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Abstract

In this work it has been attempted to create a computer program for the
purpose of simulation studies of fixed bed electrochemical reactor, both
kinetically and hydrodynamicaly. The simulated reactor conditions are steady
state one - dimensional flow - through operation at mixed (activation and
mass transfer) controlled current conditions. The electrolyte is passing in a
reverse and parallel direction to the direction of the current, i.e. counter flow.
The studied reaction simulation is the deposition of copper from electrolyte
solution of copperic sulfate and sulfuric acid as a supporting electrolyte with
no side reaction to occur. Mixed control polarization region is studied with
applied current density of 80% of corresponding limiting current. Packing
particles used are of a spherical geometry made of copper.

The influences of electrolyte flow rate, bed thickness, and molar
concentration of copperic sulfate on the behavior of the electrochemical
reactor are studied as follows: flow rates of 5, 10, and 50 mL / min, copperic
sulfate concentrations of 0.001 and 0.01, bed depths of 2, 3, and 4 cm.

The first problem in this simulation is to find the main two variables
(concentration and potential distributions), through which any other variable
may be found. Concentration and potential distributions are found from the
solution of the material balance equatioh together with the Butler-Volmer
equation according to a method, suggested in this work, which combines
between the finite difference for solution of second order differential equation
of cathode potential and the analytical solution of second order differential
equation of the mass balance equation by special technique.

The pressure drop in the packed bed, described by Forcheimer’s

equation, is evaluated as a function of distance along the bed.



The model obtained is subjected to two comparisons with literature; the
first one is comparing the analytical equation derived for the total limiting
current density applied to the reactor with experimental values obtained from
the work of Bennion and Newman (1972), where an excellent agreement has
been observed. The second comparison is with the model of Olive and
Lacoste (1980) under limiting current conditions which also was successful.

The results obtained from this simulation are classified into two groups,
main and minor groups. The main results consist of concentration,
overpotential, and reaction rate distributions. The concentration distribution
is deceasing with increasing flow rate and increases with increasing bed
thickness and feed concentration respectively. The overpotential is affected
by feed concentration and bed thickness in a similar manner to the
concentration distribution and is increasing when flow rate increased. The
reaction rate behavior is shown to be similar to the overpotential behavior.
The minor results, i.e. current and pressure drop distributions, the current
distribution is behaving just like the reaction rate while the pressure drop is
increasing when flow rate and bed depth are increased respectively.

The present model has successfully described the effect of flow rate,
bed length, and feed concentration on the concentration distribution as well
as the effect of Re on the collection effectiveness at different bed lengths

which have matched the expected behavior.
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Chapler One

Tntroduction

1.1 Intrrduction t Electrochemicil Epgineering

Flectreehomueal engineerineg huas slrong inlemelations o chemieal
engnesriig, w electiochemistiy ond to plrsical chenuetiy as well as w hear
il s ansler phersnoernee 11 covers bolh provesses where cloetneal
anermy iy applied m oelecirlvais o B prodocts and 15 the elecirochemical
seneralon ol clociieal enerpe | 1]

Llectochenucal reactor 15 defined s any device in wluch chermical
reaclions ocewr direetly due w the ot o cleelrca] enetgy, Sane al
charnctensncs of electrochemical processes are reversible 0 chemizal senze.
revirsihle in theroody naote souse, bieh nederial and energr clRcieney . high
scleetaly sl product puariy . exlreme reaction comhitions achicved al
muobicut  tonperatore and  presmure, control of  aructure and  surthoc
merpholody . Tow space—lime yield, theretore larps nomber ol reaelor anils

recmived, and envuonmentally benignn low waste |21

1.2 Typesof Electrochemicad Reactors

There wre severd] Wvpes ol clectrochemical eaclors, wlhich can e
classified to | 3] -
L. Tk veaslor, Figa1.1.4), which bas beeu wsed or inams yedrs ane e

metalluraical g chloro-allsall nwdastroies,



Fa

s

e

. Dlare sl frame reactor, FigaL.1. by, this ceactor col opecate ar snpel

stmespherie pressute wilth cleetrode gap o about 2 man e
aceurnlation of anses hetween electronles s a problem i thiz tepe.

whirse soverily nercose wilh decreosing clectrade gaype.

- Clapillany pap rescior, Fig(1.1-c), This 1ppe wis des-eloped primanls for

aperdtion wilth single phase, non-agueouns clectrelvles and 1 wsed m
cotunercial produetien of croanies. Munplne power s relatively luelh
bod sl Lraetion al Lodal greseet Lor Lhe prosess.

Savien roll reaclor, Fig (1l 1.d), this s o relled sandwich ol Nexible
shasels or tnesh elecrodes vl dnn el vr nel separaeors meleetrode

paps aronmd 1 mm

el bed reacror, FiE(L L), fixed heds or porovs matiees can be

tsed as ocleclresdes und il s well swiled o processing muoluphase
electrolvte and oive cood pos ligquid, Lepid-liquid and  selid-lignid
mieEs nsgsarl. Pised bods e eperale al relabively Lowve superlicial
velooily ler give hish comversion per pass and relalively high space-lime
vield,

Fluklized hed reactor, Fie (1L1A), 10 s pe the malmy tesisivily s
inereased by Jlusdvesme the parlweles swath Uawang eleetralvies, The Mo
bed crves good mass transport and has been developed to pilot senle for
cloelrowanmiie twlals.

ShoTy repclor, Fiedl e, suspensions ol condieive particles his hean
wsksd as clevioodes moveneos exponnoeial clecre-syotbess, Electode
maletials waed are e poveders <oeh a: calily 2cd carbon Black.

Gas diffusion. reactor FigdL by, the electrodes consist of mueroe-
porats plates wilh graded porosibe anddfor seellabilily, Crascaus Tedetanl
diffises trom behind the electrode and reaction falies place along three

phase oundaries neside e clecmode s,



. Maclced porons electrode  (PLY reactor, Ve 114, o this device
e poreal: electrocde layers are boeanded to each zide of an 1on
canducting membrane to give compact diviced cell, three dimensional
cleclrods rouchr STF reaclors omEmalol as luel eells Ton, have simee

been upplied o waler elecralysis and chlome-alhal production.

Figure 1.1 Tvpes of electrochenical reactors [3]

1.3  lmportant Faclors in Reuclor Perlormunce

There are many  compromiss:  dunme e process  of  reaclor
cdezigniselection in order fo accommodate the large mumhber of factors acting
as dnwers [, which are umlomn cwrenn demsaly  cdisinbulion,  wmloarn
electrode potential distritancn, high mazs transport rates, akility to handle
solid, Lguid, or museous prodocts, the Goro of e prodoel and the case of

prosluct, calrachon, smphaly ol slesgn, amsaallafon, and meimicmmes,



avallabihty of electrode aml membeane moterials, capmol and nune costs,

[ntcaration wilh ollwer process uceeds

1.4

Agqlvantages of Modeling and Simulation

Mathemarical model conzists of 2ot of cguations  containing

mlermalions, which e ntended o0 sinmale leehnological  processes. [n

marny cases it 1s more comvenient to salve these equations of mathemarical

mesdie]s mmstead ol perlvrmnw preseram ol pueely expemmneulal nedsurenenls

[3].

T advenileges ol computer simulation are as follows | 6]

9
“

1l

Syslem perlomumee can be ohsaved under ol coneenvable comditiome.

. Deaimons conecriing fimture svatom preserily in a coneeptual wage can

b cxamined.

O lradds of svstems vnder test can be accomplished moa mwnch redoced

petiedd al line.
manwlalion resulls wam be obtamed ol loweer cest e el

SxPETImenlalion.

- Compurer modeling and sumulation 12 ooften the only feastble wafe

lewhmigque Lo analy #o and evalusle g sysbem.

Liwamples of industrial applications of flone-rlwoneh paroz electredes are:;

L.

-
e

|ectre-orzmne synthesis. which oller opaorturilics Tor parliamimnge
mame reachionsg at controlled rates and at great prodnet selectiviny.
weillwsud added catalvas, Lhan do convenbional twans | 7). Lxamnples of
e cloctre-orpame synthests ae lhe omalhesis of aniline benzsogquanone
and p-admanephcnal 3.

FRomem gl ol cleclredepasilive ealions by clectrodeposilion, sueh as |3



171 frocn AU P ta < 1

s lraomu 1,45 pyan Lo CUO5 ppan [rom HpSCy sodulu
TTe freem [0 ppm to 001 ppem trom Wads aohition

A processing of st pholographic o elsions

AL Tean wesle plading solulion

-l

- xidation of organe pollutanls and O Jrom 24 e 0] pamns Aldso
axidorion of erpane surtactant awd reducine of foaming 1o pracess for
Theml il ol MasC'0 [ 8]

4. Waslewaler Irealmenl: waslewaler conlaining levic mekal ions, sich ay
sidron, chronum, vopper. gald, Jeud, mekel, abver, onand s, 15
penerdled me large quanihies drmg electopliting, manulEclhieang ol
microcleetranie parrs, puning and procesang of photecraphie filins,
These wnide melals sheuld e remeved  [Tom wastewaler belore
diecharge for envircoomental and econoomie easons. Although may
st oy lechnelogies, sucle as nctubrame processes wod choeneal
precipilabons, are nsed o remove levice melal one, the eleclralylic
prosecss 19 alltaelve bocause ol ls abnlily Lo ramove the conlannmans
al Tona eperating cosls. Tnoaddinen, the melals inoweastlevealer ane
reven orod Jor rewse A vanely ol cleetraly e eells have been desigued
Nelnz poros plate. packed-bed and fludized  bed electrode:, These
heee Tmpze surlace area and Lagh reaction rate per ol soloine |9
The cdevelopment of desia and eperaion of electrochemical process

gl deviers hos noaneanss] Loeely anan, well post te e when quaotitaisve

melhods wore milmaliced  relevanl e the design o orchiminy chemieal

processes, The rather complex wteraction between component phenomens 11

cells, and e T krid bachperowds mosetenes and eneinecringg necessay Lo

'y



nlerstonding, them, are probably responsible for the relatore slowness of the
doeveleganent ol e cleciroclinmeal cnamicerme, Labens (195811 2].

1.3 Scope of Present Work

The limiulations of s work are prescnled ss lallows:

The elecuochemical reactor to be sinulated n this work 15 o fived one-
dimcnsional perows Clectrode ceatbioded, enc-dimensienal meons that
cpneeltration, eurtent. and potearial are W only axially sa that the racdial
chanpes of these vanables are nepligible, Nes-lhrowgh clectrode {eleelralvle
1% pagalng w1 a direction picallel to the direction of the current and agalnst v
il ave 13 called counter esa i, the clectrocheinical rewetion siodied 1+ e
deposition of copper from electiolyte sahition of copperic saulfate and anlhne
aeid and wssunimg no sde reaction eeeurs, Tegton of polarzanon curve
shhed 15 the mised  eonlrolled repion (achivalion & mass Lransier,
condnetion withun eleerrolvte and metal pliazes obev ODhm's lew, neglecting
migralien clleels, hydrods namics o Uowe ace assumad Lo be pluz oy, the
ass tronster coefficient 13 assmsd constant along the bed | operatioe
Lemperslore 1% 25590, and clectialysis 1 done ader seady stale.

The aim of this warls iz to sy the fellowing wariables at warnons
valurnelrie Mow rate and boed lenzds

1. The coneenrration variaron wirth distanes (inside porensg sathede).

L. The coment changing (eurrel ta selulicon phase) wilh distanee,

Fr

. The renction rare witly distance.

A T overpestenlial variatiou silh dislance.

-

4. The prassire drop ocewming i the packed had,



Chapter Two

Literature Survey

2.1  Intredoction

When a chemieal tencliem can proceed spombanecishe viaoan onie
mschoman. 11 s possible o prineple o convert parl of the energr cline
dircethy e electnie energy willwnd, the mlenmotinnes «of @ hesl engine and
ganerator. Comversely . geme chiomieal reactions ean be made to ceour, via an
e mechanizm, by the addition ol cleelrie enerey oo swilahle eonrnesd
reacter svstem, Devices for accooiplislung either of thess ends are called

| deetroechemieal Cells [ 1],

2.2 Factors Attecting The Selecdon of an Electrochemical Reactor

Tt iz important o desion {or select) an electrochamical reactor for a
gpectlie process s Wel adeguale alention most be paid w the et of de
electiods. s seomerty and motion, eether with the need for cell division o
A thm clectrolyle gup The Tom ol te reacinls and producets and the nade of
aperation sbarch or contimums) are also unpomant desen facrors,

Tl desivable Fclers nereaclor desta are:
I Wloclerile coslz (low-ces] compsmenls, a lose cell vollaog, and a small
pressure diop aver e reaclor)
20 Commvemicnes md reliabaling im0 operation {desimed or Laeile

installatlon, manmenanas. and meintonng



3. Appropoate renction ensinesring ouuborn uel appeopriate values of
curmenl donsity. elevlrode polential) i ansport, and o
4. Rimplicin: and weraatibity, onoan elegant Jdeaizn, which s attractive o

Lhe wsers |1

3,1  Elgeivgechemical Procgsses (Faradaie amd  Non-Faradaic

Processes)

Twva trpes of processes coour ar electredes, cne kind compnses those ar
which vharge egl cleclrons) ane unslomed  actoss Lhe miclal—solutien
wnterface. Tz electron transfer couses exidation or reduction to ocoir, Sinee
s repelions are geoneemicd by Faradin "s Tawe e The amaount of chemieal
reactionn caused by the flow of current Is proportionnl o the amount of
electrieily pussedy they are ealled Jaradae processes, Blecomodes atl wloch
faradare processe: ool are scanetimes called charge transfer electiode:,
Under some conwdilious o grven clectrode-soloton nilerfove wall show a noge
af peslenlinls whare no charps transler reaclions ocenr becise such renclions
ary Lhennedviomoes Ly or kmeeleally wilecoruble. Llowesar, processes such
a5 gdsorpbiem and desomion can oeeur, and e smwehore o the electroede-
solution nterface can chanes with cliane e potenteal oo solotion com posieen
These processes are culled non-luradae processes. Although charpe docs nol
crose the mtertace wnder these conditions. the external currents can flow [at
those oausientdy 1 owhen the palentiad, electrode area, or solulien ceanposibion
changes, Loth  faradawe  and  nen-faradale proccsses oeour when
cloclrodde reaclions  wke place. Although the Jaadaie processes are wsaally
af prunay terest o the ovestization of an electrode  reaction (except
o ostudies ol e welore ol e electeode-soloution miterlaee el even

here the etfectz of the non-faradaie  processe: e be taleen it



accouwt w vsme the elecrochenucal data to obmaw mformanon abont the

charee ransler and dssoeialed reactions |11

2.4 Basic Componcnts of Electrochemical Reactors

Aomimple elacirochenyical reaclor is shosen schemanieally in Fie (2.01).
When an electromotive [oree (eul) of o sullicwend mapiniude 13 applwed
clovirem lransiet ooy bebacen cich clectrode and 1he hepd, resalung inoa
tlowy of electriciry 1o the exterpmal e and chemical reactions at each
cleclrodde, This phevomenan s relermed Lo ag clectrolyss

The potentinl difference Tetwesn the e electiode: caze a
mesvetnenl ol e reaarvely cliamed wos, the ameres lowards e sy
aleciteede or anode. Smolianesosly he posilivels charpged oms Enosen oy
catlions tuove Towarls the negalive cleclmode or ealliode.

The elechom Novee 15 M The opposite dirceliem e the eomveniomal Do
al” pesilive clectiieily bul nevertheless 11 1s evidewd thal mog chennea] sense
ccidation oceirs where electrons pass info metallic conduetor (at the ancde).
il reduetion where they Mew o Qe somie media Qot che catodes] 2.

The reactonr s Daguently divided inle oo compartmenls by ormeans ol
a1 ion exchange menmbrane mads of 2olid polviner or b a dapliragm which
mas miade ol poris plastie, potouws ceramie o gshoslos deposils on g e,
Adcorndinely the term amolvte 15 1sed o denote the electrolite solution w the
mwade voanparument and  catholvie desenibes e solalion i the cothaode

crm partment [ 172].
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Figure 2.1 Sclomatis diagran of a simple electroshermzal ccll [12]
2.5 T'he Mernst Equation

Bascd on the themodsnanmic reasomng, an cgualion can be derived L
anprady the eind of a cell i terms of the concentrations of reactants and
prerduels, The peneral reacton Livea galvame cell can be assuomod e be

5qd spB——5-C | 5pdd AN
1he ¢orraspondine changs of Gibbs free enzrey of products and reactants,
where On. reprosenls he molal ree enevgy ol substance C, cl.

AT = aniGp | 5o gy 1 spy (2.2}
A snmlar expressiomn 15 vblansd Lor cach subslance m e slandard slale or
arbilrary relerence glale, the symbol G indicating standard molal free cnergy:

s . et . et T Y EEY
i".':-} 1.:".1'.!'.-7.'.3'_':'l"r}f.'__'_{:':'-i'}.d +-E-I5\.{_-}HI ..-|:-.-'...:L_'

Y



If o s the corrected concentranon or pressure of substance A colled its
acvily, the dillerenes ol Itee coeragy Jor Ao auy pis o stake and e
atandand state 15 related o aa by the expression

e f_r'; OF }_ T I, — Y e N Y
where T 15 the aas constant (3514 T 5 amel By and T s the absaohie
leanperalure. Subtraclng: cquaten (253 oo (2227 wd equatmg
corresponeling seiraibies, 1he Tollowing expressiomn will ehlaimed

ALT A0 .r-:*'f'm% L2

R

Whan the renc o sl copahilamaom, there s neo ercleney For il uoogo, Aly =0,

and

where Kois he cquihbnmm constanl Tor e reaclion. Henee

ALHY = B Y
L the other bane, when all the acrvries of reactoors s products are equal
Loy cmiy, he lewarithon Lemin Boeores cora S L= 0and Ay — AGE
Since AG — ST, 7 Tt follows that A0 — - T, 7 T.owhere T, is the emf
when all reaetauis and producis are e ther stmdard stae Cuelivines eguad w

nty . Corregpending to cquaton (303

e L
) . L D] POy )
W =10 - =t By
] - ¥ M f
L s S
This 1a the Bernsl coualiom, which exprosses the exact el ol o cell i lemns

of activines of prochiets and reactaors w the cell. The acthaty a, of a
diszolved substance Ao oqual by ils eonceenbrations e maoles per thoowsand
gram: of water (molalicyy mduplied by g correction factor +, called the

aetivily vovlleiod. The aelvvile cocllicient 1+ o Toeton of wemperaiore and

H



concentration and, exeept for very diute solutions. mmst be determined
expornenilally

Tf reactant A Is a zas s activiny 2 equal to its Aweacity, approssimated
ab ardinery pressures bae lhe pressure inaunosphercs The aclivily of pune
soalicl 1= athilrarily sel equul oo wniz, similacds for o sohslance Tike wiler
whose coneenlrabion 1% csscalally constanl throughoul the reaction, the

ACTLVITY 18 seT equal to ity [14].

2.6 The Rate of an Tlectrochemical Reaction Amd Minimom

Voliage Bequirements for Elgctrolysiy

Laracay  disecvored the o lows which express the relationship
belvcen ameunls ol produel Tomed dumne elecirelvsis sand e guanlity ol
electricity passed. These can be combined in the fellewing statemenr: tle
Passan: ol DEAET coulotuby thraugh w clectrochenneal reaeuor produoces m
Lsslal oome ararn eqrovalent ol prodiels alan electrode.

= Xl
’ !

L

T esmunare the electralysis volrpe weoguiremeants tor a plven process. 1t 15
tselul Lo comsider  Lhe process al couilibriam. For oo siopele clectrocheaocal
[recess in which anby ane reacticon oceiwrs at each electroade, it s represented
bre Lhe sotchiomietre equealion of the neaction

Fioure (2.2) ilhslnle: a anple reactor 0 owhich the cleclmolysis akes
place, The reaction represented by equatien 2.1 i unnatural process ar
levnperalure and  pressure ol lhe ccaclor wilhoul applicd weollage. s
natiral stote 15 comvernently represented by the positive sign of the free

ety charee of the redetion, A |12

{2
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Fipure 2.2 The voliagy compoaents m oy single compurimynl
electrochem ical reactor [12]

{al Tmle curmenl (b Lero cumenl

When the applice veltage 3 ¢ decreased untl the current lustrated
m Fied2.2) s reduced wosera, the soluoon potenbal drop necessan by
dizappecrs but the twe intedocial potential differeace remans althouph they
are deeroascd imomagzmiude. AL ths soro curmenl condibion e voltage apphed
keops the svalem gl an cquibbnum stale, This vobage 13 e monmwmn
clocirolvenye vollage. AL equibbrium e [ree energye of the svslem 15 a
mnuniwm and wider Gs condiien
HMs =5 gM g —F oMy — ey 5P — 5l W A29)
Where pwa up, se nd upoare the chermiceal polentials of speeiss A B, O
ancl T respectively, g, and pg, represent an electren consumed and produced
al e calthode and snoce respeclicely as mcdicated m Fip, (2.1). Subsiilulion
of ecuat on (2.2 into equation (2.9 anc. rearramaing aives

-"-‘-G—I[I~Lq ~ Mg | L2

i3



Arvequilibriom the cliemical potentiol of an electron o an electrode 15 equal 1o
he elicneal] polertial ol e electroTo i the adjaeenl povwer supplys etnarils.,
Thus one ean revwnte eqution 2 1008 as

A=zl .
Tapaation {2011y enables the miniomm electralyzing vwoltane tor a svsten to he

catlendated e free cuergy dula [12].

2.7  Polarization

Toslarisalica 19 the departure of the elgelmode polentil {or cell polentiall
Lomu thee weversble (e Mansuen or equibboom valoe vpon possupe of
faradaie currenl. The  larger iz deparhore 15 the Targer The cxlenl of
polarization 15 said @ be. The ideal polanzed electrode shosvs o very larce
chanpee i polental apon the passape o an minilesingl ewrent: tos desd
polacizabiliny 1s characterized v o horizontal repion of an - carve, A
subsbinee thal lends le couse lhe polental ol an clectrade e be wcaner 1ls
aqiulibmiwm value by vithie ol 11 beimng oxicheed or reduced 12 colled a
depalarizer. Anoidesl nompoloealde cleelode o adeal depaolamirzed electimode)
13 s an electade whose potential odees mor change doe o passage of
currenl, wt 13w cleerode ol lsed potengal Noupelaocalality s
charncterized v a vertical ling oo an -1 cwrve The extent of polarization s
micesired e the eeerpolentiad, . whicl 1s the devaation ol the poteuial Trean

Lhe eoqpulibmiurm wvaluwe [

H



Figare 2.3 "olanzation of clectrodes: 1deal polan zation clectrode to the 1ot

aried Lo e raehil wdes] nonpoloteation elednsde [11]

The electralyzing valtage for a typiea. electrachemical reactorig expressed as
V= Ve F e Fiaida I'-.:'.I.Iﬁl
where 7 and 7, are the anodie and cathadie overpatentiala , Vanmie tepressnta

valluge cunlnbulion Jue o the salulion resistunce 117

L. T.1 Activation polarization

The clectrode kincties will be commeneed by considering the acneral
elevirode reaclion, Al equalibrium
05 pecy RS b
The lettors £ and R represent molcenles of an oxidized and reduccd specics
respeelively  Uhe syuibibnium of the reaction s dislurbed by oallenme e
cloctrosds potential.
The vurrenl whoch Nows when the elecirode s politeed catludiealls,
represents Lhe dilferenee belween the rales of the Gorwwrd (cuthodie ) and

reverse fanoche’ reactions (The current density (current per unit areal, 1



prenemion rate, wlich will be consedered o positive quaority 13 1o tlhis cose
Liven by

f=F =i, . R
where 1, 15 the partind cument deneaty Tor the cadwedie reacten and 1, thal Lo

the anmdic reaction, Tiv amaleoy with chemieal kinetics the rate ot the forward

Teactior eart T weritlert as

i. - a7
B e L2130
alf 2 1] . :
i:? _ﬁ. I " J_? )
;— al- &, S IR T

where k, amd I, are the electiochemical rate constants and O, and C... are the
concentration of Boand O ol et pend elee e e clectorode sorlaee
respeciively where T 1z dhschimeed, nler <ibsiluion

f—zPh oy =R R
LI AdTenhonius epe ol rale consenlidelnalion energy relatienship, te
rate constants 1o and k, con be expressed 1n terms of the electiode potental,

which s wneusore ol he leee energy teguireineuts, by the lomnulas

ki, A2 gy VEE ReAEy

. o .

b, =k, cap {-apFE el L
[

K2, amd 67 are stnderd tale comstants relerenced 1w some paricular eleebode
poatential. Louations (2. 15 and (2. 140 waply that a fraction, el of the cathade
polential 1z clloelive o proesnetmye the cuthodie process, the remainder
smppressie the reverse cancdie ) process. Lols measueed relative o the SIIT

Al Lhe gueantity wis relerred woas Lhe lnoesler cacllciend.

)



The forms of equations (2.15y and 2. 160 ave such that o pasitiee thorease 1,

Al berwes 118 aclines od Ty moaking B onore nogative.

Moo elnmimation of rate constants
_ C—azR | ) | —alerr | .
P=al i enp e i|f_ oY =k -£’.'l.i,|'.1'|:|'L }Iz i|f_ R L2177

Al eguilibrium B — E g the bulk couccutraions ol G and K deneled by Coy, g

{lrey respectively are nnitornm throwbheant, and 1 — 0 =0 that

Al - u:FE"}:} . il IIJ‘ — Lt }:FE-.*:_? .- . Ers t
=FED aep o e, = 2Fhy oy o Cq. =1, L2 LR

where 1,158 called the exehange cwment densily and represents the mles ol the
tarware ancl reaserse reastions at opailbrim.

Substitution ol cquation (217 mbo {2 L8] wnd rearcanee oy es

P = r'-;-'l :.-ﬁf t’-’xp-_ r:;f.. " :,;.-R‘ v.w|:|:] _;:2_3('.11] } SRRt
'rl.ll: = - . |':'_;: :

Lauaticar ¢2.149 2etvies a2 a general oxprossion for the rate of an oleetrode
reachiom i erms ol cleelreds overpolential and knewn as Buller-Yolmer
equation |13 Fig.2.4 shows the seneral form of corrent  densaty

averpilentin] relutenshipe piven by eguativnn J2.19% lor bath cathodie and
anadic vverpotentinl. The lack of svmmetiy hetaeen the anodie and cathodic

parions ol the coeve s guile milenhionad sinee o sanmoctineal plot can endy

sl 1 = Y and Ceg= Uy



I'igurc 2.4 Current density 7 potontial variations for cathodic and anodic

polaricsion of an eleclrode [13]

2,72 Concenlralion polarizalion

Ta cansed by changes in the concentrations of species participating in an
electrode reaction. When a eurrent 19 passing, a depletion o aecummulation of
00110 3pdeled ooeirs mothe eleetrolyte solution adjaeent o an clectrods T he
elecirode 1 ey surrounded by g soluaon of dullerend coroposiion Lo Gl in
the hulk which wonld cawse a shift i the electrode potential away trom 1173
cguilibrivnn walue, The overpotertial  will  evidently  reduced  if the
concentrationg of fhe paticipating speciex cloze too the electrode  are
maintained asz near as possible to their valuea in the bulk of the golunon This
15 gcvomphshed bu meunngs thal loph rales of mass cunsler beleeen e
electrode and solhation tmll take place by means of shrnng o flow ot the
avlittion.

Thi larger the eurrent, the amaller 13 the swtaes concentration of 1ons,
or Lhe stoallior s the €, herelome the Loroer 13 e cormesponding polarisalion.

Infimte goncentration polatizabion is approached when O, approaches zero at

I8



the clecirode surlaes; the eorresaondme cumenl densily prodocing 1hiy
1 ting Towser walue of Oy 0 zalled thic 1 miting carrent dens ity, olnsions v, in
praciice, poelsnzation cun reach malmily; mstead soether olestoods eweion
walublizhes sell @ w more aclive poleniisl thun comesponds oo the Lirst

reactinn [17]

2.8 Tvpes of electrades

Eleslroddes are clagsilics mmlo o Lvpos decording Lo epoeralon Ly pe

2.8.1 Monopalar electrodes

T Fig. €251 a'te netive © cotrodes ars connected to the apposite possrer
supply lenmunals grvmye o oeober o moreces] teuetor umits cleelneslly m
parallel swith one ancthar. This eontiauration s refeorscl to az monopalar
cannectian and in T s gsystem each unin apesars ar the same vol-age et
currert eing the swe of the indradual anit carrents. Tn practice a namber of
menn-polar stacks will often he connected 2lectriezlby in poralla’ a0 28 w0 he

cormmpslible with the msin electoieily sepply wolage

Figure 1.5 Zonopolsr coneclion ol elecirodes mocleelroclhrmios] teacters

[7%]

1



2.8.2 Bipolar clecurodes

Bipolar glecirades are elecuonmically conducuing particles that muszl be
solated from cach other.

The alternative conficwation of Fige (2460 i3 lnown as hipolar
conpnechion. Here only the cnd eleetrodes m the stack are comected to the
power supply, electrical contimuty being due to heth intermediate electrolytic
mul eleelronie conduchow. Lach clectrade excepl Dor those al cach end s
functions as a0 anode on one face and as a cathode i the other. Thos every
(RELS a|r.|_i et clecivodes and the iTllur'rg:Tlirl;.:_ sl uliom 15 a singlu winl us with
mennpalar connection. Fach reactor unit 15 elecorically in series with che
alhers and the same curren, Nosws thrpugh every wunie apan, From leahage
currants that ceour sometimes between avery other electvede. The totul
vollaee Jiop across 2 ipolar slacl vs equal 10 The gurm o he iondivigluyal il
viltaaes und conncetion of stacks 1 paralle] to the poveer supply 13 fregquently
adopted [12.15].

DBoth monopolar and bupelar methods of connechon are cxtensively used.
The bpalar system 13 preferred becanse fewer electncal connections are
reygutreed mul Dess power dissipation oesurs nn b cxlernal circuil, Cho The olher

hand it ean be ditfienlt oo make [1Z2].

1 F----1]1

+ -H |-H |-H |[-H -
+ —H -+ --H —H =
-H |-H [|-H |[-H s

Figure 240 Bipala connection of eleclrodes in elecirochemical reaciors [13]



2.9 The Three-Dimensions] Porows 1Clectrod ey

The application o porous cleetrodes of high speoitiz surfaes asca and
mags lounsler eoclielenl s 9 promusuyg approach by elecirechemied] procesy
intcmistfication. At prosent, porous cloctrodes ase commonly vsed m o shermesl
puarer suppliss, fuel eells and meul exloaehion loom mdusiz-al solulions and
wastzrater. Tig29-a Tlaw-throvah  cectrelye and  curent passzd  in
woguwrently, Liw 290 shoes o Dow-by o Swo-vmnpusimenl reseon amd

Fip29 ¢ saows o Llew-through sinele comparlnenl reaslor | 15, 15 and 17].
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Firore 2.9 Toreas clestrode cont avraticns [17F, 15]
i) Flowe-thronsh elestrelvie and curront passed noeos rrently
(1) Flosr-leye farn compartment reactor

fal 1" owi-thrms b eleatralyte and anrrent passed in conntaeanmrent |y

The train prob e m pernex eleclnsde ey w The seachk Do
condilions presidize e most clllewnl viilization of hewr adended suelace
Lo lhe parlmranes of lhe speclied man process, _hese  eonshiloms
comnonly mevalve dlaimnienl ol the most vadoems potents] diseibulion over
the porous clectrode dexch 16],

Ul maportanl charaeterislies ol lhe docoas cleeleade awre wxplamsed

Tz loss



2.%.1 Porosity

Tlee poresite ot wiid lraclva 1 one ol mopsrteand paraoelers el g

packed bed, 1s Jdetied as tollows [14]

rafimrs f seeicde de Desd . .
~ ! £2. 205

botal vokwme of bed [voids phs solidr)

2.2 Specific Sartace Area

BT E 3 : ; 1-
The specilie surface aven ol aparticle o inm s deiined as:
A :
o= — L2200
i
. .. . . . n . - -
where &, 18 the siwitace area of a paticle in m”and ¥V, the valume of a particle

¥ 1. " . .
e, Therelore Lor sphencal particle

) . ;
= i L2200
where d s lwe parbiele dismeler in o me For a packed hed of non-sphenieal

particles. The effective porticle Jiameter o,
2,03 Shape Facior

Whaen portele: mopachod bed ave ol vregular shape, e eguovalen
dizameter o a partiele 15 delmed g5 the dimeler of o sphere hvimg The same
valurnee ds s parliele. The splietieits shope laetor ool o parliele s the ralio
al e surlaee arey ol this splere havioe the seooe v olome s the parlicle o e
actial switace area of the particle. Tor o sphere, the siuface aren 8, — .

. % : = : 2
ancl the walwme 15 WV, = adp'#. Therelore for gy parhicle o - =l 5 119
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Table 2.1 Shape tactors for differenr shapes |19

Shape Shape Factor
spheres Lid
L ubes il
Crelmders Jp = T (Tengihd Ry

whoere dp 13 e deaneter feguivalent diznetery ol Qe splicte having the samnwe

volume us 1he parhicla

L10 Advaniapcs ol Porous Flecirade

Porows clecliodes Luve mnneroos iwlustoul applications proonanly
bocause they  promale mamale conlact ol The clectrode malerial with the
alution. Speeitie factors are as follows 200 21

|. Twrens electrvde provide a very large electronde area in proportional to

ther st feae, T e volunwy med his is severad dines grealer i

wigeniliede than 1t Tor nem-porous simehoe (el nel greater than

10" m'an” for a parallel plate svstan'

]

il le=Tapeer ddseapliom comsihes e basts or nevel  scparalion
processes brvolving cvehng of the electrode porential. Just as W
vonvenbonyl Tod-sehid adsorpaon, o lngle speeilie inlerlaein] grey 15

¢lesaral:le,

23
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. Lpatant reactants mov be stored m the solutlon o close proxinity

e clechode sorlaee by mcans ol poreus: clectrodes, This pennals
sngrained hiah rate dizcharaing of the lead-acid hattery.

A dilule contunment com be remesed olectvely watle w Cese-tlirough
potows elecltode, The proxmmity ol The MTowing stream 1 elaclinode
surlidce 15 o gain imperlant,

siular rpuments apply to oen-cenducting reactorrs of low selalbility
Tlumn amether salid phose des i balleries) ar e phase Cus i ol cells
mey be ineorprtaled inle the system, or the teachinls may be dissolved
arid Lerasd Lhreugh Lhe porows cleclnads,

The cempchess of he perous cleclrode com reduce the ahmie
patearial drop b recoeings the distanee through which the surrent onst

[Texna.

Previous Worls

This section will be mamly concerned with the previons works for

miandeling ared simnulation ol poroons cleelrode cleclnoschomiea] neaelor weorhine

at both activation eortral process and mass transfer contie] proces:.

Tlue st weerk on modeling of porous clectrade Teactor was doue by

Bewanan aopd LTobas (19629 22]0 desonbed the behavier of ane-dimensional

porouws clecirode JTom o macrescopie ol ol view and developed  penceal

eqatlens oo the predwetion of current distribution and reaction rate 1 wuch

clecinede, epardless e geancetry ol o clectrodee,

el 197 10[23] denived an equalion Tor the polential distnbhion m

Lha potous clectoode waorling under lumbing curment JTor he eowdiion of

Motz sl nhiom. Also he oblaned anocgqueation For the olmie polenig] deg m

the golution betwoen the tes cinds of the porous eleetrade.



Adkire and Gracon (1973924 had wvestieored expernimentally the
Tenion ol aperaling conditans whore tass ransler restnelions alleel belesior
and developed a general mathematical mewlel for floss—throaaph porens
adeslredes Tor taa sy st Urst 1 the depesition ol copper and the secend o
15 The redneion of Temeyinicle under Timilimg cirrenl

Caocurel, Hutin and Crumad (19700 23] stwdied the Rxed Dese-Uroueh
electiodes when they ore wouline near equlilbrivm, Le. ot w loecal
averpalenitinds inoerder W detlemmoae, o Tecal ovapoteniiels icasurenienls,
the wimditions in which the elecirode s working os o 2 o d-dimensional
asheslresde wndd w eonpare ke resulls wath theere,

Trambam and Mewman (1#77320] developed 8 mathematcal mode]
for floa-tlrauah porous clectrades oparating above and belewy the Loutine
currenl L o specilie gpplicalion L melal-ton remeval Trom dilule streams.
The model assumes that there 1s ohe pronary reactant specles W an exeess of
suppaarling: clectralye amd el g stoodlaneeos side teactiou iy aoeur.

Cinmand, TTalim, and Coewrel 1277027 mvestigaled expermenlilly
Lha et solutiea polentiad distnbubion vathon Oewe-thieouegh Daed eleelrodie
imder limihing enment conditions Tor a sabhon of abon 0001 B polassiwm
lermey umide n 073 N oaodinn hydoesade clectolsie, Thes canmned bed
Lhepalms of | and 2 cm, the bed particles they used was consists of araplute
splictival particles plated with kel and 2old segeecively, Thoy cangsed
theit resilis with o thecreten]l model which was in o agraement walh the
aparnncrda ] wesulls,

Tizch and Meveman 1934 [17] made a Theereheal eompanison bebaeen
tlowv—throneh  and  flow-by confienration at looibie  cnrrent usage the
maxamum solulion-phase potentia] dillerence as basts o companison, They
conchuled thar at low corrversions. a tlow-by electraede 15 favorable, providing

1l can be cowstruelsd wilh lenglb=to=vadth wale prealer tha cue. AL oeh



colversions. however o flow by oelectrode 1s fovvorable of the ratio of the
clecinsde wadth end penetration deplh s less than 2215,

Taalawd 1955 [28] mippested the valtape balance (VOTTRAT) model.
wlich 13 besed wpou the averal] Tecal voluge Talanee aeross single cell and 15
a ome-dimensicnal  simolation eaxly modiled Tor dilferenl lypes of
cleclrowhomical reaclors (al plate, poreuws cleclrodes). She companed her
tdel witl a neceons Two-dinensional tedel suseested by White,

el sl ad wearleers L9970 29 prosentod an clecireds e cell walh
porons cathode of relewlaed vitreows carhon (V) designed 1y remove
madals [oan wgqueews streas by Mewmg suoulaled  eUwent inetal wen
conldinmg throngzh porows cathodes.

Masliv and  Podduboy (1990714, 310 prescmed a  mathemarical
sivnulution ol g love-Lhrewszh porous cleelvode operution on Lhe Twsis ol a ene-
dunensicnal medel with a unform cenducting matrss and a cathode process
imvelving Lhe inaim wod s:de reacaon fue hedrogen evaloagond, they sl
comsilerad 1he case ol comslanl meta] elecirical condietivily then vanable
miadal eloctteal condueavi,

Himsom and worhers (2002903 1] desenibad the elleel of parsmelers
sewnmenl iwienste, pulse lregueney . catbwde Trpe and o zale ol saluliong en
crppel recovely 11 3T (see chapter thuee’ reactor eonstinicted of eroplute bed
parbicles wiod o couwler cleclrade made of Waniwn coned wilh ruthenim
oxide. They ohiinad the oplnmom corrent densoy apphied and opianmon podse

Lresgueney el Thoey wsed o svmlele soluton,

24



Chapier Three

Theory and Computer Simulation

3.1 Iotreduction

TTis chapler 1z dealine wilh oo calewerics, he Lest ene s teeny ol te
packed bed electiochemicnl reactor and 1ts 1se 10 wiste teatment and the
socomd vcalerory 1% dealing sl Qe snnolaton ol the peched cleetrocheaneal

Tenc o,

3.2 Heavy Metals Recovery and its lmportance

FMelals comamnmion 1o proeessed woler 15 o sriows problom Lor
several indistnal scelors sueh as swlee reiiment, eleciroplaing and the
electiois ndusty, The ontler wastewater from these ndustrial processes
narmally contains i melal concentralion lugher than the aceeplable Timl scl
b law, Therefore, the neatment of contaminated water before it 5 Jdoectly
dscharged s reguoimesd e order w redoee Lhe winaunt ol el e an aceeptable
level [97. Tnodls dinly operation, the eleclropluting indisiny ceneniles a
aenficant sanoum o dselurge veaker cealaiomy easy imelals, Llesey watals
are loxie 1o I orgamsms and wend woaccmndale mothe ervvirommenl oner
aperied of tune | 32]. Lhe toxieiny of heosy metals ha2 bean koowen for maney
viars, dand the elinical symiploms ol prelonged expesore 1o 4 heayy melul-
contunated ervironment are well defined. [leavy merals enter wareranys
vid o elllouenl discharping o electropelabinge, mictad  Amshinwe,  cxplasivy

proments and pant producing, and metalanechanics mammfacmiring indumrics



 general. As ooresult of hugh towaclty, the concentiation of hishhy tosac
Ticlallie o ne dnnkie waber 18 restrieied o ppb, Besides thal the prospesel
of recovery has attracted interest among mdistrnies for ervironmental and
sanone resots. Lor esanple, aluable howes metals ane reeyeled and
reimed while the owlel wiler 15 pmilled s discharae 1o the enviromment

124,

3.3 Theory and Application of Pacled Bed Elecorocheomical

Reaciars in Electrodeposition Progesses

Infferent tvpes of porous clectrochemical meactors are used m the
cloevireadeposiom processes and Tl s bevawse ol Therr high cliheienes, high
conversion. They are classified according o the packing tvpe and operation

miesde Chxed bed or Nudised bed

3.3.1 3PE Reactor {Pulsed Porous Percolatenl]l Reactor)

The MT reacter con be considered s a compromise hetween foged ad
Muidised boed reactors. [0 compmesed o Tour compoeucuts | 31
. A solid malris compesed of partieles that act as volnmimsal cathode

conlel vy thies curzenl Lesder

]

Aeenmiet clectrode or anode having a small geomelnes] surliee arca.

LY ]

CA clemlation pump s nsed oo elreulate the eleerralyte o the svaem
Uaresugeh the granolar bed.

4. A pulsaruyy system creores movement of the cranular bed m the reactor

Lesreanag Lo rowerucnl ol nelal-coated parteles Lo e Taatlean o] the ed

and avowdmg the problem of clogzng,



1.3.2 The Porowns Cathode of Reticnlaved ¥Yitreous Carhon (EVC)

The RV reaclor i wsed Do malorials aving the Tellowmpe properics
1. Chemically and electrochenueally neit over a wide range of potentials

Aand <1 i wide range ol chemiacals

1.

. [las a lugh surtace area within the poerons stenue thar 15 accessible to

cleelreshouneally uelive species

1l

. Llaga tugh flowd permeability
d. L& casily shuped ws required by eell desipn constderalions and heae saood

mechanical resistance | 249,

3.3.3 Fixed Bed Tlecornchomical Reactor

Thizs type of pached bed reaclors eomsizls of a column contaimne the
carlwade ipaclked bed or working electroce) amd apode (connter electrode)
placed above he calthode, The anode may e ol dillerent tepes (perlorited
plate, or oaootler pocked bedy o present work the anodic renctions swers
dscarded beeanse e auode 15 1ol allectiuw e Raoetes ol the catlvade Tl i
L5 sl i enrmenl sonree. The electirodyvie solidion is Towine wpraands Tom Lthe
upslrenin (ool feslery threugh the lower hole of e colunn pussimyg
threnyeh the cathode where The reachon = ocenming, Then the cleclnlyvie
walution leasqes the cathode and pancteanes the anode to leae the ceactar at the
dovenstromm. The cirealation ol the clecirolvle soletion 13 dene by a QVFE

puamp. Fig 3.1 demonstates the fixed bed electrochemical renctar featires.
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L preseat work

3.33.1 Hydrodynamic DParamelers ol Fixed TDPacked Bed

Flectrnchemical Reactor
Tae main avdrodvnamic parameters that are related to the tixed hed
elootrecheresl rometor are veloony chanere, porosiy and s charoe, b
Prossie drop associaled wil the Ceorease moporsly,

Pressure Drop

T peners]l cxooression _or prossure deop theough porous medium (o
this woorl pacoed el was staled oy Boar (19727 |33] and 15 exprosscd as

wicely secepled i the Fallowne Tormula

Ky
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[l 1z seen Ml e pressure drojp 1s dircelly propociional s the Nod viseosily p

and wversely proportional to the permealbolity of the porous mecdm, 1'm.
Effect of Pore Closgings on Pressure Drop

T elleel of pore cloggmye on the Tndrodynamies ol the svstem vvas
avaluled based on pennealahly (P aod Gwewor o dlbe eoelTraem Tor
methial forees), using The gqexlrabne Forchheimer coqelion, which can he
applicd to high rates of flow theonglh o parous medonn | 34]

Adr fakp
s ﬂ_'_r,I:::le“:

= - ' TR
L Fr) wFPm '

wlhere A 15 the pressawe drop (D'ad, Los bed thickness (nb w18 electrolvte
Viseosily (kam e .flx P s electtodlyle densiy (kam '-‘_‘.-M 215 glecirode poresily
non-dimensional), D'migy iz permeabilice ar given = m'h cicl s
Forchheimear's Dieten o al piven s oamd wo1w the superhcial veloeily of Lhe

alectivlvte (m.g ).

Dertueability and tactor ¢ e poresiny-dependent and tor sphenical

shigpe s dependernee 15 shoswa Belowe | 33]

4
=t 3.3
LA0 -]
Ta -
c'{5]=.|'— oA
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3332 Kinetic Parameters

The mssl mapandant kmehe paramelor necdsd o repeesent i this woth
1y the mwass transpart of capper lons thooush the electiolvte o the packine
particles ol w calheds, Reconsidering the simple general cleclrochemieal
reaction

R i
The mechanism of masgs tranafor s oeoncring 432 uathe following stops,
L. Rlazss hansler e, ol O lvom Lhe bulk zoluton w the cleclrode
surface.

2 Pliserom transLer gl e electrode surlaee,

rr)

. Chemical reachons procesding or tollowing the electron transfer. These
miglil  be leanegeneeous  processes,  sweh os prolemncabioun,  or
dimerza o, o helerogenceus, such as calalvie decomposion on the
clestrode surtace.

d. Olher  sorlaec  teaelksns,  such as adseaplion,  deseplion,  ov
crvstallization i electrocleposttion). Fig 3.2 Mlustiates the above steps
sehenalivally

The simplest reaction: mvalve anly mass transter of a reactant to the

eleslnade, helorogenoeus dlectron wansler nvolving nen-odsortssd spocies aod

masy transfior of the produet o the bolk selumon. Sdore comples reacticn
segueness velving a sores ol cleelren lranslers and protonations, hranching
nechanisms, pavallel paths, or moditications of the electrade siuctace ae quite
cotution, When o steady -sale correnil s oobluned, T vales of e o1l reaclan
alepa are the same. The maniliele of this ciworent 15 ollen limiled by the

wnherel sluggisbnwess ol one or wote weachons callksd rode-dewerarring sieps.



The mare facile reactions are then held baclk from maxinum rates by
the zlawnes: with which =ich a =tep dispozed of then prachicts ar creates their

participantz [11].

Tolerdnvn il Tlarc
Chendeal

K eavlium Lramsler

O

)

ne % ] l Elearon omomster

a

Figure 3.2 MJeclemsm of mass ransport of 1o [11]

bdany warkers have attempted to model convective mass wansfer n packed
by by considernug wy solabed prarticde and e Qo Geld arooad al.

Although thecretical predictionz have a common analytical form the
mosk el milermmalion s el abbamed caperimentally, Tarbeidarly relevanl
Are The kil Tolla el TTanmainy | 36 ablamied elecirochermically [Tom 2 sansle
spaliere i randorndy packed bed, Tloey Coond Qo

L . L7

| [ U. L5 ] _
: Y

.|I_--I [ E‘|} i

- b -

Lo | _1_4:]1 wdp
St

Whers o s e paricle digmeler sl wig the siperfieal veleoiy based on e

2mply cross-seciion ol he bed, T lion 135 apphes [or Reynelds mionmbwers

a3



hetween 35 and 142, Abene e — 142 they reconumencded alreration of the
constant Ly 15389 gud the Reyuaolds uomber poweer 1o 105360 Haguatien £3.57
crrresponds to non-electrnchemical paclked bed data.

Tl amenst teliabsle estimate of e rate of mass wamsfer oo pachaed bed
appears Lo be Thil chiamed By %ip [37] Tor Ke =000 walh 35532 ich diameler
sphictical parlicles

L
L3 L ST

"~ : - "

1]

- - 1 ) .
o LS w0 1|' A
Dp,

L EE)

where & 13 e poresily and Qe enc-lurd posoeer eu Be i cguation 0377 1%
irelicilive ol Slokes Now. For higher MNoas 3 Heynolids number power of one-

bl weoalul b analyenpated. Corelations for poclesd bods modwe rogas 0] < B

-=

-
-~

23 dre naoloevident m the Lileralire.
Livngomm |31] and workers obramed an empirical eorelation focr the
mass trmsler coclTiweenl o lxe

- B I'-: -
kol LA g dp e

"\'.-'."

Lo .
" AT
i Lo L

L

ier Te helween Goand 16 and Se = | 305,

Lior packed bad electrochenucal reactar that 12 aperated for reecvery of heavy
melals the most prelemed corelalions m o many sioalar works aee e Wilson
and Cenndsaplis |3%] correlations |24 26] becanse of the foct that o
clecinsdeposition process the ponesity ol Qe bed (eathode) deereasing and
aince these correlations acconnt the posoziny as a variahle =0 they are

proferned b wae as shove e Table 50



Table 3.1 Wilson and Gepdioplis Mass tronster correlations | 35|

[aiticles

{eametry of o
Fauialicen
Pt 5o lrnislior eygualion pricking Validaly ravyes
_ o ey
[articles
Bl of
- B I _ 10 M = L300
o LI Hy 1A 25 apliericul R
] LN
particles
Bed ol .
I S Y1 B P I : LLUUTG = R = 33
Bi=—= fe™ TR spherical o _ R
oo , L% = e = TG
Trarlicles
Foed ol i -
k£ .25 VL e _ 33 = [Eg =2 1500 _
G- e M g spherical _ (310
Wz L = g = 10640

24 Simulation of Electrochemical provesses

| leetreclwmiea] processes are comnples hocawase They uvolve oany

JditTerent smnulanzous phenomen: dimng the passioe of an elacincal cimmenl.

Conduet of electralvais brigs about, for examypple, charge transfor widun the

douhle lay et region, structiral viralion of cleehsde siwbce, chmie resisanee

effects, aul mass transport limitations of reactants and products o naoe a

Leve, 1Tz relabive nupeorlomee ol sueh processes depends wpon the geouwetrs

and enerent density, Beease the reaction rate along the suctace 1 oenernlly

Tl umlorm, the relalive nnpetlance ol such processes can therelons vary

alromizl wilhin o cell [29].




Lo crcler to perfonm o theoretical anolvsis of such o complex prablen. it
15 Teeds=ury W cslablish o moode] thal sevowms Lo esseulid] Lealores al an
achial elecrivsde withoat acing inbe exact peametric details, Tthermore, the
miesde] should be deseribed bee parmoelers, which con be obtaued be suitalsly
annple physical messirgments. For example. a porows malerisl of arbitmany
randemn sruelure can be characlerizscd by s porosiy, average surlacs dred per
it veline, volume overase resistvine, ete, [20].

agpualienrs deserilang the cleelrochomiieal reactor behavior are alwars
differential - equations  pathicilarly second  order non-linear diflferenhial
aqualicars, so o order Lo prediel the behavier ol au elecioeleneal reaclor v
el b sobhve These cquabion: which reaguire the e ol numericiel mcthocds
hecause thore ig no analvtieal method which can sole then voless eotain
assumphions arc made, The nwnerical melheod which wall e used 10 this work
15 the fimte difference method. There are many computer programs utiihzed
Losr engiuweering  calewlaliaons ke MATLAIL In the prosent owork dw
priseramrming langprage wzed 0z Vsl THasie 6 o0 selve The diflerenhial
aqualicus seeording Lo predelned nunerieal vnethods "Ulas ehapler 12 dealng
weilh the niomericsl methaods Tone The solobiem of the differenbal cowtions
wavennng e packed  Twd  cleetrochowaeal  reactor beluevior and e
prosrarrniog laogaaas that will be used to sobve then,

1 = snnulation thove wenn cateeories will e soowlaled, Drst s Qe
physical paromelers (poTesily chanpes, prassice drop ), phesical properies,
il e thiml calegory 1: the bl poumelos which ame concoiralon

Jdizimibdion, cwmen ! dizinbution, polenial and reachon rale.

I



3.4.1 Simulation of Porosity Change [nside The Packed Bed

The vpe ol parbiele peomeirys wineh will be shidicd here s Lhe
spherical pearmetoy as the porosiny of parmicles depends. on the paticle size
sdiwmetery. For the pressure drope i wus shosn i chapler three Dl the
pressae deop Woa packed bed depends on owvo paameters; permealility and
he caelMeient ol merhial Lorees wlinch ane both Cuoelen el the perostly . Leoew
the pressure drop 12 a fonetion of the poresiny

For apherical parliecles the cgqualion thal desenibe the change ol porosily
with particle and reactor dinmeters 15 glven by Icnas (194930 | 0.

u=D.3T-’:i—I].3-li LAY

Ty
where
i 21w Lhe parbiele diameter

Tap s ia the hed diamctier

The variation ol peaosity with distance may ke deduecd Dom he global

maad balanee on a porous wmedim | 341 az follows:

where @, 1% The mibal porestly ol the Bxed bed (non-dimensional), n, s e
wutial mass of copper o the electrolvte (ke 2. 13 the Jensiny of the porons
malra, Vs the lowd Tixed bed velume, O - o 1 the copper conecnlaticn
in  the electrolyte  measwed nstantonevusl: (kmolin' and O, - o is its

waloe ol Lhes tralet Lo the reueliar.

37



3.4.2 Physical Froperties

Physici] properhes wsed are oblamed om ilerature: amec There are o
expliclt correlatiows o these properties therefore cuarve fitting 13 needed, Lhe
levaperalure is kepl constanl sl 25°C Qsethormal eperation?. torelore Ui
following properties are fuocton of molar concentration for both enpre

sullale ard sollorie aeud.

3,421 Electrolyie Trensily

Lhe denzaty of electrolsvte solution 1s obtoted ot 2cveral concenmations
ol vopperie sidlale and suliure seil. This was realiacd wsing he ChemOC Al
softevore. the methad s explained n Appendix 13, the esaltioe equation wis
=108, 2624 6 LG 5o, — 13 M g, +

aaaaa

-
ad
)

TN e, Mg, J' - 1S0A,

DAY
ity
3422 Electrolyte Viscosity

The wiseosily o clecholyle soluton a3 a lunehon o molar
coicentration of coprle sultate awd sultorie acid was obtalned oo sioular
T b ClictnC A sallvedre, See Appenidas B

n=-3 <107 + 223 07 A o — B3 10T My
304

b B L e ."
Tl 14 o el 22400 -"1.'T-|.’:“-:"-.1
B3l MM s M gy [0 - DO0T0EM .

vty ol elecbolvie in ke f e s
Melp-azp s WA linr comeanirition al salliree aeid moamol § ler
C

bl yyqe Mdolar concontration of coppene mltate 1o amol £ htor



3.4.2. 3 Diftusion Coeflicient

Losmyg the mcdined [omm ol Slohes-Finsicm eguatieom given n 41|

-
i N
}T' = {lorne et O N )

Since the operalion s 1sothermal (eomslml lemperalire) he above eqoaliom is
reweriftenn asl _uf”'1 =cvres e The copstamr value must be evaluated .
TTamsoim et al (2002 [31] evaluated the diftision coetficient (T and vizcosity
At 2507 for cleclrolyle consislz ol sidlurie acid amd eopperie i o be as
tolloas,

13=58*10"" m? fsund 0 =929 % 140 haim s,

The constant value will e 2 36 % [ T_. therafore the relarioen will be

N [

pt! L4516

3.4.2.4 Electrical Conductivity of Electrolywe

Flectredvie condushivily s the measurement ol the dlalily of 3 ol
to conduer an electrle current and 15 sametimes referred tooas Cspecific
votduelune e, Fleetrolylie condouclivite 15 delined as the mverse o reciprocal
of electiical resistonce (oluns:, Resistivioy as the verse of conduetivity 15
detned e Qe wneasure ol Lhe abaliee ol o solubon b ressl an cleelne caoeul
Teww: [4Z]. The exsperimenial wvalies ol lhe electnenl conduclivily ol Lhe
crlistirole o ane green b [ 12, sl | 2] as Tollows:

K, =792 =0 14534 g — 2274 Fadiny

_—
—d
—

-]

L3R iy

AYZM ey A o =31

ity M T gy



where k. 15 the electrical concuctivine w the ol of the electiolvie, The tioe
vatloe ol the cleetrical coundoctivily 001 Lot e cleelroly be neade the packed
hedd st be adpsted 1ming the ecmation proposed by Meale (1975 )[43].

-
[ £

v Li-e)

G

,.
1)
—
i
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3.4.2.5 Exchange Current Dengity

The experunenral walues of the exchange current densiby for the copper
depastlien reaclion are given b |23, see Appendix B

iy = 1961266+ 30T 1M oy —TLEMZ LARLH

343 Kincie Parameicrs

Ll lamedse pormuelers oo ibos snouladion sre for o specilied region m
L pealarizalion cires that s miged controllsd proces: (Acivaion and SWass

Transfer).
3431 Masgs Balance Equalion

Lz Lhe general s balanee cqoation s inade as follows |12
s.m“"{:-* L . (i) L0320
v oy )
The lerm ol surlace coneentration in the mass balanee cqualion muost be
wclhmded hecause of the facr that o mxed eontval process the transter of
copper ey due Lo mass ransler sall appscar sigmlcntly end herelore Gy

wlll el b e Lo 07
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LThe relanon between bullk concenrmration and smfice concentration 1s as
LosThoes | 12
oy, r
|
where 18 the reaction mie in A 0w, and 4y is The limiting corment ohlined
tlonn equation below
TR 1 ) 032140
vwhere
K 15 masa tranafer coctficiont momde ebrawed usig equarions of Wilaen and
Lreankoplis | 35|
. 0s the bulk concentration o ol mx; I¥ 1s the diffusion coetticiert

Resnmimaing equation {3.20) aives

A3 L A .
i Y T A E L322
|'.'-|'!'f_ li‘l- \ f g
Transtormatien of equaticn o3 21 grves
e g .
S L DL L3123
Le L )

Substimution of equation (3,235 into eguation (3.220 and rearronzing aives

TSP o _
2 Yl BT S ERLEY
ebrs ey T

{

Tapaation 324 cannot be soheed B analytical methods hecanse of wariable
rulig of reacion tale & Imoung currend aecording L every % value hroughoo
Lhi bedd, therelore olber cqrutioms are needed s oblam vilues of Tesclon rale

de Linudting, current
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J.4.3.2 Potential distribuwtion

Foo applying Ohim™s law o the clectredy e selinion and solid phase

toatrrs |22

! -
i =i s $3.25
efi
o .
by = =47 i 320
' ey
Fesyritinp ecpaations (32530 & (32600 prves the tellowine forms
s % L4327
:I!'G' LS
o iy Ry
L 3,281
A o
Sulrlvaeling cyualion (3,277 o (328
o i il f.. . .
o e _ [0 o= VT {329
- T [ S K a %

Tl poetenbial ol D catheads (120 15 delmisd as e dillerenes bebweeen e ol
and aolution potentials (e, —dos
Tl evverpetendial Cnd =10 15,
Toamyg the cumen | comservalion eqielicon, lolal apphad cwment densily s
il Lo the s ol cormend 1o sololion phecse aod el noinetal phaese
=f T
where
1o, - wurrenl i oetad plese Csolid boedhm A7 -
Lz currenr inelectrolime solution phase m A/ m’
[ 15 the let] eurrent passing Ureueh e ecll m oA m*
i, 16 The patenrial in metal phase in valts

o0 13 The potential in eleetrolvte solution pliase in velts
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koo 18 the electrical condnetnnty of solution

o 1w the eleviried] condoetivaly ol e solid twelal

The area 1n the current denaities abowe iz the cross secticnal area of the
redvlor | 25]

From eqiuiliom 3,307

i,

'Il'li

Fapuation (325715 waillen s

: N T '-
ﬁhm_¢J=_L—ﬁl-i=5-i+l-—£ 43510
of x i K 3 S

Lherelor:
1y . - -
2L -;T|‘ . ‘] d (33T
dr v ol o

chillorenialion ol coualien (3. 32 wives

d §_|l+lifl L4333
cfors A S s iy

e reenetion vale 1w Jalloes |44

el

=i 334
= 4 L334

et
Lthe reaclion tale Tor deposilion of copper pricess 1= given by Tiller-Volmer

asualica

i SRR TS ol R
¢ :'__.|7[T:.,_-_rlr,-k ‘:}r i\ 1".#,..]] Ee.r:j'_-ltl' H; {.II'_ JI:-H:.I,:IJ-‘ P L

gubslibtim o comalion (32530 mbe copwbion (333 anes dlier some

transformations
Cnzh ‘ 1wt v
FL".'I|'.I| ‘;; {¢ 'll".-=f.']| i1} { .‘::"} fr B ]J
=i & -A {3.36]
£E - iy F_L_F[ B cazl |[.’ -y ]‘w| ‘ bl
Lo L RE T

4.3



Foow combiung equations 3. 33y with 03,33

a4

d;}‘?:u{ 1+1 "!. ci i3

=
Ef.lll_ - k o A

The cathodls potenrial vaclation 18 foawd from the combination of equations

23300, and £330

1:1321'"
T el bl Y

FIR o LK Oy

(3.3

:\‘II-Iﬂ _H—

I1'|. "'\- -"I
[ oorder Lo salve cqgualaon (33871 we need uamereal values Lor Qe
eqiulibirinim potential, uging ernst equation as follows:

=I +£{HI:L N

i

Loy

LA I

P33

Lige coppot depoattion process 17 value ar 23 °Cis 0037 W oag stated by |12).
Lherelore coutiom (3397 will ke

By — 03+ 001285 frlf o ] 030

Lhe ceueenibration prelile, and the polentiad prolile are lewud Inean the soelutien
ol equahion: (3.24) und (338 simolemensly wilh the ollowine boeomdany
cwnclibons conwludiad froan equadion (3.2 26, 340

.tk vy
Al = — =) Lradld
dx '

Licvauge al x — O Lhe selulion corsend densile egual loosere and e electneal
corcbielivily ol the copper prieles fmelal phase )iz vens e

A=ty BB e 1 AT

dx 1 Mw
The neqilive sipn in equalion (32427 18 becawe of thal the polenial sarialicn
i e el pliese s ose anall, 1o comaton inetal polental, ot he cuthode

pelential wall be cgusled Lo e solubion pelenbal.

325 Auahod of Selution
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The governang, cquaticns (2025 and 358 ) are necded o e solvied
simtanconsly with the aid of boundary conclitionz given above (3.11] anc
{3421,

Writing equation (3.3%) 1o finte difference fonmn ueing the general expression

for the accorl dorivanns,

j? : a _F' a2 P H
b il e T L {3.43)
efi Ax
ao that cquation (2,287 will be for hwenor nodes as
Th W .-"-l h
, Etﬂ[—“—'ﬂ- -, |—-‘:'.tpl[ O20 s -
™ E-.'- l_'E.'z L -E'EI__, 2 5 i i
'!'.-1' = - ,. 4 :I'__jI‘ b
i by Jchy
|l e [F. ]
ir F ¥ "
iy
(3447
S0 hatian ot
p ey = b
— 4
Packed hed
\\‘ 1nles
: - 2
- 1
x— [ = 3l

Saluron Inpurt

Wa 33 Schematic disgram of the wrorking clectrode



Louatiom £ 3 440 13 nona shonld be wartten fon oll nodes stamogg fiom 1 awd up
Ly tesde ndsee Fie 3.3 abonacd, valicime thal Ler the ouwter rosdes. boundiay
crneitions foor potential mnst e inchuled, and this s done Ty inteodneing
theo n mtte dillorenee wsng the eapression for the Orst denivalive

“;JT - 1"--".:-\; T L3
therelore the Drst boundars condition ol The paoleniaal Tor e muade el opslrem
will he

b, =k I LY
Simidarly the second boundary condilion o e polental al the dosenslecim
will be as follows:

b K l

AR Ml

froun wldeh the potential at the pede after o the downstream nods will be:

I
Fo  =F. —Ax I
h=l = AK e

The mass balanse equation (3,243 15 o second erder linear differential equaticn
e he selved analy vcally by the melhod of nverse operator 11 the erm o0,

15 assuned as an nstanransons comstant

A AU ]
L7 T —nt —ah =0 L0324
I:'-Ill'l-_. ely E.L
SeprElicd | 3. 245 15 wrillen as
' i x
L™ —pm—ak =0 N L)
ki,
whete m 13 grven by
1 - oo
E_ .\.I J. 1
p— ot =l ak—
1 1 Iy o1 .
= o e
20
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where m should be evaluated for every noce, Moticing that only one valne 15
Larbower 5o cepualbionn £33 4975 the alher sl will lead L orstatsle resalls
Therefrre the achitien of equaticn 1324y with moas an instantanecns constant
15 givien by

R Tl L T Ty B R
Since one value ol mos aken equation (307 s radineed o

[ =i F Rl
knovenuy the Leed concatralion al < — 0 e constant Oy can be cvaloaied as
FealTovs:

y=Clea™™ I R

wehwre €15 Lowd coneenimnion of Gu®” 1on

Adler copanoms were deriv cd and arrangel, the sohioen methes] s done
b assurunne an lbitial concentration and potential distribation as a star of
calenlations,  then caleulatinge  the  reaction  rate  wsing  the  assimed
concentralion and potential Jollowed by calewluling noew  powential  avd
comecniration valies, The lotal solibon correnl densies s cvalualed by
integrating equanen ¢3.531) nomerically for the whole bed tduckness using
lrapeseidal rule emd check the inibal assumed olal currenl willy hat evaluated
thonn munerical ireeratiorn Le.

vl

— = af L

ey

[y ]
Ll
—_
e



Chapice Fowr

Results and Tnterpretation

Tl purpsrse bebnnd this worle 13 o creae aellvare that coables e
elecirochamica] engineet L shuly he bebivor ol Hxed bed eleclrochemical
reaclor (hamche wud  hedrodvienme  bolosorst al dilTerent oporating
parameters like feed concenimatioms, Teed Mo mte, bed  thickness, and
aperatiig uwler ouxed cootrel process

[n Lhis chaplor the parnonelers menboned ahove and el ranges are
antlined. surmlateon et viciakles clossitied as aroups are also cutlined wirh

Tostls Al sirialabesTe rums.

4.1  The Suadied Parameters in This Wark

Coencentration of the feed electrolyte was 0.3 3D IS and 0001 and
R Caso

o Range ol polareeaion curve shudied = tha mixed contn] region

v Dlectralye voelumeoie U rates aoe 5, 100 and 300

e Tucking patlicles of spherical shupe ol diqmeler 3.5 nam

o Jhed ol w1 co dwneier aud ol boekuess 2, 3. and -1 ean

o Tolil cwTen apphed o the reachor s 30% ol the hmilingz coment

cormespending 1o cach ol abeve condilions
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4.2 Set of Simulation Runs

The simulalien wias carniod ol aceording T The lollewing anp,

paramersrs plesented as rins. these are as follews:

Table 4.1 Input varlables as mns of computel progran

‘ l:uE
Run | Bed thickness Fluw mlie ——rT
Nao, {chL) (L f min) M)
1 3 3 L1 0]
- a T (1,001
3 2 S RV
i 3 3 L001
3 = LI L
a 3 S0 i1
~ dq 3 (1.001
v 1 1t RN
q P By (1001
L 3 3 (r.031
| | 2 I 0|
|7 i S0 (r.021
3 3 5 i3]
| 4 = L (k.[21
T : S0 13131
Tz ] 3 (k.[21
17 K L1 13 1))
E 4 30 AN

4.3  Simulation Resnlts

[n thiz senulation the results are classitied oo twe catezories, major

and o tesulis, The ogjor resulls inelude coneenimalion, averpoleniiad, aod
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reaction rate distribution he porpose bebund vsne tlus comvention 1s that the
abve-mientioued patariclers are oblined dioeetly Tmoan the selubiou ol Qe
mende] ecuuations. The nnor parameters that are sohation crrent denzins and

presstre drop are Tound oun the mager paranelers.

4,11 Polarizalion Curves

Liefore preseating the mesults the polanzation data are presented o

Tulzle= 4.2 and 4.3 below

Table 42 Current-poenlia] waluess L0001 3 Cuf don, bed Tagdh o 2 o

at flos rates 5, 10 and 50 mT. S min

5 ml. f min ove rale Vol man Uose cale | 30 ml S min o male
[iA v [0 F Eiovy [ Tiadut | Hivy
0 n2alz? 0 025127 {1 023127
2. 1177253 25127 241125 23127 2.TREZ 25127
4 (1357540 0201z7 4 &iand 021127 O 0127
S0 Y W27 L [V 19127 | LI W27
AARKDAS 0 G 1 70aY 017127 | 3.30K3 017127
FAIRT2I 1215127 101 359260 1115127 191614 1115127
i) g 131 11065 i, 13127 215082 i 13127
TRISTOON DI1127 1149 1111127 22.8H35 11127
Ta31]1258 e 27 11,524 DA 27 2354352 D09 27
FOIG20NT LT 27 11.03% AT 22 8405 T 27
EREEES 5 QUaL27 116573 3] 27 ECRb ALY DOa127
FREEL g3 L2 114342 Qa5 27 240577 | Qa2
T 94353375 L1127 11 &%904 1127 24 1087 U127

3




Table 4.3 Coarent-potentiol values for Q071 B O - lon bed leneth of 2 cm at

Morve vaaless 3, L0, wmad S0 mul. S anan

3 ml S min flow rate Lo mL S oo flows rate | 30 il oan flosy rate
TiAfm™ Livy | Ia/sm™ | Ty | Ioadqm®™ | DTV
M (280K I (s o il (1. 2R0=5

360857 {1.2054185 272803 (3285 AT (1 285

202320 0, 240835 ¢ A3TTR 12, 24083 981053 024035
1 78823 {1.220%5 19,2930 [ 22)k5 21.0965 (L2385

al3t257 {1.2(K185 35008 (2 2LXIR5 11936005 2 S

462,262 A (O TRORS a6 440 R b ThUT (0.1 RORS

A9 TRAN {1.10541%5 R (3 [R5 1 260087 A R

R03TT 0, | 40835 $5.801% 13,1185 163443 0.14085

EE X W {1.120185 L5252 [ 1 200R5 199 2] (L] RS

70204 ALY 111,477 13 10IsS 22011 (] LIES

78,3291 {].0RES 114,704 (2 LIRS 231.142 RS E T

T TT L EATES 11400 13 LI 1 5 235,585 DOGGES

T 2305 (1.004085 [T LR 23017 ARAE R

JHSGRAS UZUES 114 00 13 O20INE 2A03TE RV

P 4232 URELIES 117128 L D0k 240,950 (LO0ES

Tibles 4.2 and 4.3 shony the pelansaion behavier for he bol Tenath ol
2 ent at various flow rates and G’ ion fised concentrations, where the current
Jdensily C1h altwmed al ooaiven cuthode pelenbal valoue wall e grealer when
flosw gate 1s Lereased. The linuting cuorrent o the polarlzation ¢arve was
ealendated eeording 1o the lallewing metlikod.

LThe conccutration dismributicn at pire Humting ourrent conmolled
prwcess may be culeulaled analvueally Iremn reducing equalicn (3.23% as
tollows:

TR A 4 o
Dt =kl -1, ) L
e T

!..I.l
i ]

2
—

5




ar lunitne currenr O, (surfoce concentrationy — O amd oeglecting the second
derivalite et cquatiaon (3,230 Canall 120 wiall be rodoeed g e Lellass e
form:

ol kD ERE

ol |

aqualiens o010 15 ndegralad vsang e boundary condiien: al s — 00Oy — Oy

where O -2 eoppone sidlite Tl coneentralion, Lo gol

o=l % WS

Alao the tofal erwrent when the reactor is aperating af linuting cirrent 18
Ir-'
Ir= J ar- i () R B )
11

where 1_ (%7 15 the instanteneous bninng current found from

f 2R
The concentralion € 1s given as o iamcelion of distimes i eguetion (4.2
Adier iniroueng ) ide the expresson of 4 amel substiolica ol s resolinn
SRpPresson milee o lem (d. 3 and camyine oul antepralion we wall pel the

total current densiee 15 all bed 1s working vncler hmiting current density |32

.l'_l::lrl._r'.l
ol

fr=wk o =es R Kb

where I} 15 wtal cwrremr cdensite 1f the whole bed s aperatine at loutine
currenl condibiens and can be calealuwed 11 e mass tremsler cocllewenil,
velocity of electialvte, feed concentration of o . aartace aren of hed, and
bed leneth wre knesar Tlhe equiliboioen polenbals oo e calealawed Imean
Meernsl eaqualicn el Tom Thaller-Yolmer equalion, equation {3.33%), with the
oblanwead 1) vuloe e polunsabion e cune be draven by setting dhe mntiual

potential o be that of equlibriom value ond vsing a poterlal stepof Q00 W

52



nunfil nntne curent 15 reached, Moticine that the sxchanee cnrrent densaty 19

calculated Lrom the cqualion (3.18).

£ ks Aziuaing rezion
T _||L_h“ Hi-imi vonlou resian

T
T
™,
%,

\

(ctheavke podent d

Laniling vinienl ——

ez comeod

rewinr

i- anemt Jenziy

Fisurc 4.1 Tvpucal polamization s

Figuns 4.7 alwes ahows the polanization cuirve raeions activation,

nnxed comirol, amd mass ool

4.3.2 Major Parameters Results

The reqmalts eiven below are of the inyor paraimeters Tablea 4.5 throush
310 wach fable [or one Mow rale value, are presented in tis scetion, The
rosults of the first o sots are omthined in this chaprer wiule the vest of the
Tables are included in Appendix A,

The waal apphed cwreot o the reaztor o all mns poerdkormed o this
wuth was sel o Te ol B0% of the corresponding irmimg. cwrrenl calvalaled by
coualiom (44 1he reason s coplaimal mochapler Teve, aller the dnal conenl,

denzity i set the method of solution cat now: be applied. [ each nm the toral

X3



cnprent applied o the reactor can be found from the pumerical mtesration of

cojtalion 73,335 Tar Lhe whele Tsod. The enilemion ol reachime the righl saloes of

potential amd eoncentration is the match between the set total current and the

one calewlaled Toan equatton (3,337 lor Lhe Jowesl pereetil corer as passible.

Here 1x ka2low lhe valies of the sel tolal coment densily (71 and 1he

closest eale wlalod Lota] courmend aller nwmeroos lerations are macde.

Table .4 Vulues ol sel lota] coomend, cormesponding lunilivg: current,

caleilined wilal enrrent, and ™ error ol Lhe caleulaled cumenl density

Run Tl:rI::lIL current sel Tulal limiling Tolal currend v Error

Nir initinlly (imA) current {imA) caleulated MmA)
| 1 AEE G 1 NHA5S w1725 (1. 260000
s | 1.735300 | 4700234 11.74670 A
3 24 26508 A0 3208600 24.24507 R
4 R0 12,5282 SRS .0
5 15 4484 1930229 1545532 (11325
{1 34 H212N 33270400 RLAT T T 503534
7 1101050 13,7702 11197 dkN f.ATTR
¥ 1813051 23 GEE1E 18167497 A RALELR |
4 43.95%] 15 34,5350 4 B A1 1.9347H
11 TLRDGTL LML) BN UL RDGL LIS
N | 1777280 |7 00015 WEREER 035141
12 242 05207 T3 30021 247 03H29 2053708
13 LE 43753 123 2660 ] V825211 35
|4 | 34 44253 195013329 15K 77302 T RO
13 3-10, 2MEAH 32 BN 376 22TET H.0e | 505
I i LI | 7422 ATTIR | 1232340 2. AN
17 18] 532027 226 01154 L83 252 A i
I & A3 IO S 50333 40T 43500 A3 140

weliere Thae %6 crror 14 delined as follewes:

TR toral curent set total enerent calenlated s 100 (15

Latal curranl sel

A%




Table 4.5 Major results of mo L (gm01 B L don concentration 5 ml S

i Jleww 7ale, amd 2 et baed lengiln

Disranee | Owerpotential | Reacoon Bate | Concenreation
() (¥) (A/m7) (gmed / L)
0 -0 01959 ey NN
A2 S ESE i).3412 iy, 0|
100 SOLO19TAR .36 CLONNRT
1005 ()RS L1, 3G LG 2
ARARS (L0000 CLA2KT DL 00N
sl =13 1120036 L1 A0 1.160607
g2 SARDEE i,2211 i T
N4 SCLOE 1092 FL 2733 CLO000
816G 121505 1L2561 LLIGGSE
Nh1% L0207 0,230 LN |
(2 SZZTET 1122352 UG0S T

Table 4.6 Xuor resolls ol rom 2 0000 B Cut' feu coneentralion. 19 ml. §

min Nesw tale, ancl 2 em bed lengthn

Distance | Overpuilentlial | Reaclion Rale | Concenlealion
(m) (V) (ASmY) Gl /1Y
) - 02354 135428554 ]
(1002 2202 ().3 25504 (L000957
(10T -U23TE (505032 LT £
e 023003 (1.4 543 CLONEIET S
L) - 2357 DA72150% CLDUGIES 5
.0l EARAVRES (143033342 CLOND TS
12 - 2132 A TUNRES LT AT
(0014 0024 (14235802 CLONY T 5
RN -L2SGE (A LUZG0 R
0013 -0026R47 (120404735 10N S
(L2 02T fLATIA455 RN TICH

A%




Table 4.7 Maor resalts of nm 3 {0001 K Cu™ ion concentraton, 30 ml f

i Jleww 7ale, amd 2 et baed lengiln

Distance | Ovverpotential | Reacdon 1ate Concentrarion
{m) (V) (A m?) igmul /1)
0 S1LNE9R3T LSnT7A3 00|

AR A SOIZT 3 LASRITT AR b
0004 030101 4 ARET ALY VLS
I BT =01 A6 2 R [ 1L S 58
fL00 0031 AR5 REERLHEY OISR TR
{111 (1332431 Q42170 T ALREA R
a2 SHRARRRI | ARSI LTl ARELN s
014 -0.034944 (530433 OO TR REN
(L& SRR Tl B {53050 XIIET1S
D01 SNARIZR AR 277 OO0 S S
.12 =[] 16 (] A5H20 R AT

Table 4.8 hdajoer resulls ol run 4 7OL0 L M Cud dun coneeriration, 5w,/

i Nesw tale, ancl 5 e bed lengthn

Listance | Overpotential | Reaclion Rale | Cuoncentration
) V) l_’.-Umz'} (Emul 1)
1) -0 010342 i 3TH] )]
(3o -9 {1.3474] R |
L} LI - 0L R3E 033307 LIS S
R - kg R Y {10074
13012 -0.0L 7207 02732 LI
oS -0 R (1.25323 1000 |
13,314 - 01272 11,2313 LIS
.02 00 RS 121124 CLOEI0 4R
(a2 - E T {1.19114 K02
027 0020826 (17170 CLO0AT
LG A R {l.133]10 ANIGE

A1)




Table 4.9 Maor resalts of nm 5 {0001 K Cu™ ion concentranon, 1O ml /

i Jleww 7ale, amd 3 cto bed lengiln

Distance Crverpatentinl Jcaction IRar Clopeeneeation
(m) i¥) (A/m7) fgmul / L)
I TN e 130159399 (e
1 G0 ARG O ARZG252 ARULYDA I
.00 SN0 143 T R ARULAERE
(2 L2 - A 2CE 20 053] ] OO0
Oz SO [2RET N2 1425 AR Ve
ol 10221127 O 1 NITRG OIHKITLS
FARIR ~ 251245 03825147 1L |
02 00243235 I TERE AT EN ARETLATET R
N -1023714a5 3119108 (L HEIEST
027 SO00ATI0A 03202355 VLN AT
005 102900 145 020044975 00 |

Tahle .10 Xajor resalls o vom @ 00001 k Cut' feu coneentralion. 540 ml.

P Doy male, and 3 em bed lenzih)

Dhstunce Overpaienlial Ruaclivn Rate | Concentralion
(m) (V) {Afm®) zmol /1.
) 10 SIS0 L) LT U0 ]

()11 0330005271 (h 053300 {970
L1 - R S0T G P OSTEISN LIS 5]
.09 AR RN e (L0NN9EE]
L2 015 THT T L SISLLTT 22 LI
ARE - NAGG02 |7 2513k (LORT3
Ll 0G0 25] Lp AT L LANINE S
(L0Z | -0 NdE05242 IRTELE A (LONNE2NY
(.02 -0 52524 (23] 5024 JRE AN
L0z =M A2 IRl N O 774

L3 (335325040 (X725 AN RS
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4.3.2.1 Concentration Distribution

[n generl the coneentraliom 15 deercasing as the cleclrly e s ravelmg
i the bed (from vpstream to odownstreany), o the concenteation distribntion
Losr runnz 1, 20 amd 3 Jsee Tables 4.5, 4.0, and 47 The elleel ol mercasing Lo
rate will lead to cause the coneemration ar Jownstream (top of bed)
IreTeise, Lo, el 1% converston s doereasing. e al lewe rale ol 3anl. S
the cutlet sonecmrraticd achiesed 13 000007 L ot flow rate of 10 ml 7 min
e eonecnlralion al the lop ol bod 1s QL0000 K] while al 30 ml. ! min the
COLCEntraton 15 O 003367 A1

Whor e Ted lenadn is imereased Lo > e the coueenilranon dislribotien
for rns 4, 5. and & ree Tahles 4.8, 440, and 4,107 for the three shadied floww
rule valoes was Jound 1o have o comeentration dregr manmer suonlar G that of
rims I, 2, amed 3 exeepl thal the dessnsiream concentralicem chilaimed 12 loser
than that abtamed mrms 1, 2, and 3 {lugher conversion achiesedi such that ar
e mle ool 3wl & man e outlel eeoneenlration aelieved @ Q000532 34, al
tlowy rome of 10 ml o the concentromon at the top of bed 15 00000367 M
vebinle al Stianl. ¢ amn he coneoribralan s SCCE0TARL B For ruus 7.8, el 9
faee Tables A=Ay Appendie Ad o flow rate of > ml. Jmin pives an ontlet
soncentralien of VOOG2T ML Mo rale of 1600wl S mime the coneentoaien al e
top of bod 1 00031 24 while ar 30 mbL S min the coneenteation i Q0067 [ 2
ML The 001 B coneenlration (sce Appendis A Tables Ad - ALY lor the 2
e bed thickness at a flow rate of 5 mL 7 min the cencentionon of
Jowerestrear weill T ndn?? B Towe rate o 1O ml 5 amn pives 0021359 B
Lo concentralion, ancd 30 ml. S min Do rale grives 0008 129 W oal the op.
Lrwerssemg the Clowe rute will coose the downslinemnn coneentrulion wonessse,
e comversion will deercaze, Examimalion The resndls of 1he boed lengihs 3 and

A e leads o the sams oterpeetation that was coneloded when the same haed

AT



i L= i 3
lenzths were wsec foor the D001 B Cuo fesd concentrionon ar which
imwredsimg boed JTeeelh wall merease the corrverston or devredse e dosenslre

crncentraticn.

4.3.2.2 Overpolential Distribuiion

Tl overpelential resulls s owell as reaetion rale resulls were given
togother with the concentration distriomion, e overpotential i sarting frem
a relalvels smadl salue (ecathode potenlind s clese oo e cguillibiom
patentialy at the vpstrenm [ — 07 and increnses along the bed notil it reaches
s meestroenn waloe dal The dowvrstrearn Ts — 1oy The elleel ol Qo el an
overpotential 1= to increase the overpatential. The effect of increasing bexd
levigtle 15 causmye the overpoteniaal woreaeh ngler valocs, As Lwe copponie
ailiale coneenlration s imercased the overpolenia] obliimed will e lngher
than that obtamed at low coneentratien. Lor the 001 M concenttatnon the

srverpolenltial oblained 1s higher Uian that lor the 20001 M coneenlralion

4.3.2.3 Reaction Rate Digtribation

The reaction cate o coppel deposition 1s starlne fom some value ar
e bed upslream and inereases or deercases weeordinge woocerlain silwdlieons
chseuased briefly n chapter tove, along the bed wonl it reaches its tinal valee
ab the Ted dovmstocamn. The clleer of ow male on teachion rale wall e
wiereagmg, the reaction rate 2o that the higher the flow welocine the lugher the
reachion rale vilue ohlamed al the bed dosenstreaon. The clleel o mercasing
hed  length 15 cansing the reaction rate to be of low volues at the bhed
dowrestrean. As we copperie sullale concentralion 1s uervdsed the reactivn

rate obfained will he higher than that obtained at koo concentration. T or the

A1l



.07 M oconcentrarion the reaction rate obtawed s lusher than that for the

1 M eoneerilralion.

4.3.3 AMinor Paramcters RResults

The residrs oreen below are of the ouner pacameters Ssolunon current
densaly distoibulion, pressure deeqr distribabion and collection elleelvveness).

The regults are presenred wulmvdually.
4.3.3.1 Solution Current Density Distribution

The soluie currenl density i A/ m* T ewTenl in clealralyle solilism
results here n tlus chapter are of the first wne mins. the remaining mns are

nwloded m Appendis A

Tauble 411 Soluticn curment Jensity distrilwion Gor (0F] 3 Co™ o

comeentralionm, >, [0 and 30 mT, S Mo minle, and 2 cm bed lenpih

Distunce {m)| SmbLJ/ min 1kmL f min Ml mL S min
(] i 0 A
RN AR NE2ITRA [.NRES 1.9355 |
WRAE | 5875 2.1 303 A.9144
ANLA 2530735 31544 SRS
RN AL 3021933 4.1 353 IR
ARLILY 3.GTAER A.NR33 R
URLI 4. 350293 5.9490] 116258
.10 4 4 E¥rn2i0? WREE 15 543
ARLIL! a2 T |5 A5G
WRLIRS 500070 8,354 17382
AR [, 3700007 9,347 1%, 2192

fi?



Table & 12 Solution current densiby distobmaren toe o1 &l Cu' oo

comeeniralion, 50 10 and 300wl Soom My rate, g 3 con bed lengeth

[histance S mL fmin 10 mT./ min A mT./ min
{m)

[ 1] Il l
0003 11018145 1.al32 2,49745
0.0 2129575 2UATH .91 7R
0 3 0RRAY .3 A0 Rl
0012 056414 56580 | [.7F546
0015 1.760331 fai2lt] | 4.0
001" S 307015 g3.12 | 7. 50
21 4, 8624 st 260 20h 44
Ry GURO2 159 | {1,330 23 a0
0027 FASTOOL | 1.353 2143
D30 T855212 12232 REREEL

Table 4,13 Soluticn current density distriburion for 001 24 Co' o

comeentraliom, =, [0 and 30 mT, frn Mo e, amd 4 em bed lenpih

Dlif_:?“ >mL S min 10 ml f nin S mL S min
L i Il iJ
WANIRY 1.31864 1. H&5 6 L [
s 2325 M7 30379 fr.4-151
0,012 362801 3, 512292 [ 1315
0.0 JE3 1525 fa Q0T A9 1005
.02 5. 315524 B 1470 17 641
(0124 (3625 S E29302 21,34
0028 TORAR] |1 14457 L
0032 7RI | 2. 330272 ZRa19
(10130 & G714 13. 400135 Az 170
L L AERR SR 1d.da7al A5.033
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Lo genernl the solution current density 15 stamuie hom zero at the bed
Lipslredan & — U0 aud tnercasiog qs Qe cleclrols oo perwetralng the bed omtil
the dewnstream where the salution caurent density reaches its maximim vahe
Sl ] curreul dersity apphicd Lo the reacter).

Tulbvle 4,11 sheoves it The soluion curmenl, densiny for 0001 K G jon
concenlralion al the upstream Ox = 03 18 vera always and the dosenslreim
soluticn currenr density 15 ncreasiye with wereasioe ey rate, Table 4012
crves e solotion curred densay te=ulls ot bod levgth al 5 ean, [ s soen Qe
Lthe sobulion cwmenl demsily al the divansiream reaches higher values [Tom
Lhamie aldanmed weali the 2 e Ised thehues:, And Dnally easnnmedicn of W
o comeentralion allocl on lhe downsirenmn solinbion current densis shoos
an Lwerease 1o the dewnstrearn eucreir denzity of the slectralyte a2z the foed

cerreenlralion 15 tnereased.

4.3.3.7 Pressure Deop Distribmtion

The pressure cdrop was fonml from equation 3.2 with the atd of

coLalions 7330 and 73,40 W pive e penncatnlive and cocllicieul el nerlial

forcss
AM LL elohp - .
-t l.:'*u I
L TMaicl o i
L!':!I-:-i.I P
= ——— 3.3
130{] -] '
1.3 )
elil= . LA
o T

arcl wsing coueamons (311 and (3120 o calewlue ibal and mslantancos
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presse (at v — 00, auch that AT =T, -
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Tl presswee drop 15wy caleulaled wath respect w Qe enlraney

rCARY

T~ where T'e-qis the presaue at

1 e pressure al any eremenl oy b e

donansiroam, feo thal cgrebon (3205 wall be reweritlen as Tollows:
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Fahle 4. 14 Pressure shregr as s fnnetaom ol foe QU007 b Cw o comeomirahiam,

oln ey -
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3, 10, and 3t ml. min flow rate. and 2 cm bed lenpth

« 5l S i 10 mL e |30 ml S min fow

) My rale M rate rale
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: . 3 ; R : 2z
Fable 4, 15 Pressure drop as a tinenion of < for W00 B Cu™ on cencentration. 3,

10, and 50 mL 2 mun Qowe tale. and 3 em baed lengzih

N Sl S mim il fmin §a0ml. # min o

) M Tube [Tes vy rane: Ty

L} 1 i Ll
i 03 B AM2L-U5 LI FaTEY QL 234151
(0 QOS] | DLE5357H QLIS [ 2504
L0 CLONGZAT 3200 | 00 3 308 LN TNA0
RN CLOOARJAIRE | OA0T0T1ST L3025 2
0013 AFANET A O N0RRADI6 ONNEZR0TTR
O.01R OOO02432 1 Q00 [0R07 36 Q07335036
0.0 OO003RG 24 | O001237325 ONNRTER003
021 DOA0660E0 | 00T 114315 DT 125
0027 Q0T 30T | Q0013110 JULL3051 5
(a3 0374 CLOC 7 R0 Q00230577
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PValrle 4. 16 Pressiore drop s oa Tonction al < fee RU00T B Co™ ton comeen ingtaon, 3.

16, and 30 ml. 7 min flow rate. and 4 cm bed length

< Sl S nm Tl fuane 35Ul Snn Clow

) vy 1l M rale rale
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The pressure drop values grven 1 Lobles .14 - 416 amd A 1620 L8 are
culenlaled wsimge equation (i b s clear thal prossore doopr s dieely
proportional with electrevte selocity sach that inereasing flow rate will lead
Lo inerenae e pressure drop abtuned. The efleel of nwencasing coppser 2
comeanizalion 1% seen Lo dectease The pressire drop exeapl al Mow mate 20 mT, S
min where e appositen 12 oceurmed. The pressace drop s mercasing as hed

Jdepth 1s lerensed .
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Chapler I'ive

[hecussion

[n Qo clugiler the Deores, wmd ther diseossions, thal desenitse e
bl of the major and minoet snmdabon pararelers are presenlsd. These
sinnlation tesuli: wre classiled ik sechons  where Tosd coneenlration,
volumalric Tow rate, and beed length chanpes e sbudicd toownederstand the
reactar respanse 0 tlicm,

o Hirsl. Seetlon 210 13 devoled Lo discussig the conecntilion
dustribution. the reaction rate (copper deposthony distribotion and
averpsilential distribation e boed feathode ) under arious Dowe males,
and feed concentraticns as o Nunction of hed thickness.

s Dochion 5.2 1x devolsd lor discussmp the aoaner roesulls, e, curreul

clisiribidion ancd pressire drop.

Firsl holore prosening simudabon resadlls some o the assumplions
ade are exxplained . The fiest assumption 1s that of the cne-dimenseonal model
bocause of neghaible dispersion clleets m Mow-throogh eleetrede so thwl te
sestanplicon ol one-dinnaenoral Qo will save unmocessary e and eilonl
wasledl I o=olvmpe The governing cqguabtions ol bec-dimenzwomal - models
aucoumtered w fow-by sloctrades, Also the reason behind mmodehng with a
Meww: dhireelion o upsiteam Lee The downsiream s thal e cleelmlyle s
allowed to penetrate o the deep portions of the bed and more conraer will
Lok place rother i Toese Lo lop ol reaclar where prasily as weell s e
flomy itzelf wall accelerate the electralvte inside the bed. This advantae s well

apparnl i expernnenlal workcs, The assonplion of comslant mess lranse

{iy



coetficient along, the bed sall lead 1o o notceable error when cowmnporlsons
with expoernnenta] seorks will be anade. Tlas assonplion w oseidels osed
aich werks asowell as nen-phie flow effects can canse the predicted wahies by
sinulation Lo dewiale foon expetunental results |2, 26]0 Fmally e telal
currenl apphel was chozen o he 80% ol Lhe commespondimg ol Timilng
requited Because The lraction (L8 coswes hul the reaction s lakimg place al
the med controlled renon of the polarzomnon curve, and anetlel reascn 1:
hal the liimbing curmeul rwereises sigulieanlly s the Cuf coneauration and
Tewwe T le are merensed, so thal 10 cerbim valie of ol eurrenl wis sel for a
Lerwe Tlese zule umd conceurabion for wised contralled lwe sae cumal valoe
e higher concentmlion and Nowe vade might gree cperation wnder selivalion

sotral

5.1  Major Results

The tegor wsulls (polaricalion curves, corneedraiion  distriluion,
sverpolenbal disimibihion, and reaclion rula distnboiean) are presented m
elipler Lour and Apperclis & Tl dhscusson of twese paroinelers varalion 15

presenlod ds suh-scetions as will be shosan belo,
5 1.1 Polarization Corves

Lhe follawing clested polarization curves for some of the parformed
runs in s simulation are chesen because they do represent the whole

passible behovior of current-potential (polanzatien) diaerams under varioble

(e rates wrid dillorenl coucerirabion ol copperie sullule, Correul demsity 1%

07



taken with respect to cross sectional area of the electrochemical packed bed as

deseribed e Terature | 25].
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Figure 3.1 Polarsaan couva lar ] M O0® ivo solulon and hed
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Fipure 5.3 U'olorization curve at tlosw rate of 3 mL /mio for bed lensth

al 2 et (KL L0611, .05 M Cut dom solution

Fizures 51 and 52 shew that wheo Mlow male d5 mercassl
pelirisabion cirve will e shilled e the nght repardless the other ellecls {Tesd
conoentration and boed lengthy bt the firet point wn the curve ranains constant
becase the copuhibrion pesteniand 15 conecntrhion dependent snly Gobhimed
frown Mernst equarteens. Uhe reason belund the shifting of the comes ar flow
males ol LUoaud 20 mwl. §oom o the righl of 5 ol /oo Dove 7ale s e
wgrensae the luniting current obtolned due 1o mcrease 1 moss: transter
coclleienl Figo 5.3 shows The ellfeel of coppene sullale eoneeniration en Lthe
anpeant dengite-potenhal disgram. an execptional o for copcentration of
(05 KO fon i perlormed in order W elacily the concentrtion cleel The
increasing of Cu’' oo in the fesd will net just shitt the curse only bt it will
loaid e chiange the Drstpoint in the curve bocsose ol e charnes m eguilibnio
potential which was stated to be concenteation dependent. cnlyv, the :hift s

e due 1oomersse me lnmbng currenl wlen coneenlranam 15 wercased. |l

He



efteer of Ted length on the pelarization cueve = goke the same as the effect of

Mowww et a3y loldlovas,

{1 k51p
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-
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E = Hed ey 11
L
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{1 41411} 1 ' N i L& § 1181
LW 10k (M) 140000

Courn ek dleovhey o4 Sty
Fizure =4 Polarization eurve at floas rate of 5 mL Amin, 0001 M COwe

tort sulilion s bed leulhs o020 5 amd 3 e

Louwlion @347 15 now subjecled oo eunpunson walls e expermnenta] work
ol Benniom and Mewman [45] w0 shaa the oxlent ol ils aeeuraey 10 prodicling
e Lot cunrent dewsiy . Lhe parnuelers of Fell [45] soe coppene sullale
concenlralion ol 001 Mo bed diameler sand lenpth are [0 and O em
respeclively speeilie surlice yren 1 2500 10 |, Dow tuies ol eleciolvie 317
and 145 ml. 7 min, and the mass lransler coellicionl valucs presented i Lable

a1 below.



Table 5.1 Lxperunenral and predicred lunite current densify b egquarioen

ek A Lot Lhe conditions al 1ol | 45]

Mlass runster | 10 1Rel |da] | 1L predieted T
1 Loy pame e _ _ _
coetticient (g eqpaation (4.4 s errar
AT (TG TN . _ .
Bl [15] imde | Lspermientad fnA )
H 13155140 20 237203 1.0515
12 LB2¥107 ELha T MR 25023
16 ].022%14" 541600 514444 3024

1 cam b seen Lhal e ermor mbredoced by s eguetien o440 Ler e
prediclion of the lmitmg cwrrenl i msigmalican] amd e may e dug 1o Lhe
dilferoee m reading e values Toan the poloenion corve of BEel [15].
Henee couation (dd s s religble for nse Bt samocdaliom purposes, SAnimpotlant
naticn shouldd be easaled thar couaticn (A0 ealeulatss the laaniting eurrent
densily oA S m* i while 12el |45] pave Tnniling curcentl v maAS thereloe )
crivelt curtent density o (A F s to current in A e curent density shenldd

b wndupliod Tey the erass seeliona] arca ol the Tasd as menioned belote,

512 Canceniralion Distribution
The comeouration ol copper wom e clecolvle 12 deerowsng as 10

passes thresph the cathode beeanse of The deposthon reaction thal 15 oceumng

iy the bed which weanld canse the concentration in the cleerralvte to drop.

A




5.1.2.1 Etfect of Flow Rate on Concentration Distribution

The elTeen o e rae o1 the eencenimtiom disimibohsom i shown holows
1 Figs, 5.5-5,10
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Figure 5.6 Concentration digtriburion in 0.0154 Cu™ o solution and Zem

bod thicknoess
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Lxorninne Iies, 355,10 show a conunon bebosrior which 1s a0 bog bher
concenlialien drop w aceur whon Howe tate s deereasiug and vice sersa, Tl
reasan behimd this behasvior s that at high flowe rates the coneentration drep
within the poched bed 14 smad] under ceuditions ol ragnd JiTusao, hagh Qo
mles, amed Tarpe mass ranzler coeslleieni: as this was proved by Lhe
cxporinwnlal work ol Alkive and Craween $1275% Pecause the reactlion rale
hecomes nen-nmtonm witlon the porons electrods as wvell as the potential
dustribution, mud conseguentls Lhe coment disiobuien 13 nen=omualoom. e
mem-unilarmily m reaclion tale diztribidion will be shissa in The reaclion rale
seclion luler.

While Torr loaw Mo mades The tesidence time ol the copper oms will e
creates than thar of lugh flewy rates therefore further cooversion would bhe

achieved.

= 1.23 Effect of Bed Length on Concentration Distribution

The effect of mcreasme bed lensth will canse the  downstream
concenltation Lo deercd-e moch nore bocduse ore teacluonn 12 allowed L
take place especially when lnomving that the maimmun reaction & scomring
i The last seetion of The Ted Cdesarisineaind therelone concotration & redoeed
much sreater, iS00 amd Fie 5012 show the consentration oistribotion for 2
coppere sullaw leed conceatration ol Codol B oand Uow rales ol 5 and S0 ml.
Soun pletted separately versus dunensioness leneth xS Ly for the three hed
Lovptles 2 50 amd & 2r.

While Fie. 513 imd Fig 514 show lhe conceniration disirihtiom ior a
coppate allale eed concentahien ol 001 5 and e Mo rales amd bad

lemgrths.
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rate of 30 b odn for bed thickness of 2. 3. and 1 cu

Ly meat of the eperimental works, ¢, [24] aund [34], they stated that

increazifg the length of bod leads to make the lewwer podticons of the boad



whettective s well as leads to tornmn the anodic pockets which are zones wside
he weorking clevirode shere amesdic teaclin wkes place. Lolorlomaiels
fhencmens. of anadic pecliets cannat be sinmlated b anv means besides: that
Lhere 16 no agresnenl or elear explonetion n the oeralwre aboeol loss do these
powckels are Tamed, therelore L s meommeanded 0 lerawee e nee bl
levgths g 1o 1 em. This might b be m contrast with e obseoeed cosulls
fronn thiz waork, see Figs, 5.11-5.14, actually for beds of leneths more than 2
21t Lhe Jaweer porlions ol The Bed wall be ol lower cvcrpotendials relative o bed
thickness ol 2 cmoas will e shown laler in the overpeslential seslion. Ty
docs vl pemnl ehlamng, gler overpelobals ol he ed  dowsnsireon
becase e Tocal reaelion tale O approzdches the locs] oaling cenent densily
i1 v at the bed dewnstecan wlieh will covse more deposition to takes place.
The dependence ol coneentralion dizshibulsm on the bed ackness Tor o given
flosw rate was presemmed by [24] as collection effectiensess (CLE) or
conversion, delined by cguaiion C30 17 Telose, plolted dganst Beymelds wmler
al dilferent bed lenpihs

S

[-PJLL_ 1_'J1 V=l I'.E']I:J
b, o |

The plol shows g high eollechion cllieelveness oblamesd al long Taeds and this
CL 15 decreasing as the bed gets slicarer. locreasing Keviolds mmber canses
Lhe O, & conversion, i decrease thal would supporl ancd satislny the resully

ablaned o presenl work (Fig, S 151,

5
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A2123 bBlled of Beed MNudar Concontralion on Concenilralion

Diglribidinn

The chirzing ol feed concenlrlon eon llusraled 10 the eoncenineiom
1% rormalized with regpect to the fesd walue az gshown r Tigs, 8160 507,
5.18, sl 3,19 below where the bed of 4 anhickness 15 comsidersd wath Llow

Tdles of 5 and 50 ml 7 nun.
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The concentration of copperic sulfate has oo effect on the mass twansfer
e lliewent bovause ol the Tael fhat e tness mansler cocllciend 15 8 Torehir
of temperanwre and hydrodynamics (electrolyte velocity ) ot examining Figs.
S 16 iroueh 59 showe that Tor e GG 5N concentraton the depoesaaon will
proceed 10 higher exleni: ol thal s baciese the mass tmansier rae (Lhe
prsduet o mass ransler cocllweient and concentralion) s inereased wlhich
leads o forther depesibon In Lteratwe, ec [34], at oven applied tetal
eurrenl, e tate, wd boed oekness The Toseer e leed eoneeubaiion pave
hipgher consimplion of copper ions, 1.e [uster deposinon, keciuse local
Ll eurrent 16 achievad Taster wd erelore gl cotsumipuon ol coppue
s 15 ablainod, Agam oo eonlrast belween this stimodalism resulls o and
Liteeature e to appear at fiest glanee but Iv should be rematn bersd that the
Laalanl wurrenl applicd inall runs weas B0% ol the corresponding irniting cureat
for each case. Tlus wil actunlly reflect the expected beloecior of the
concenlizlien Jrop al ditlernaw voppeer feed councenibratiaong bociose genetally
all rins are close 1o he miling curmenl, Therelore the Taclor thal will povemn
Lha Loghwer reaetiorn male 14 et e Lranesfer oo os nenilwossd belons,

Try shovwe thal. this stmdaiion a8 adeguete ko the Bilerabore resulls an
exveplicuul runs wore perlonned oo e covdhlions ol Bed leneth ol 4 v,
flosw rate of aml S min, total eurerk appleed O L2577 14 A (125 mdy at ¢opper
wom Teed comeontrations of OT ALGTT, wmud L0012 M respectively, Llahen Lk
close Iy ensare smallar devialion helseeen hriling ewment: and  henee
sapsuriy that ey sre eperalng 1ot wweas] regaon, Big, 520 und Lable 32

belon shanw the comecnInion drep lor the abos o condinens,

82



.4

0.4

“hilY

04

[ e Lo TN AL T L R R

—— un
12 B un
B ——
I-I 1 I | 1 l | ] I 1 I 1
a.aa A0 1.4 | ¥ LR | 111
wiT.

Fioure 5.20 MNommohized copcentration dostribaten for bed lenarh of 4
ety ey vt o Sl A amin, Lola] cument applicd 1253 w0 ot copper o Jeed

crneantraricng of Q00 .00, and G012 W

Table 3.2 Mormalized coneentration distribution corredponding
s Fig, 5.20

1% f1.0 .00 N Al N0 Z W
I I I I
(1 DRA2ITS L MRG0 {1 MAG5TRI IS
13,2 1737 3600 SREFHERE. RERE AL P
.3 NG90 13 (.n7e2% 0.700097 ] 167
. NA2ETIAR (3w 2 O.00983 1417
(25 R AT WRIN] RS 1.5 25872065
1 3467305 DAL 0444083 35
1y 0, 2T6ETE] 03337 0372260553
(L3 (2212574 1252104 (. 26890209417
L35 R R AN 1252 20T 152345
l 1130506 i1 [T 0. 155221147
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Lherefore It can be concluded that of the wial cowrent 15 fooed the
concenliabion drog ol dilereut Teed covventrations: vall be Tngher Lor dilole

crncentraticns.

1.3 Reaction Rate Distribution

Conerally the reaction rate as the cleetrolyte is passed through the bed
lrenm the wpstecam 1% slartag sealh o celalbively Tose saloue beeaose Lhe loser
parmions of the bed near the upstream are less polarzed and increasiye as the
electrelvle 15 reachinge the devanstocain where o wasammun redelion tale 1
attauned becase the wpper porticne of the hed are more polanized. Tn this
worle wlwre Qe imaed controlled proces: 1 sludicd cacuvalion and maes
Irnsler) prociseh 80%: ol ota] Timitimg cument was apphed the reaciion rale
ar patream will approach the logal hodtng currert densaty (4,2 The averall
aperation of redelor at sub-limiling coment do nel permil mahing 4 paortion of

the bed to reach the limitioe corrent (loecal lhnwing current s | 145].

131 Etffect of Flow Rate on Reaction ate Thstribationm

The etfect of flow rate oo reaction rate or copper depoesition rate 1s
Wostrabed e Fige 3.21- Fig, 526 Delow where e neaction tale was
porrnalized by the leeal limicing curcent given by the followig cxpresaion

i {r]l =R, {'L'J'
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Figores 5.21-5.26 zhowy thal hipher momnaliccd rescion tales e
ahtained at high tlow rates lus is due fo the faster appecach of renction rate to
ils lewa] Tinuiing cument ceanponent §1,.% doe w the Tugh e wumstor rutes of
copper o and simea copper ons are deposited Bisler al low DNowe rales Lhe
reacliom rale will be cotsoquently low o [L s well observed tial Lhe reaction
rate (1 15 decreasine wath dismance ond courrastiogy the previous explilnesd
beheier al he begimmnng ol scetion 30105 s Gl the dectease e Lhe reaction
e 1% inoE magnitwele net moals qualily 0A-00 T s mdicatmge That the Tt
partiom ol the callwde 1+ worhing al Imouog cwterd vondinenes see 18,
approdeh wmlby m Figs, 50235 and 5.2 ancd The sl ) inereases as dislanee

15 lnsreased.

5.1.3.2 Effect of Bed Length on Reaction Rate Distribution

The elleel of inercasnyg bed depth can Be seen when exarnining Figs.
5.21-5.26 abenve, 1t 1s noticed thot the reaction rate (11 15 decreashe o vilue
el 10 RFigs, SA0-5013 are mevicsosd, 1l wedll be coneloded that e haeh
crnaunption of copper ion lead to make the reaction rate at the downstream
relatively Towy ws well as ul e upstearn Because the upstraam weall be Jes

palarize:d.

5.1.3.3 Effect of Feed Molar Copcentrativn om Reaction Rate

Distribution

[ereenw loed cotwventralione will merease the reacien rale ecduse

mcrs copper ons are Fupplicd at conawant flow rate, 20 a higher 1eacnon will

S&



ol Tlus 13 shown below m Pigs. 5.27 and 5.28 by oplotting oormnhzed

reaclion rale Sk versus dinnensuwadess bed length o al o copper e

crncentratican 2 (L0011 and 0.0 B
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Lt 15 seen thot the reaction rate foo 01 51 concenrration 1s hleher than the
QAT M oamid eleossest Lo local Innitine correnl wlich s comsistent with
resllts of fesd concentration effect on the concentration Jdistrilatcn as has

heen reasared Twelone.

5 1.4 Overpotential Digtribution

Lhe oserpotential wauatien along the bed 15 auely that it has o relatively
Lo value al the bed upslream, where the clectolvle tonmodoced , beeanse al
thus palnr the local cothode potential (L5 13 close to the equilibrinm theretore
b averpatential will be sl al the upstrean selnle aller the enteaues e
cathode  potential will drop and  hence  cverpotential  increases  antil

davvrstieun s reached.
5.1.4.1 Effect of Flier race on Overpotential Distribution

Tl clleet o Tove male onaonerpeotenbia] s presenled boelos

1.0l
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Fipare 3.2% Cregrpotenrial distrimation for 0001050 solution and 2ein bed
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Figure 531 ¢ h—'erp:utentia digtribuzion for (0007 % ealation ane 2em bed
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Fipare 5,33 Creerpotenrial distrimation for 0001050 solution and Sein bed
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Fioure 5.3 Orvarmpeteniinl distnbuion Tor 00000 sedinaen and dem bed

e kaieys

The cverpatential 15 ereasine with mereasing flow rate, which
salizlies the behasior observed o the otk ol Clve and Laeoste 195600 | TR].
The tlows rore 20 ol ! o exddulbits o severe doep  everpotential relatmqe o
L cather P Messy miabes aned This mighl be e o the Taster appresdch ol the S0
bl S min flowy eate reaetcn cate T its local loniting eurrenr deosiry,

Aeemparizen belween this mede] and thal of Olis e and Lacesle | 18] 18
as fullons:

Losr the swowe bowedary conchlions wsed me present work e potential

cistribation for linmting eirrent comditions s oveen by
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where I L5 15 the potential ot the dovwnstrean.
Fuation  (22) mepresenis an andlvlical  oapression lor Lhe  polential
distributicn at limitng cuerent showing an appreciable aaresment with the

caperiinental work ol 48], s model sl be eonpered with e presenl
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Figure 336 Comparison vl overpotenial disirbulion berecen present modid

and thal ol Kell [18], lor LOOTM and dem bed thiekness

The compansnn between corrent mwcdel and that of Refl [18] has shosed

auceplable sureemnent as showan i Fig, 535 & Vi, 5346,

S 142 Tffect of Bed Lengih on Overpotential

This etfect 1= ilhasmrated by examining Figs, 5.2%9-34 swhich <hews thar

when boed lenath s mercased the vverpeentind beecnes less nepaive.

S L4F  Effect of Teed Concentration on Overpocential Distribution

This effect wall e ween from examimng chaprer four and Appencdic A

for cocerpotenbial results o see that mercasioge e concentration Teads womah

the coaverpolential higher throwghoot the bed and acloally Lhis is the reason

brelnmel whbinanmng lnolwer cenciiewn rales wilh mmerensing ow rates becooze s

overpolential represents the driving loree [or the reaclion.
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5.2  Mlioor Results

521 Solution Currenl Densiny

Ll currenl uppbeed 1o e reucior 15 divided mle o componemt s, st
15 the sobitim crenl densily s socond he melal cwrent densly secomdimy
to consarvation of clectrieal eurrent and from Loosvie e of these
compenails 11 will be possible o prediel the oter, see cquation (3200 m
chapter thues. The schitien current density moy e chrawed foin evaluatine
Lhe reanelion tole accordimp L eguation (3335 presenied o clugpler thoeee, [
golution aurent densaty mereascs from Zero at bed upstrean until i© reaches

L ksl errrent applicd al ihe donnsiream.

£.2.1.1 Effect of Flow Riate on Solution Current Density

The elleet ol Mema tate o0 soelulcn cwrent densils s showo m1 e

fellowine fres (5.35-5 387 where 2 and 4 ¢ bed lenaths are considered.

06



Fe |

“ereran Tl crert

i

12

s {4 ¢ w2y

b
L 1.24F LMl L8]] L] LiAp

'L

Figwre 5,35 Selulion vurman desiee dstribodion foy Q001 b solution ool 2

v b lengeih

MNesra ul <1l

Tl

EY BART A

|

Hl

Ll
IR {20 Ll LI 18] 1.1nl

il
Firure 5 30 Saolubionm cnmrenl densibe dizimbaion Fr 00n ] BT zalafion amed 2

2 bed Lengih



Tannals gal v,

m_ +:
[ |
—h—
)
g
ﬂlﬂ
L1

L[}
L 1.24F LMl L8]] L] LiAp

'L

Figwre 5,237 Selulion vurman desiie dhstribodion Loy Q001 b osolution gl 4

v b lengeih

11A1
i vrrarrdl ik
SN o
ey
E
:i 1M
100
.-'_‘:-l'"'-
Ay o

il
.00 .20 1140 CLiil MRk 1.1
il

Fizurc 538 Sahntion current densite olstributeon for 0001 B sahton and 4

e bed lenazth

N



Since the solithon curent density s strongly related to the reacticn rate

N Y

Cae egualent £3.330

o, i,
T Staaal
4
bl nmlike the reactison mle il deesn ' decrease b il shIE mercise: alonge the

b boseoase when the eleetralyte 13 worreduesd 1o tle bed the tetal cacrent 1s
the melal phase (packing material’ and with movine mside dwe bed the
electrolvte will gain the whaole ot the end of the bed where the electralyie
leavvws e bed L ges evweard The anode. Ineressimee Tow rate wall oerease
reaclicm tale and consegpezntly the curment densily beciuse ol The increasze m

Lha wodal ot cument.

5.2.1.2 Iffcet of Feod Copcentration on Solotion Current

Drensity

The merensing of concentration will ncrease the current densit: due to

Lhe dneresese 1 teaclon taie leading w lugh cument densities applicd.

5.2.2 Pressure Drop Resulis

52,21 Efecl of Flow Rale on Pressure Drop

Lhe offect of flow rate on prossime drop 13 cagily expeeted to mersase

Lhe pressore drop sinee the eleetmelyie seloerly 1z inirodueed direelly mio The

Larchlweimer eation.

o
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Lig. Sodib Pressure drop beside cothode for floswy rates 5, 1O amel 30 ml F in

aned Teed concenation of Cu® ol 001 M and bed depth ol d e

When stz Fgs 539 and 500010 13 elear that prossure dropr 13
meTeasing appreciallys with merzasing fess rale beciowse ol he ncrgazmg
veloeily wwhich s an mporlanl Jactor i the pressure drop caleuldlions,
therefore the moge the veloclty s lncreasesd the lupher the pressuce diap

ablaied.

5221 Effect of Bed lengech om Pressure Deop

The effect of hed length can he seen trom tables presented in chaprer
Lovwur aud appendiz A 1oosee that e pressore dvop 15 mereasr, with mereasnge

bl ddeplh.

5223 Effect of Feed Copcentration on Pressure Drop

The pressure deop 1= deercased shighily when lecd coneentration s
wnereased from G001 o 001 A for the flow rates 3 and 10hnl. ¢ min. which 1s
tespeeled hehas 1or bocanse al all lese ales The presswee deop 13 expeeled
erease ot a given bed thickness, Thoe nuglc be due to the varlaton of densicy
il wiseesite while Tor e thard Deswe rate 300anl. 7 oamn e pressore drep
arawning slighrhe hugher saloes when fecd concentration 1s mereased which is
proshalbly doe Lo the elose coneenialion drop preliles lor dillerenl Teed

colceltrations, see Figs, 5,18 d 5.19.
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Chapter Six

Comeluwswens and Becommendations (or Fuware Work

Conclusions

Lroin esamunung thes saoe laon resulls ome conconsdude e Collowmyg:
The operating current o this worle 15 beneath the loomng  corrent
butl despite ol s there wre portions, spevtlieally e Tast pertious, mside
the worlang electrode e operating vogder 1ase anster coumrol, wiuch
can b showu by plotbug e ralie ol Teeal reacelion rate 1o local Tnntng
crrren| versie dislance.

Logquantzens (117 dernved 1 vhienster Lour Lor Lhe watal lnningge vurrenl depealy
Fis sueccssiully  deseribed  lhe true Tintmg cwment densily when
commpariaon with the work of Bennion and Newiman | 13] 1s made.

The model his been compared vwith the medel ol Olise and Lacosle | 18]
uneder luninng currenr comditions, swhere satistled apreementt 1s obtalned.
Tn sub-lomilmyg conditiens, The presenl modal bas suceessiully desceribecd
the offecl of Qow pole, bod leogh, amwd leed cowentroion on the
concenlmalien disinbion a5 well as the elleel of Re on e eolleeliim
etfectiveness at different bed lengths winch has matched the expecmad
Lrom Nleratlure.

If the reaction rate s decrensoe o ot the Ded this decenss will not
necvssdly suppross the depasilion bocaose The reaelian rale s imercasimpe

gialitatvels.
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Recommendalions

Lhilertumenely  there 13 wo expernnenta]  work elose counsh Lo s

A lalion w0 thal an axperimenki] waorh with simoalar parimelars e these shiudied

13 shomgly reconnoendksd for coanpuarisen pumaoses Ll muelus] ol eompsarison

mnav

be thooush the concentronon distribution o tteonegh the ¢ollection

clleclivenesys wcasuremiends Schupler Live),

b

Tn present worl: the effect of temperabue i not smudied. T recommended

L #ludy the teaweler perfotnaes al difllorenl lemperatures,

CAnether reachons may he shcdied especially electro-oroamic reachions.

The virables stodusd m o dos worle ane Qow ale. Toed consalraiaon anl
lised lemgth, Thers are elhar npociant varisbles gz the dameler ol packnge
particles i spheres) and also the peametny of pamcles mav be smdied, &2

evlindrical parlicles. as well ws dilferent epes ol metal parlcles.

A, The ellectiveness o working clectrode ey be studied.

The sicde reaction mamly which 18 hydromen e olidaon, miy shudied.
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Appendix A

~ Simulation Results

Table A.1 Results of Run 7(0.001 M Cu*" ion solution concentration, 5
mL /L flow rate, and 4 cm bed length)

Distance | Overpotential Reaction Rate | Concentration
(m) V) (A/m’) (gmol /L)
0 -0.013735 0.33641 0.001
0.0040 | -0.013849 0.30862 0.0009
0.0080 -0.014092 0.28283 0.0008
0.012 -0.014477 0.2584 0.00071
0.016 -0.015011 0.23478 0.00062
0.020 -0.015707 0.2116 0.00053
0.024 -0.016573 0.18871 0.00046
0.028 -0.017621 0.1662 0.00039
0.032 -0.018864 0.14436 0.00032
0.036 | -0.020315 0.12361 0.00026
0.040 -0.02199 0.10437 0.00021




Table A.2 Results of Rup 8 (0.001 M Cu™ jon solution concentration, 10
' mL /L flow rate, and 4 cm bed length)

| Distance Overpotential Reaction Rate Concentration
(m) (V) (A/m?) (gmol /L)

0 -0.017211 0.4689386 0.001
0.0040 § 00174579 0.4442267 0.0009265

00080 | 00179673 04221537 1" 0.000854¢4
0.012 | -0.0187274 0.4012713 0.0007835
0.016 -0.0197595 0.3803011 | 0.0007128;

1 0020 | 00510678 0.3583056 | 0.00064291
0.024 -0.0226394 | 0332806 0.00057469
0.028 -0.0245017 0.3098099 [ 0.00050923
0.032 | -0.0266605 0.2837403 | 0.00024755
0.036 | -0.02913 0.2572863 | 0.0003913¢
0.040 -0.0319353 0.2312264 | 0.0003404%

Table A.3 Results of Run 9 (0.001 M Cy?* ion solution concentration, 50
mL /L flow rate, and 4 cm bed length)

[ Distance Overpotentia] Reaction Rate Concentration
(m) (V) (A/m?) (gmol / L)

[Fsi0. erin -0.022937 0.850617 0.001
0.0040 -0.023706 0.848052 0.0009726
0.0080 -0.025236 0.856309 0.0009439
0.012 -0.02751] 0.870226 0.000913
L6 003050610 853 0.0008799
0.020 | -0.03419¢ 0.894741 | 0.000845 i
0.024 | " 0.038553 0.898122 0.000809

0.028 -0.043578 0.893573 0.000773 |

|2 0.032 5155040005 0.881456 0.0007376
0.036 -0.055575 0.863022 0.0007036

| 0040 [ 006257 0.839873 0.0006712




Table A.4 Resuits of Run 10 (0.01 M cy?

ien solution concentration, 5

mL /L flow rate, and 2 cm bed length)

Distzxilce Overpotentia] Reaction Rate Concentration
(m) (V) (A/m?) (gmol / L)
R T 3.7727 0.01 |

0.002 -0.041242 3.6395 0.009402
~0.004 -0.041775 3.5155 0.008807
0.006 | .0.042713 3.3986 0.008209
0.008 --0.044165 3.284] 0.00760]
0010 -0.046235 3.1644 0.006982
0,012 -0.04902] 3.0308 0.006356 |
0.014 -0.052608 2.8766 0.005735
0.016 | -0.057065 2.7003 0.005137
| 0018 | 0.062443 2.5066 0.00458
0.020 -0.068779 2.3047 0.004077 .
Table A.5 Resuitg of Run 11 (0.01 M Cu** jon solution concentration, 10

mL /L flow rate, and 2 cm bed length)

s e

Distance i Overpotential Reaction Rate Concentration
(m) (V) - (A/m’y (gmol / L)
Fl“" 0 | 004761 4.87821 0.0
0002 S el 4.79479 0.00961
0.004 -0.04935 4.74352 0.0092]
0.006 -0.05127 4.71681 0.0088
0.008 | 0.03402 4.70244 0.00836
0.010 -0.05776 4.6837 0.0079 |
- 0.012 -0.0625] 4.64224 " | 000743
0014 " 006836 456325 0.00694
(0016 | 007533 4.44053 0.00646
_ 0.018 -0.0836 4.27798 0.00601
| 0.020 [ 059307 4.08657 0.00559 |




Table A.6 Results of Run 12 (0.01 M Cu?

mL /L flow rate, and 2 cm bed length)

* ion solution concentration, 50

Distance | Overpotential | Reaction Rate | Concentration
(m) (V) (A/m?) (gmol / L)
0 -0.0581729 8.08474] 0.01

0.002 -0.0595788 8.193097 (.009869
0.004 -0.0625583 8.468513 0.009726 ]
0.006 -0.0672989 8.889058 0.009566
0.008 =0.0739752 9.401376 0.009382
.010 -0.082724 0.919454 0.009176
0.012 -0.0936368 10.34732 0.008956
0.014 -0.1067682 10.61853 0.008733
0016 | -0.1221497 [ 10.79075 0.008518
0.018 -0.139798 10.68565 0.008317
0.020 -0.1597164 10.56046 0.008129 |

Table A.7 Results of Run 13 (0.01 M Cy?*

mL /L flow rate, and 3 ¢m bed length)

ion solution concentration, 5

Distance | Overpotential Reaction Rate | Concentration
(m) (V) (A/m’) (gmol / L)
0 -0.037424 3.53317 0.01
0.003 -0.037308 3.34392 0.009166
0.006 -0.037121 3.14562 0.00836
0.009 -0.036897 2.94232 0.007585
0.012 -0.036846 2.74493 0.006837
0.015 -0.037425 2.56457 0.006094
0.018 -0.039271 2.39626 0.005321
0.021 -0.043012 2.21086 0.004513
0.024 -0.049129 1.97988 0.003725
0.027 -0.057913 1.71769 0.003041
0.003 -0.069468 1.467 0.002503




Table A.8 Results of Run 14 (0.01 M Cu*" ion solution concentration, 10

mL /L flow rate, and 3 cm bed length)

Distance Overpotential | Reaction Rate | Concentration
(m) V) (A/m?) (gmol / L)
310 ~0.04791 4.90142 001 -
0.003 -0.048 4.72325 0.00942
0.006 -0.04845 4.56249 0.00884
0.009 -0.04967 4.43128 0.00826
0.012 -0.05213 4.32876 0.00765
0.015 -0.05635 4.23234 0.007
0.018 -0.0628 4.10174 0.00632
0.021 -0.07187 3.90497 0.00565
0.024 | -0.08386 3.64579 0.00503 |
0.027 20.09901 3.35658 0.0045
0.003 0.11742 3.06895 0.00405

Table A.9 Results of Run 15 (0.01 M Cu®" ion solution concentration, 50

mL /L flow rate, and 3 cm bed length)

Distance | Overpotential | Reaction Rate | Concentration
(m) V) (A/m?) (gmol / L)
0 -0.064863 8.887756 0.01
0.003 -0.0660908 8.899755 0.009785
0.006 | -0.0692202 9.085558 0.009557
0.009 -0.075111 9.452673 0.0093
0.012 -0.0846351 9.918624 0.009005
0.015 -0.0985305 10.30826 0.008683

| 0.018 -0.1173754 | ° 10.46937 0.00836

0021 | -0.1416489 | 10.39091 0.008062
0.024 -0.1717519 10.16394 0.007792
0.027 -0.2079638 9.877538 0.007544
0.003 -0.2504013 9.578735 0.007309




“Table A.10 Results of Run 16 (0.01 M Cu®* ion solution concentration, 5

mL / L flow rate, and 4 cm bed length)

Distance Overpotential | Reaction Rate { Concentration

J (m) (V) (A/m?) (gmol / L)
0 -0.036193 3.44744 0.01

0.004 -0.035968 3.20993 0.008921
' 0.008 -0.035665 2.96054 0.007892
0.012 | 0.035296 2.70123 0.006919
0.016 © -0.03497 2.44112 0.006007
0.020 -0.034722 2.18205 0.005157
0.024 -0.034529 1.92559 0.004379
0.028 -0.03652 1.72608 0.003577
0.032 -0.042713 1.49463 0.002722
0.036 -0.054198. 1.18339 0.002001
0.040 | -0.071177 0.91685 0.001521

Table A.11 Results of Run 17 (0.01 M Cu®" ion solution concentration, 10

mL /L flow rate, and 4 cm bed length)

Distance | Overpotential | Reaction Rate | Concentration
(m) V) (A/m’) (gmol / L)
0 -0.04635 4.78247 0.01
0.004 -0.04611 4.54158 0.00925

- 0.008 -0.04575 4.29127 0.00853
0.012 -0.04534 4.03935 0.00784
0.016 -0.04538 3.81298 0.00717
0.020 -0.04703 3.6432 - 0.00646

0.024 -0.05188 3.50541 0.00566
0.028 -0.06141 3.29178 0.0048
0.032 -0.07669 2.95236 0.00402

0.036 -0.09847 2.58752 0.00342

| 0.040 -0.127 2.26961 0.00297
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Table A.12 Results of Run 18 (0.01 M Cu”" ion solution concentration, 50

mL / L flow rate, and 4 cm bed length)

" Distance | Overpotential | Reaction Rate | Concentration
(m) (V) (A/m?) (gmol / L)
0 -0.0652162 8.928024 0.01

0.004 | -0.0651931 8.765042 0.009717
0.008 -0.0655343 8.639256 (.009435
0.012° -0.0674114 8.656427 0.009141
0.016 -0.0730916 8.951239 0.008798
{.020 -0.0854424 9.467042 0.008376
0.024 -0.1069109 9.800161 0.007915
0.028 | -0.1392474 9.703628 0.007504
0.032 -0.1838833 9.373145 0.007165
0.036 -0.2417918 8.997143 0.006865
0.040 -0.3132513 8.629189 0.006583

Table A.13 Solution current density distribution for 0.01 M Cu*" ion

solution concentration, 5, 10, and 50 mL / min flow rate, and 2 cm bed

length
% G mL /min |10 mL / min flow] 50 mL /min
flow rate rate flow rate
0 0 0 0
0.002 7.5635 9.87006 16.61037
0.004 14.865 19.604 33.61236
0.006 21.92 29.257 51.32452
0.008 28.739 38.869 69.9886
0.010 35.319 © 48.447 89.70413
0.012 41.641 57.963 110.3849
0.014 47.669 67.357 131.7791
0.016 53.36 76.545 153.5543
0.018 ~ 58.673 85.441 175.398
0.02 63.582 93.97 197.0643




Table A.14 Solution current density distribution for 0.01 M Cu?* ion

solution concentration, 5, 10, and 50 mL / min flow rate, and 3 cm bed

Table A.15 Solution current density distribution for 0.001 M Cu*' ion

solution concentration, 5, 10, and 50 mL / min flow rate, and 4 cm bed

length
X s ’i_;lén flow }10 mL 5;::“ row 50 mL / min flow rate
0 0 0 0
0.003 10.526 14.732 27.22633
0.006 20.46 28.945 34.75542
0.009 | 29.778 42,711 33.13083
0.012 38.483 56.12 112.7814
0.015 46.61 69.224 143.7415
0.018 54.203 81.98 175.5446
0.021 61.255 04.236 207.4743
§y 0.024 67.67 105,79 238.9364
i 0.027 73.329 116.51 269.6127
* 0570 78.219 126.35 299.3924

length
i 5 mL / min flow { 10 mL / min flow 50w/ i fow ratel
: : rate _ rate b
0 ' 0 0 0
0.004 13.587 19.029 36.10902
0.008 26.18 37.056 71.62872
0.012 37.735 54.057 106.9267
0.016 48.229 70.083 142.8615
0.020 57.665 85.3 180.4505
0.024 66.048 99.889 219.7722
0.028 73.5 113.76 259.5766
0.032 80.073 126.5 298.5096
- 0.036 85.539 ! 137.81 336.0007
{  0.040 89.862 147.74 37155935

A-8




Table A.16 Pressure drop distribution for 0.01 M Cu”" ion solution

concentration, 5, 10, and 50 mL / min flow rate, and 2 cm bed length

2 5mL / min 10 mL /min {50 mL / min flow
flow rate . flow rate rate
0 0 0 0

| 0002 | 5.58096E-05 | 0.000117841 | 0.000838074
I 0.004 0.000111619 | 0.000235682 | 0.001676153
0.006 | 0.000167429 | 0.000353524 | 0.002514237
0008 | 0.000223239 | 0.000471367 | 0.003352327
0.01 0.00027905 | 0.000589209 | 0.004190423
0.012 [ 0.00033486 | 0.000707052 | 0.005028525
0.014 | 0.000390671 | 0.000824896 | 0.005866635
0016 | 0.000446481 | 0.00094274 | 0.006704751
0018 | 0.000502292 | 0.001060585 | 0.007542874

002 [0.000558103 | 0001178429 | 0.008381004 |

Table A.17 Pressure drop distribution for 0.01 M Cu®" ion solution

concentration, 5, 10, and 50 mL / min flow rate, and 3 ¢m bed length

5 S 5 mL / min 10 mL /min |50 mL / min flow
flow rate flow rate rate
0 0 0 0
0.003 | 837145805 | 0.000176762 | 0.001257112 |
0.006 ] 0.000167429 | 0.000353524 | 0.0025142310
0.009 | 0.000251144 | 0.000530286 | 0.003771358
0.012 | 0.000334859 | 0.00070705 | 0.005028495
0.015 0.000418574 | 0.000883814 | 0.006285642
| 0018 | 0.00050229 | 0.001060578 | 0.007542798
{0021 ]0.000586005 | 0.001237343 | 0.008799965
0.024 | 0.000669721 | 0.001414109 | 0.01005714]
0.027 | 0.000753437 | 0.001590876 | 0011314326
[ 003 0000837153 | 0.001767643 | 0.01257152




Table A.18 Pressure drop distribution for 0.01 M Cu*" ion solution

concentration, 5, 10, and 50 mL / min flow rate, and 4 cm bed length

E: 5 mL / min 10 mL /min {50 mL / min flow
flow rate flow rate rate
0 0 0 0

0.004 | 0.000111619 | 0.000235682 | 0.001676140
0.008 | 0.000223239 | 0.000471365 | 0.003352307
0.012 | 0.000334850 | 0.000707048 | 0.005028476
0.016 | 0.000446479 | 0.000942733 | 0.006704655
0.02 | 0.000558099 | 0.001178418 | 0.008380847
0.024 | 0.000669719 | 0.001414103 | 0.010057052
0.028 | 0.00078134 | 0.00164979 | 0.011733271
0.032 | 0.000892961 | 0.001885477 | 0.013409501
[ 0.036 | 0.001004582 | 0.002121165 | 0.015085743
0.04  |0.001116203 | 0.002356853 | 0.016761996
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Appendix B

Physical Properties of Electrolyte

B.1 Calculation of Density and Viscosity by ChemCAD

ChemCAD is computer package used for the design of chemical
processes, ChemCAD have a database for physical properties of thousands of
‘components and mixtures, so this database will be used in this work for the
evaluation of electrolyte density and viscosity because of the lack of these
data in the available literature. The method is done by introducing weight
fractions of copperic sulfate, sulfuric acid, and water to the (ChefnCAD) in,
setting the temperature to 25C° and calculate density and viscosity for these
weight fractions. Weight fractions input to the ChemCAD and results (density

and viscosity) are given in Table B.1 below

Table B.1 Input weight fractions and results

H,S0, ~ CuS0O4 Density ' Viscosity
weight fraction Weight fraction (kg/m*) (N.s/m?) *10°
0.100 0.1000 1170.41 1.1634500 i
0.075 0.2000 1268.93 1.1121000
0.010 0.3000 . 133554 0.9404630
0.005 0.4000 1492.69 0.9263100
0.005 (0.5000 1702.05 0.9239030
0.100 0.0100 107737 11420200 |
0.100 0.0075 ' 1075.00 1.1414800 5




. The data of Table B.,1 need to be converted into molar concentrations

©of copperic sulfate and sulfuric acid. The Molar concentration of species I is

- defined as
_ gmolof i kgmaf of i B.1)
VG.‘.’HIHE(EHEF‘) V{,;fymg( 3] s Jind
the total volume in terms of clectmlyte de'nsity
Vofume( 3)—ﬂ ..(B.2)

P
substitution of -::quatmn (B.2) into equation (B.1) and puttmg in terms nf

wmght fraction

k / Mwt,
o A {gof; W ﬂfl]p
My

_ Wi fraction of i
Mwt. of i

Where my is the total mass 6f clectrolyte, Mwt is the molecular wei ght, and p
is the density of clectrolyte.
Application of equation (B.3) on both Copperic sulfate and Sulfuric

acid to get the following results as in Table B.2 below

Table B.2 Molar concentrations with density and viscosity at given weight

...(B3)

fractions
i st{j'.; C“SO4
H;SGL: CHSU4 : ; . i '
: Molar: Molar Density Viscosity
weight §  weight | e : _ : 3 5
 |Concentration] Concentration (kg/m”) | (N.s/m”) *10
fractionf fraction
~ (gmol/L) (gmol/L)
0.100 0.1000 1.193322 © 0.7332937 1170.41 1.1634500 |
0.075 §  0.2000 0.970328 © 1.5900382 | 1268.03 | 1.1121000
0.010 0.3000 0.136166 2.5102187 153552 0.9404630
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Table B.2 Continucd | i

0005 | 04000 |  0.07609 37408433 | 149269 | 09263100 | |
0.005 |  0.5000 0.086768 53319028 1702.05 0.9239030 |
0.100 | 00100 | 1098460 | 00675002 | 107737 | 11436300 |
0.100 | 0.0075 1096044 00505138 | 1075.00 | 1.1414800 i

B.2 Electrical conductivity of Electrolyte at Various Molar

Concentrations

~ The electrical conductivity for given concentrations of copperic sulfate i

and sulfuric acid are given in Table B.3 below.

Table B.3 Electrical conductivity of electrolyte at various molar

concentrations of copperic sulfate and sulfuric acids

CHSU4
H;S0, Concentration i
: Concentration |Experimental Value (2'.m™)
{gmol/l)
(gmol/l) |
0.01 0 80 |
0.7086 125 \ 25
0.002 1.5 LT

B.3 Exchange current density at Various Molar
Concentrations. |
The data for exchange current density vs. molar concentration are
available at 30 °C [25] these data need be to converted for the temperature of

25 °C this is done using the equation




R 29815 T

: : ki
IOT = 15298 e Hp{ aofivation [ 1 1 J} ! _(34)

the value of Eggivaion must be evaluated from knowing the exchangé current
density at 25 °C and 30 °C which are 1.94 A / m? and 0.774 A / m’
respectively, therefore B cjvation / R = -16610.235 8 I/ mole.

Introducing this value into equation (B.4) so that the exchange current density
values can be transformed from 30°C (column 2) to 25°C (column 3) as given
in Table B.4 below

Table B.4 Exchange current density at given electrolyte concentration [25]

Cﬂnf:l’i?:tiﬂn- 1 iﬂT (A fmz) iﬂzgg A (A; m:} . i
0.002 0.774 1.94
0.01 Y 2.2558
0.1 22 5.15142
1 3.9 9.77

Data above for density, viscosity, electrical conductivity, and exchange

current density versus moelar concentrations are fitted using STATISTICA

program to give the results shown in Table B.5 below
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Table B.S Fitted physical properties values

Property Equa_:ian
p=1103 .262 + 51.4GMHESG4 +131Meyso , +
Density (kg / m") ! 0.0086 M prag0,

; 0232
71.63(M 504 Meuso P2 — 18004 50 ;

Yiscosity (kg /. 5)

H==3x107" +2.23 %10 M 5 gp, +8.3%10" "M g0 , -

2,287 =10 =3 M H o380k 4

=T = r
8.3%10 (M 4,50, - Mcuso , P +0.00006 b 220"

Electrical Condu clivity
(@ m™h

Ks = 74,92 - 5.1459 JMC'I!SI:'q “ZS.TMHzlng_ o

- 0.1
3.92M cusp o M iS55, +5.144 M{EEO? “ tas04)

_—

hange current density (A / m”")

Sl ot : 2
iy =1.861266 +39.71M (0 —31.8M ¢,

The error between curve ﬁtting?esults & ChemCAD’s for density and

viscosity values are presented in Table B.6

Table B.6 Predicted values & ChemCAD’s results density and viscosity

Predicted values from curve
H,50, ChemCAD %% Error
et
Molar itting L
. R ; Viscosity
oncentration|  CuSO, 4| Viscosity Density Viscosity Density )
Density (kg/m™) ; {N.sfm")
{gmol/l) Molar (N.s/m®) *10° | (kg/m™ (Nsim™ *10° | (kg/m™)
| : ! g
| Concenfration ;
| 1.193322 "{E%?%? ¥i [170.41 1.1634500 117062 0.001161642 0.0178 1.553932 @
[ 0.970328 1.5900382 1268.93 1.1121000 1268.72 0001T11910 0.01654 0170643 |
136166 2.5102187 1335.52 0.9404630 1335.41 0.000939341 0.006844 | 1.193426
0.076096 3.7408433 1492.69 0.9263100 1492.56 (L000926546 0.007005 | 0.254622
0086768 5.3319028 1702.05 0.9239030 1702.11 0.000922993 0.00371 0.984507
1098460 (.0675002 107737 1.1420200 1077.36 0001141493 0.00132 | 0461648
1.096044 0.0505138 1075.00 1.1414800 1074.96 0.001140467 0.003663 | 0.887277

‘The density and viscosity of 0.002 M Cu®* and 1.5 H,SOy in literature [24]
were 1065 and 1.18*10™ respectively while the fitted equations give 1097.555
and 1.1941%*10” with % error of 3.05633 for density and 1.1949 for viscosity
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