1nate the wind speed effects on sulfatgon rate by covering the

react1ve 1ead d1ox1de surfacé~w1th a porous,_non adsorbent gauze

.such that only the var1at1ons in the gaseous concentrations of
ambient air would affect the su]fat1on rate. If a. cont1nuouS‘
sulfur dioxide mon1tor is/Operated concurrently with a. static‘

‘dev1ce _more . re11ab1e corre]at1on factors are possible.

S1nce the Huey p]ates have adequate capacity for 10nger exposures;
the p]ates could be used-1nstead of the candles. As the field
evaluations of Huey plates and: cand]es in this study were not veryr
extensive and were not conducted under prbper exposure cond1t1ons,.'
such as separate receptacles for the two dev1ces and 3 month:

exposure per1ods, a further field eva]uat1on is necessary before ;

" the sulfation cand]es are reJected for f1e1d use

The exper1menta1 su]fat1on rates were found to be proport1ona1 to

‘0 4th and 0.97th: powér of wind speed and’ gasAconcentrat1on as

-;,compared to 0. 5th and 1. 0 power of the two parameters by Model- 1,

”ftrespect1ve1y Th1s 1nd1cates that gas phase res1stance is the

»predom1nant rate contro]]1ng step N1th1n the w1nd speed range of
0. 7- 2. 0 m/s the average corre]atuon factor for cy11nders and
'plates is 0.0355 ppm/mg $03/dm2/d. within +25 percent.

.  After the completion of d1gest1on‘and filtration steps of the

turb1demetr1c me thod, on}y 87 percent. of su1fate present 1n1t1a]1y

' _1s recoverab\e An adJustment in su]fat1on rates to account for '

'“the 13 percent 1oss shou]d be made-.

-
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10 S1nce adJust1ng the samp]es and standards to same pH compensates

1.

12.

3.

‘The lead d1ox1de candles and plates shou]d be prepared and ana- "

barjum su]fate solub111ty var1at;ons but\potent1a1 for ana]ytica]

error due to effervescence of carbon diox1de 1s greater at a pH.sJ

4.5 than at pH 1. 5 1t is recommended that the pH of the standards

f,and so]ut1ons be adJusted to 1.5 before conducting sulfate?

ana1ys1s

lysed as descr1bed in Sections 4.1. 5 and 4. 2. 2 of this, report

Nlth the above recommendat1ons the common stat1on study shou1d be .

attempted aga1n to. recheck the cons1stency of resu]ts betWeen',

o

‘var1ous 1aborator1es For the ref1nery row area 1n Edmonton af
.amb1ent su1fur d1ox1de concentrat1ons ‘and w1nd Speeds are ‘also

fmeasured at the .same, t1me, 2 check ‘of ‘the der1ved corre1at1on‘

factor cou]d be made

Add1t1ona1 stud1es are requ1red to eva]uate the effect of the

.shelter geometry and ‘shelter open1ng areas on su{iation rates

1
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NOMENCLATURE
B Frequency or pre-exponential factor
b - Width of f]at glass plate as def1ned in the derivation between
- equation 3.6 and 3.7 . , :
C , Concentration of sulfur dioxide,gppmb
ACp  Concentration gradient, mole/cm3:
Cas Cp,o Sulfur d1ox1de concentrat1on in a1r‘and gel phase,
mole/cm3
Ca | Average sulfur aioxide concentration at:ge] phase, mole/cm3
Cg Initial lead dioxide concentration in gel, mol/ﬁ_
,‘di‘ Diameter of su]faiion“éand1esf cm
D Diffusivity of sulfur dioxide in air, cm?/s
Deff Effective diffusivity of sulfur dioxide in ge1; cmé/s |
E Activation energy
f ktFunction of Reynolds number in equation 2.3
AG éhange in free energy of a‘reaction, Kca17m01e .
H - Height of su]fatiop candle, cm
m,;K - Reaction velocity constant in‘equation 3.3
kchlm Convective mass transfer coefficient, cm/s

kf, kp, kg Rate constants for reactions in equation 6.3/ /

K Correlation factor relating su]fur d1ox1de concentration to
sulfation rate, _ppm/mgS03/dm2/d

1,d Characteristic ]ength of flat plate or diameter of Huey p]ate

g cm _

M Exposure period of sulfation devicés, days

Ml,'Mz. Molecular weight of a metal and its oxide, respectively

Mc, Mp  Maximum Exposure period of sulfation cand]es and Huey’
plates, respectively, days.



" Sutfation rate, mySO3/dm2/d

'*iRate of mass transfer by equation 3.10, mo]e/éﬁz/s

115 }

Mass f]ux moles/cmé/s

Critidl 10ad1ng percentage, % (equat1on 2.2)

. Adsorption coefficient, mySOp/ppm/d

Gas constant ‘in equation 3.3
Rate of reaction as defined by equation 6.4

Reynold number based on_the diameter of sulfation cand]e
as defined in equation 3.11, dimensionless

Reynold numbers for flat plate with a length. or_ charac-
teristic dimension x, as defined in equations 3.13 and 3.9,

respectively

Schmidt number as defined in equation 3.9, dimension]ess

"Average Sherwood number (equation 2.3)

Sherwood numbers based on characteristic dimension x
or d, respectively (dimensionless)

time as defined in equations 3.14 to 3.17

temperature, °C

A

Percent transmﬁssion of light during spectrophotometer
measurements '

" Absolute temperature of reaction, °K

Wind speed, m/s

<%

klRate of mass transfer, mole/s

)

Refers to sulfation rate of plates coated with Matheson
lead dioxide, mgS03/dmé/d

Refers to{tbeulocation of reaction front in. Model-2 and at

‘time t,, is denoted by Zf(¢) =



116 ‘o

Greek Symbols

As defined by equation 3.22

Gas density at témpefatures of t' and OQC respect1ve1y
Gas density of a metal and 1ts oxide, respectively

Gas viscosity at temperaturés\\i t' and 0 C, respect1ve1y

Length of test period in days in equat1on 3.21.

<«
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APPENDIX A

COMMON REFERENCE EXPOSURE STATION RESULTS

TOTAL SULFATION RESULTS - BY CANDLES, mgS0s/dn2/d
, - 1974

.......

Jan “Feb Mar Apr-  May Jun  Jul  Aug Sep Oct . Nov

Dec

1* .206 .058 - .015  .025 023 .16 .025  .136 ',121,’.]39' .055

2% .207 .277 .098 .09 .086 .017 .103  .100 .127. .111 .106

075 -

3 .24 N33 .064 .025 .052 .098 .094 .075 .056° .043 .672

4 .150 .171-‘ .073  .062 .04}  .029 .039 ' .058 038 .009 .046

.039..

S+ 73 122 - - = - ..o

6 .059 .235 .046 067 .078 .134: .070 - .081 .060 .099 .082

.124

7% .046 .163 ..034 .015 .165 .159 ..114° 045 .051 .193 -

8 .091 .047 - .024 - .081  .042 >.025.' .044 .091 .103 .127

.086

9++ .071  .079 . .029 - - - - - - -

10* .,189 .137 - .073 .073 .217 .157  .144 126 .366 .084 -

N .183  .157 .01l .072 .027 ' .011 .083  .028 .063 .102 -

2w - -2 - 072 .063 .061 - .055 .065 .0574 .063 .

e e al

T

- L Y

* . Sign test indicates biased result

R

s For these Tabs. ™™ i s e

L H 2 Very little data and: therefore rejected. st el Ll




"j*‘S1gn Test: e

A .

To determJne 1f ‘two data sets are cons1stent one s1mp1e test of

L~

{ .
‘s1gn1f1cant b1as 1s to check the s1gn of the d1fferences in the data'

"UASet va]ues. If the d1fferences among a]] of data set va]ues are. ..

b .
’negatlve one has cons1derabJe doubt about the 1ack of a b1as as :t

' "wou]d be expected that on. the average ha]f wou1d be pos1t1ve and ha]fdlv_ o

negat1ve if no b1as were present. For examp}e~ 1f~two data sets had

10 values and 9 out of 10 d1fferences were negat1ve or pos1t1ve, theg'

;’gchance of this- happen1ng when there was no blas present is very sma11

3

R
/

"gUn1ess some - outs:de check of the results is ava1]ab1e that fs,g;_.ig,

aga]nst some reference standard lt is. not poss1b1~ to. assume that one.

* data set is, not blased and the other set is b1ased ‘-. 65

In th1s ana]ys1s the common stat1on data for each 1aboratory 1n'
the preceed1ng tab]e were subtracted from a11 other 1aborator1es and~
if a ]arge number of signs of d1fferences in the data set - values were,-
found to be of one k1nd that partlcular laboratory was cons1dered
b1ased Laboratorles marked by an aster1sk {*) are biased whereas
those marked (++) have very few data points'to conduct‘prOper

evaluation.
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. APPENDIX. B

CALIBRATION PROCEDURES

A.. Spectrophotoneter and pH Meter o d
" A Bosch- spectron1c 20 spectrophotometer was used 'in these
stud1es to determ1ne the sulfate concentrat1ons of the exposed
samples. A stock so]ut1on conta1n1ng 1000 mg/] 504 was prepared by d1s-
solving 1. 479 g of anhydrous sod1um su]fate in 10% sodium carbonate
. solution. The m1xture was diluted to one 11ter w1th the sod1um
”.carbonate so]ut1on. o *?, : f?§( r
stock so]ut1on were diluted to approx1mate1y 900 m] w1th 1% sod1um‘;,
carbonate so]ut1on and adjusted to a pH 1. 5 by add1ng d1]uted HCI |
prepared by mixing equa] volumes of aCTd and d1st11]ed water. Each of_
.the so]ut1ons was diluted to a ]1ter in a vo]umetr1c flask w1th
d1st11led water. The concentrat1ons of standard solut1ons SO prepared
are shown in co]umn 2 of Tab]e B~ 1 . :
A 50 -ml port1on of each of the standard so]ut1ons was p]aced 1nto‘
a matching set of nessler tubes and a flxed amount (approx1mate1y 1.0
g) of Sulfaver IV reagent was added. The samples}Were‘mjéediandﬂ
. stirred to precipitate su1fate. A 5 minute period was’atloWed\to
e]apse before read1ng the percent transmission. The spectrophotometer
was set at 100% transm1ttance at 420 nm using d1st111ed water blanks
: before read1ng any of the standard so]ut10ns The zero readnng was
,_?hfadgusted as we]]._~,wh7d =
hhpiif Dur1ng these stud1es the spectrophotometer ca]1brat10n was'

_.;checked by read1ng percent transmlttance of at 1east two standard

o e solutaons before process1ng any set of test samp]es.v

P

A11quots of 2 4, 8, 10... ml'(asvshonn in TabTe'B¥1) of the -

P . : . ' g e A . . T e e “ B SO A B .
+ Sl o .« e < L IRE e e e D .
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TABLE B-1

DATA FOR Cﬁ;IBRATION OF SPECTROPHOTOMETER

. Standard . _ - . . T
\ Samg -Conc., ‘ Calibration Readings, % T Average
- Number 504 mg/]) Run'1 . Run 2 . Run 3~  Run 4 Run 5 T

1200 100 e 100 100 100 . 99.8..
2. .40 %5 U968’ 95 e 97 g6

w

807 w5 w5 gz o 5 9 9.3
TR0, o8 805l w3 o2 . gy gpr3.
5 150 82 a2 81.8° 80 9 el
s 20.055"-~éé.o"-:;'72;2«-~ 68.0°  68.2 7 69,7
700300 0 snz U0t g2 ss s s
8  40.0 81 3.0 3.8 38 3.8 3.1
9 50.0 27,0 - 290 26 265 21 21.1
10 60.0 19 . 188 19 18:5  19.8 19.0
:“11;‘ff'7o¢ow; f1i5;6. ,{112_'»~_ 1627 16 Y ;g“’iffffii;éfff;
12 - 80.0  11.2° 10 wif,iégéQ':,‘:iS’;:f;'1112.7 1?f:'i1?§f73\
13 100.0 8.0 6.5 7.5 8. ,f8.o,- 7.6
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' Tab]e B-T shows percent transmlttance var1at1on for each of the'.

’ standard soTut1ons durlng the f1ve runs.. A calibration CUrve was - )

. prepared by p]ott1ng an. average percent transm1ttance versus ngTy'

2

a 504 concentrat1on as shown in F1gure B T The callbrat1on data -was- used :
Tjstat1st1ca11y to- determ1ne the prec1s1on cr1ter1a as d1scussed in -
_i Sect1on 5.8. | o : | : -
The pH. meter was callbrated each t1me by u51ng .4 set” of threeofgl
standard soTut1ons of pH 4 7 9 There was hardTy any.. change notlced'ii
in the pH meter callbrat1ons dur1ng the course of -these exper1ments.

‘Thé soTut1on in the reference pH e]ectrode needed touching. up from

time to time. : S - Ty

'.B.v'hotameter Calibrations
’ In th1s study theﬁtwo rotameters used 1n the mon1tor1ng conso]e;fix
‘;circu1t (Figure 4. 3) were caT1brated as.a set against -a- cal ibratéd wet.w “
htest’meter.‘ Rotameter No.‘T was 1nstaTTed to prov1de a very smaTT j"

'*f‘constant fTow rate to sweep any permeated gas i the oven andv‘ 1f

‘7?ﬂrotameter No.. 2 woqu measure the d1luted m1xture. S1nce the purpose

was to generate gaseous m1xture of known concentrat1ons, 1nd1v1dua1v
jca11brat1on of each rotameter was cons1dered unessentlal Thelvff
ca11brat1ons were conducted by pTac1ng the rotameters exactTy as shownv
’1n Figure 4.3 w1th the except1on that the oven d1d not contain aia
permeat1on tube ‘and the exposure system was, replaced w1th a cahbrated.”»:"v~
't;wet test meter. ; o
The flow- rate in rotameter No-.- 1. was ma1nta1ned at a constantv'
V:”.float sett1ng of 5 wh11e vary1ng the fToat]settlng of rotameter No."2;d. B

‘The rotameter sett1ng (16 5) 1n‘TabTe B-2 represents rotameter_No.;Z.,
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set_atb16 and rotameter:hof 1 at 5 on their respective scale.- A stop
N watch'wasvusedjto determine the flow rate of air'through"the Wet. test -

‘meter in litre per minute. Temperature corrections were not.necessary
since the whole apparatus was operated at room temperature throughout
the duration of the. study A calibration curve plott1ng flow rate in-
Titre per minute on the y ax1s and rotameter No. 2 settlngs a1ong the

k' d

X-axis is shown in f1gure B-2. Rotameter No 1 sett1ng was mainta1ned

constant throughout the range of ca11brat10ns

C. Permeat1on Tube and Monntor1ng Console .

s

The obJect1ve of th1s ca11brat1on was to obtaln the concentrat1on:

N i
- of sulfur dioxide per chart d1v1s1on of the chart recorder used in- th%‘v -

B

m0n1tor1ng console Th1J/Jas ach1eved by determin1ng the permeat1on

“irate of the permeatlon tubes fo]]owed by computatlons using the

".ca11brated rotameter flow rates ' jutyﬂ d(‘tA:_.,Vf;«vje;,yf'ﬁ}“f;fﬂf‘V o

Genera]]y, the permeat1on tubes are made by sea11ng a condensab1e
'bfvapour as a 11qu1d 1n Tef]on tubes.. Fo]]ow1ng an 1n1t1a1 1nduct1on
'sperfod the mater1a] in the tube permeates through the wall of the
“tube at a uni form rateg |

. The permeat1on rate of each tube was - determ1ned by p]ac1ng it din
a constant temperature bath for several 1nterva]s‘of t1me. .Dur1ng
each t1me 1nterva1 lasting for One to two days,- the weight'1oss-of the
_permeat1on tube was recorded. An AID. Model 300 portable ca11brat1on
'system was used to- pr0v1de a constant temperature bath The

‘permeat1qn rate of each tube ‘was obta1ned by calculating an average

‘rate of we1ght 1oss over severa] 1nterva1s of time. (dThe permeat1on
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- !
rate varied less than 10 % over different intervals of time. During

the permeation)rate tests, the clean air flow rate was held constant.
1 Figure 4.3 descripes thé calibration system éor the tubes if the
exposure system was removed and the effluent gas vented. A column of
water may be used to scrub sulfur dioxide before venting it to
atmosphere. Having determined the permeation rate at a constant
temperature,'the clean air flow rate was vafied,by adjusting the
rotameter float setting. This would prov{de an effluent gas mixture
of varying concentrations of sulfur dioxide. The exposure system
containing the chart recorder is now conﬁected to record the outpu%
corresponding to each flow rate setting. Cormesponding to each
~otameter setting shown in Table;B;Z, the concentration of sulfur

dioxide gas was determined by the following equation:

C - R. X 24.12 _
" F MW - ...Equation B.1

where C = Sulfur dioxide concentration, ppm (volume per volume)
R = Pérmegtion rate of each tube, ng/min
F = Air flow rate at each setting, L/min
24.12 = Molar volume at 21°6 and 1 atmosphere, L/mol
and . MW =

Molecular weight of sulfur dioxide, g/mol.
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The quantity in parenthesfis in‘equation B.1 converts the

permeation rate from a wei T unit time to a volume per unit time.
The permeation rate is codstant throughout'thegiife of the tube aS”

long as the temperature of the tube is held constant.

The sul fur dioxide concentrations in ppm were divided by the
corresponding number of chart divisions tovbbtain ppm per division.
_ Once the ppm per division at constant temperature and over a range of
flow rates was obtained, the temperature of the bath and the gas ﬁﬂow
rates cou]d be varied to obtain gaseous mixtures of desired
concentrations. * This would a]so provide the range of concentrations
at a constant temperature that can be generated by varying the c]ean
air flow rates. The system 1s therefore well- defined and caiibrated
Tab]e B-2 shows such a calibration for one permeation tube.

"Examp]e: Calculation of sulfur dioxidevconcentration using Equation
B.1
'(a) Permeation Rate Calculation:
Given: average weéight loss over 68 hour period

= 0.0238 g

Therefore, p - 0.0238 X 10° ng
68 X 60 miin

5833 ng/min
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 (b) Therefore, if the yotameter flow at a setting of (13, 5)

was 11.31 L/min/ the concentration of sulfur dioxide

““from equation’B.1, 5 © -

5833 X _24.123 X 1
11.31 64 . 709

&

A ng X min_ X 1 X mol X g
min 1 - mol g 109 ng

= 0.1944 ppm

The corresponding output at the chart recorder was 9.7 divisions,

therefore the

0.1944 _
S02 conc/div = 9.7 0.02

b

<

Other values in Table B-2 were calculated similariy._

. &

)
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TABLE B-2

CALIBRATION DATA FOR ROTAMETERS AND MONITORING CONSOLE
AT CONSTANT TEMPERATURE = 25°C

Rotameter _ Flow . Chart S0, Conc. .
, Setting Rate Div (ppm) ppm/div
. (L/min) , \ :
| |

(16, 5) 14.16 8 | 0.155 0.019
(15, 5) 13.31 8.25 . 0.165 . 0.020

- (13, 5) 11,31 9.7 0.9 . 0.020
(10, 5) C7.97 - 13.75 0.276 ©0.020
(8, 5) 6.09 19.2 0.361 0.019
(7, 5) 5.2 23.5 . 0.422 - 0.018
(6, 5) : 4.3 28.5 .51 a 0.018.

The above table indicates that provided the flow rate settings were
maintained between (16, 5) and (8, 5), the conc/div readiny of 0.02

would be valid within 5 percent.

I
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| APPENDIX C

Mass Transfer Model Calculations

1. Ca1cu1at on of su]fur dioxide diffusion in air at 25°C and
atmOSphere pressure. Sulfur dioxide concentrations vary
between 0.08 to 0.032 ppm in the gas mixture.

- From Table K in the Appendix of reference [30], the values of o

and €/k are obtained. i
mol.wt. "o, in °A - €e/k, in. K
S0, 64 4.290 252
Air 29 2.617 . 97
Therefore, %g = (o + og)/2 = 3,95 x ////

“AB/k = (€a/k X €g/k)0.5 -156 .3
and €g/kT = 156.3/298 = 1.906

From Table J in reference [30], the collision integral
Q =1, 094
Therefore, at an atmospheric pressure of 27 inches or 0.904

atmosp ere, the diffusion coefficient is given by equation,

P A82 Q

=0, 0]858 (298)!I 54]/64 + ]/29\ .
094X(395)2X109\(1 | -

= 0138 cnz

7
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2. Standard data at 25°C and 1 atmosphere,

| Kair = 0. 018 cent1po1se = 1 8 X 10’ g/cm sec

A RN Lo e P . -

» fam . .aA o - p : v
, {fu‘ﬁ?i"alr

. ?: O 00]293‘ g/ ‘: _n’.". ".,4.":_‘ ;‘. ;;':: v" J e.‘, ::Z :‘ I“;v.‘:.?‘: ot . et e o ..','.}J'r A " PR

diameter of candle = 6.30 cm o | >

~height of candle = 5.08 cm
3. Model-1, Gas Phase Résfsténce Controlling
At a wind tunné] Setting.=52,fwhiéh corresands to a wind
| speed of 1.575 m/s, |
< Re. = dUP__ 6.3 X 1.575 X 0.001293 X 102
&4 =

Koo 1.8 X 1044

cn X Cmx g x cmX sec

= . 7]7] 02“"
~and -Schmidt no., S¢ = H
' PDAB

_ 1.8 x 10-4
01001293 X 0.138

{ » _
- 9 x&cxse
cm X sec g o
= 1,003
Sherwoqd[no.’from equation 3.11 of Chapter III is,
' 1/3 1/2
Shy - 2 L+ 0.6 5173 Rey
(d/2H + 1) In (1 + 2H/d)
= ‘ R -+ 0.6 (1.003)1/3 (7171.2)1/2
(6.3/10.ﬂ6 +1) In (] + 10. ]6/6 3) . , a

¢ —

1.285 + 50.863

52.1389

- \
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. - | il 34:.-> - .iﬁ‘ﬁ' -
From’ equat1on 3 13 for reactlve candle the sulfat1on rate, o
8424 D Shy . .

S Txd

| 0.2 X 8424 X 0.138 X 52.1489
LT LR R 63 e e e e

@1 e

= C

6.568 mgS03/dm?/d

The rema1n1ng calculations are. swm11ar1y performed at w1nd
_ speeds of 0. 30 4 36 5 85 and 8.38" m/s. For f]at p]ates,

Reyno]d number is ca]culated by. us1ng ‘the., 1ength of p]ate

Ry

. ;“ ";4 equa] to 12 5 cm 1nstead of the d1ameter of the cand]e and

TN

equat1ons 3.12 arevused for ca]cu]at1on of Su1fat1on rate

B

B. Model 2 - Gel Phase D1ffus1on Res1stance Contro]11ng

“Equation 3.23.1s used for~;u1fat1on,rateaca]culatjon in this

‘.Mode]‘“

NS 106 (Defs EA CB/I 13 (r)0-3 T)ois‘

wh'erew Deff = 0.] D
and  Cg = 3.35 g-moles of lead dioxide per liter assuming
1 mm gel thickness and 8 gm. Pb0s /dm2

THerefore'

" = 4.7 X 106 (0 0138 X (o 2 X 1076 % 273)_3;35/1.13 X 2 (x)0.5)0-5
| \ 22.4 x 2n B

47.88 mgS0O3/dm? /d

C.. The mass transfer eorrelations for cylinders and plates from

reference [30] are representeA»by curves 3 and 5 in figureB-3

respectively. Table 8.3 provides the respective equations.
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« = void fraction .

ST L
. Tane 543 Data ror Fioure B-3
Curve Situation Operation X o Y Sc range .
1 flow inside ' ko' :
pipes mass transfer . Re Jp= " (Sc)’-” 0.6-3000
. . l . .
- o
2 flow inside : T - ke 7
: | pipes heat transfer =~ Re . Jr - ;’—(-; (Pr)z/: .
- ‘ " o . o . k . - . o e
3 flow of gases =~  ‘masstransfer-. Re’ jD - —q-— (Sc)‘“‘ "0.6-2.6
transverse
to cylinders heat transfer Re’ " jgm G (Pr o-00
. X C’
: v -- . » k ¥
4 flow of gases . -« mass transfer ~ Re"(Sc)13 ‘d' (104) - 0.6-2.7
© pastsingle ’ : : -
spheres hcaf{fcr Re"(Pr)*3 \ Tp (1079)
' - ko'P o
‘ 5 flow of gases mass transfer Re Jp = GM (sc)z/; 0.6-2.1
parallel t& - =
plates heat trans( - P /3 N
eat transfer Re Jjn . G @Pr)*
6 ¢ flow of liquids o , . ,
"through mass transfer Re” 1073) = —2 (Qe)0-88(1 (-1
pRcked solids [« Il ' ) In (Sc)*-#(10 M) 164-10,700
7 - flow of gases k ‘
’ through mass transfer Re’ 1071) = Y (Scys-se(10-Y) .
el s /00 = = SFuae o
8 _flow of gases
:;rgcue%!hsolids heat transfer ~ Re® Jr(1071) = = (}‘r)" ~(1o—~1) -
§ . _
. dogp ' o ' ' Gy = molar mass
Re' m ——— d, = cylinder diameter, in ft velocity, i 1
mole/br fi?
: ¥ Ly = molar liquid,
d M q
Re” = 2=Ff dy = sphere diameter, in ft mass velocity, in
# . Ib molefhr ft?
Ret e " I'= distance from G : loci
B upstream edge, in ft = P -’mm velocity



