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ABSTRACT

The aim of this research is to model the continuaus leaching of particles
in multiple well-mixed tanks, taking i{nto consideration the particle size
distribution of the feed, It is desired that the model answer such

questions as the tamk volumes required for a given leach efficiency.

The model is developed using a particle number balance over each tank in
the system. It is asssumed that each particle decreases in size uniformly
according to the ideal shrinking particls model. Experiments consisting
of the Jeaching of iron particles by a ferric sulphate solution are con-

ducted to ascertain how the model cao be applied to & practical system,

The major conclusions of the research arc that a single tank can be suc-
cessfullv modelied using a dimensionless graphical technique, which 81~
lows one, for any feed particle size distribution, to deterwiie the volume
of the tank required for a given leach efficiency. For multiple stirred
tanks in series the model is able to predict the conversion over each
tank, but ay iterative protedure is required to determine the volume of
the set of tanks te yield a required overall leach efficiency.
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1 INTRODUCTION

The mineral industry is ap integra) part of South Africa's economy and
new and improved processes to extract minerals from their oras are con-
tinucusly being sought. Of these the hydrometallurgical methods are being
preferred over the pyrometallurgical wethods since they yield a berter

quality product. are less polluting and in many cases are wore efficient.

The aim of this resessch s to derive a simplified mode) to describe
Jeaching in multiple well-mixed tanks in series. The model will attempt
to answer such questions as the volume #md the number of tanks required
to achieve a given leach efficiency as well as the leach efficiency ob-
tained from a given number and volume of tapks. The model was developed
from parcicle number balance over the it tank in a series of n well-mizd
tanks, The balance gave & first order differential equation which was
solved to give the size distributien and the ratio of the number of par-
ticles entering to those exiting the iLh tank and thus the conversion,
To simplify the algabra of the model the chomicsl reaction of the perti-
cles was described by the shrinking particle mechanism (Levenspiel,
1972). The model can however be extended to incorporate other reaction

systems.

Laboratory-scale experiments were copducts+ to verify the model and en-
tailed the leaching of Sron particles by a . .ric sulphate solution in
two well-mixed tanks placed in scries. This resctio. was chosen for its
simple kinetles, but it must be borne ip mind lhat any reaction whose

kineticy are known can used in the model,
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A liverature survey was conducted but revealed few relevant articles.
Those that were found are presented here, .-venspiel (1972) spplies the
residence time distripution of o well-mixed tauk to the shrinking core
and shrinking particle models to obtain the leach efficiency in a single
tank for a feed of uniform particle size. He includes a numerically given
feed particle size distribution by applying his model over cach of the
discrete size ranges. He does nat predict the size distribution in the
outlet of the tank and therefore his equations cannot be extended to

multiple tanks.

Loveday (1975) bases his equations on a system involving a uniform size
feed to a single tank with an overflow of leach liguor end with the com-
plete dissolution of the particles im the tonk. The size distribution in
the tank is easily caleulated since there will be an equal number of
particles in each size range due o the complete dissolution of the par-
ticles in the tank. The model lemds itself easily te the incorporation
of a feed parvicle size distribution but is not extenduble to include

multiple well-mixed tanks,

Sepulveda and Herbst (1978) use the particle halance approach but do not
consider espressing the loach efficiency in torms of the moments of the
feed particle size distributfen and a dimensionless number that is a

function of the syStem var :.es which simplifies the model.

Traybal (1981) describes an approach that uses exparimental deia, but this
requires a new set of oxperiments for cach configurat-on of the system

varaablas.
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2 THEORY

The ideal shrinking particle model (Levenspiel, 1972) is a model to de-
seribe the way & particle bohaves upon reacting. 1t has two basic as-
sumptions, the first being that the particle is non-perous and theresore
reaction occurs only at the surface of the particie. The second is that
reacted moterial is relnased from the particle without affecting the re-

sction rate.

The ideal shrimking particle model can be expressed mathemstically

dm{fi/dt = - kjwlﬂlk)u
= - kv et
= 3pptuge
where: a(f) = exposed surface aves of particle of size &
ki rate constant in tank i
3 characteristic particle size
(meeyzpl '/
m(2) = mass of single particle of size &
t = residence time of particle in contact with solution
uy = particle growth rate in tank i
= disdt
¢ shape f{actor
alt)/e?
v = guantity depesdant on chemical and physical
propertics of the solution cnvironment in tank i
» = donsity of particle
w = molecular weight of dissolving species
THEORY 3



2 THEORY

The 1deal skrinking particle model (Levenspiel, 1972) is o model to de-

ibe the way a particle behaves upon reacting., 1t hias two basic as-
sumpiions, the first being that the particle is non-poreus dnd therefore
reaction oceurs only at the surface of the particle, The sccond iz that
reacted material i5 released from the purticle without affecting cthe re-
action rate.

The ideal shrinking particle model can be expressed mathematically

dmid i de = - ki(ﬂ‘ﬂ(liw

.- 2
= - ket

= ot

where:  a() exposed surface area of part{cle of size £
K, = rate constenmt in tank §
3 = chardcieristic particle size

= {may/p) R
m(®) = mass of single particle of size £

T = residence time of particie in contact with so” tion
uy = particle growth rate in tank 1

= dfgdl
¢ = rhape factor

= alg)/et
¥ = quantity dependant on chemical and physieal

properties of the solulfon environment in tank 3
o = density of particle
w = molecular weight of dissclving spocies
THEORY 3




Therefore
u = -kpdu/le NeH)

ie. the ideal shrinking part.cle model assumes v is independent of £.

Conducting a particle balance for the i*" tank, in the size ramge & to
oo, de.

the number of particles entering the i™® (from tank i-1) = the number of
particles leaving che i°" tank + the number of particles entering the size
range ¢ to t+de as & result of reaction.

nd assuming

1. the system is atv steady state,

2. the taoks are well mixed.

3. the ideal shrinking particle model spplies.

4. the volume flowrate through the tanks is constant.

this can be mathemetically expressed as:  (See "Appendix 4. Detailed

theory" on page 35)
AEL(2)/48 - w E (1) = ~Bia f, ()
where: fx(ﬂ.)dll = fraction of particles in tank i with

sizes hetween & and L4d2

= no. of particles in tank i per wnit volume

of solution

volumetric flowrate of solutjon

o
I

s
[

= particle growih rate in iank i
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= de/de
Vi = yolume of tank i
o5 = ugVg
By =Ny

integrating this gives

fi(l‘z = «iﬁinxp(uil) Jlexp(-uil')fi_](k')dl‘
where: 18, =1~ Joexpt—ail')fi_x(l')dl'

and using this equation the follawing momewucs way be caleuiated

n,o= e f(2)de = B
o e

e, = Jy.‘f (2ydt = §
g

i

i-1

FAFIST

- i,

- g fey

= 3 = -
Ei = JOE fi(l)dl = Bi‘i-l 3ai/ui

L@

(3

L)

(5

- (8)

Therefore §; can be obrained in terms of no, 0p snd §y and the overall

fractional conversion can be expressed in terms of the third moment as

shawn in Appendix A.

2
C=1 -5 /Ly 1 YR
n s 1

i=1

THEORY
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Conversion over one tank
Using the shove equations and defining:

AT
where t," is the time teken for the average
sized particle to be completely 1sached.
T, = e’
the following can be derived by combining equations (1) through(7) (See
“Appendix 4. Detailed theory" on page 35)

Gy = [3(oo/Ma®)T, - 67,2 + 6T,7/B,1 (no*)/Es L8y
where: T; = (w$/3p)(V1/Qk¥:/ns L)
/B, =1 - I}xp(—n,l‘)f,,(l')dz' L. (10)
= 1T, RN etS)

The size distribution in the outlet stream :s given by
£,{2) = 0,8 expla,l) J‘ expl-u, &' )fo (2" )dR’ ... Q12)
2

Using equation (8) a graph of C v§, T can be platted. Using the graph in
conjanction with (9) the required tank volume for a particular conversion
can be calculated noting that ¥, is a function of the concentrations in
the tank and thus alse of the conversion.

A plot of C vs. T was made using the size distxibution used for the ex-
periments. The size distribution is calculated in Section 3.3 and the plot
is shown in Figure 1 on page 7.

The detailed derivation for the above theory can be found in “Appendix

A. Detailed theory" on page 35,
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4 reaction that approximales ideal shrinking particle bebaviour was re-

quired. For this & particle satisfying the following conditions is needed.

EXPERIMENTAL METHOD

SELECTION OF THE REACTION

The particle needed to:

1.

2

4,

An edditional requirement for the reaction was that it should be easy to

fave few impuritics.

net be too irregular.

form no ash layer upon leaching.

be of a managesble sfze.

model.

It was decided that the leaching of iron particles by ferric sulphate
would constitute a suiteble reaction for the following reasons.

Iron particles were obtaineble with a maximum of two percent impuri-

ties.

The particles were obscrved through a microscope and found ro savisfy ,

the sbove conditions. The photograph has been reduced, for conven-

ience, from the original. (see "Appandix M. Photograph of the iron

particles" on page 72)

Iron fozms no ash layer upon leaching.

EXPERIMENTAL METHOD



The ferric sulphste was not readily available so it was formed by
oxidising ferrous sulphate usin, hydrogen peroxide.

The method is described in Section 3.2

EXPERIMENTAL METHOD 9




3.2 OXIDATION OF FERROUS TO FERRIC SULPHATE

Ferrous sulphate is oxidined as follows.
2FeS0, + H,S0, + Hy0p » Feal$0,); + 2K,0

A low pH was desirable since at high pH's the ferric sulphate is insolu~
ble. However the pHi could not be too low since this csuses a significant

increase in the reaction of the hydrogen ions with the iron.

The solution storage capacity for cach run was 35 litres and to produce

this the following reactants are required,

e W0
7 kg FeS0,.7HD
680 mf  98% H,S0,
1R 30% M0,

(see "Appendix C. Oxidation of ferrous sulphate” on page 44)
The solution was znalysed as follows:

1. the total agueous iron concentration was obtained by A.A.

$PBCtroscopy.

2. the forric ion concantration was detormined by the titration as shown

in "Appendix D. Titration tor Ferric ion” on page 46.

3. the ferrous fon concentration was determined from the difference of

the above two concentrations.

4. the H,50, concentration was determined by the titration as shown in

“"Appendix E, Titration for Sulphuric acid” on page 47.

EXPERIMENTAL NETHOD 10




3.3 FEED PARTICLE SIZE DISTRIBUTION

The number density function of the particles was obtained from twe in-

dependent methods.

For the first method photographs were taken through a microscopé of the
particles on millimetre graph paper (soc "Appendix M. Photograph of the
iron particles” on page 72), It was seen that the particles approximated
ellipsoids and the maximum and minimum diamerers of each particle meas-
ured. These measurewents were uscd in 4 program (see "Appendix G. Program
1" on page 49) to caleulate the size distribution and shape factor. The

shape factor ¢ was caleulated by the program to be 4,7 .

A KONTRON IBAS wmage unalyser was used for the second method. The image
analyser uses a T.V camera to scan a mounted polished sample and then
calculates the distributjon using statistical methods (King, 1984). The
outputs from the analyser are in the form graphs of the particle size vs.
the mass fraction smaller than ..at t.4u. Four runs were made and The
graphs are shown in "Appendix L. Graphs from tha image analyser” on page
70. A program (see "Appendix H. Program 2" on page $2) was used to

evaluate the number density function from these graphs.
The moments were calculated and the first woment, i,e. the mean particle

size, was found to be 200 pu.

Particles less than 100 um were not considered since they constituted &
very small fraction of the mass aund were unrolishle due to noise in the
graphs which is amplified uvon conversion from mass fraction to number
fraction,

EXPERIMENTAL METHOD 11
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The size distributions obtained from both methods are shown in Figure 2

on page 12, From the granh we see thet both mothods yield approximately

the same distribution. his reason and since larger errors were in-
curred from perticle sizer  tg measured manually from the photographs
in the first method, the si:: distribution obtained from the image ana-

lyser was used for all the calcu'ations,

The size distribution used is given numerically in “Appendix K. Feed size
distrivution” on page 59.

0,807+

0,003+

<ammzme

9,004

2,002+

0.9024

zonAnzZET

9,008

©.006-{

o B0 100 150 200 aso s0n 350 400 anp
SIZE (MICRONE}

Figuze 2. Feed particle size distribution.

Logend: -——-—-mme  distribution from photographs

- s == distribotion from imsge analyser
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3.4 SIZING OF THE TANKS

An approximate value of dR/dt wes obtained as follows.

4 particle was placed in A beaker of forric sulphate on a magnetic stirrer
with & microscope and camera above it. The pariicle was approximated to
an allipsoid and thus the characteristic length wes obtained using:

173

= * j12
£ = Poyntnaxnin ¥ Foax? ™12

where: £ .. = minimum diameter

3 = maximum diameter

Both L and 2 wore measured from the photographs and then scaled to
theix actual sizes. The results of this photographic technique are shown
in Figure 3.
time (min) size (um) difde (pm/min)
[} 400
20 200 10
45 50 8

Figure 3. Particle growih rates.

EXPERIMENTAL METHOD 13
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‘The average particle size is 200 um (see Section 3,3) and for the particle
mass to be leached by half, the size must be leached by 40 um. This,

according to the values in Figure 3, requires approximately five minutes.

Now by mass balance

T = V(ci-co)/zcn ()

where: V........ viie...otank volume

+vs..inlet ferric conc.

Cyervo. outlet ferric cone.
G......fractional conversion
Moooooooes . mass (lowrate

Consider & typical run vhere expected values might be:

v o= 1.0 litre

® o oe

@

From equation (1) we get T = 5 minutes

ie. Using a tank size of one liire yields a residence time of the required
magnitude.

EXPERIMENTAL METHOD




3.5 APPARATUS

A schematic diagram or the apparatus is shown in Figure 4.

overhead tank
containing the
teach liquor

e POLAMOL BT

s

P

vibrator
fecdor

mixer

Y

P

The experimental apparatus

Tank 1 -

tank 2 -

Figure 4.

Two vibrator {aeders were used in serins. The first was used to regulste
the solid flowrate and the second placed on its highest setting to ensure
an unhindered flow to the tanks. Two [lexidrive motors were used 1o drive
the impeilers. Rotameters were used to control the liquid fiowrate to
the tanks.

To ensure that the tanks simulated well-mixed topk o trial run using water
and sand wes conducted. The concentrations of the sand in water was
checked in the tanks and in the outlet steams of the tanks, Results show
that these concentrations are conmsistent with the input cencentrations
Tha results ave shows in "Appendix N. Run wick sand and water" on page
3.

EXPERIMENTAL METHOD 15



3.6 PROCEDURE

The following procedure was used for sach run.

The system was run for a period of approximately five residence times to
reach steady state.

The vibrator feeder was fed onto a mass balance for twenty minutes before
and ten minutes after each run. From this the reliability and average
flowrate of the feeder could be caleculated. The flowrates proved to be
constant. The mass flowrate for the first run is shown in “Appendix F.
Mass flowrates of first run" on page 45,

Samples were drawn from each tank and the sample volumes noted. The sam-
ples were analysed as follows:

1. the total aqueous iron  concentration was obtained by A.A.
SPectIoscepy.

2. the ferric ion concentration was determined by the titration as shown
in "Appendix D. Titration for Ferric ion" on page 46.

3. the ferrous ion toncentration was determined by the difference of the
above concentralions.

4. the H,S0, concentration was datermined by the titration &s shown in

"Appendix E. Titration for Sulphuric acid" on page 47.

EXPERIMENTAL METLOD 16




RESULTS AND ANALYSIS

4,1 COMPARISON OF EXPERIMENTAL TO THEORETICAL RESULTS

The results for the leaching experiments are shown in "Appendix 0. Ex-
perimental results" on page 74. The results show that the reaction of
the acid with the irom was negligible and it was cherefore not included
in the analysis.

The T vs. C curve (plotted from equation (1) below) for the first tank
is unique since the feed particle size distribution is fixed. However the
conversions in the first tamk weve different for esch experimental run
and this resulted in different inlet particle size distributions and thus
different T vs. C curves for the second tank. The problem was therefore
how to compare the results for each tank.

It wes anticipated that the T vs. C curves for the second tank would not
vary greatly from that of the first tank so it was decided to treat the
two tanks as two separate single tanks. A program was written to solve
the equations (shown below) for each tank and experimental run. The size
distribution of the particles leaving the first tank was calculated from
the theory and was used as the feed perticle size distribution for the
second tank. This was necessary since the feed distribution for the first
tank could be evaluated using an image snalyser (see Section 3.3) but
the samples from the first tank could not since they decayed upon drying.
The program used the ferric ion concentration as the basis for the mass
balance since severe oxidation of the iron samples yielded them unreliable
tor use as the basis. The program is shown in "Appendix I. Program 3"
on page 54 and the results are shown in "Appendix J. Results oi program
3" oa page 62.

RESULTS AND ANALYSIS 17




Recall the following ¢quations from Section 2

Cy = [3(04/n,2)T; ~ 6T,2 + 6T,%/8,)(na/E0) L)
£,(8) = ¢ Brexn(2,0) J:exp(-u,l')f‘,(ﬂ')dl' L (2)
/8, =1 - J‘;axp(-u,l’)f,(l')df-' L (3)
oy = 1/1,T, Lol (B)

where subscript 0 refer< to inlet conditions

and  subscript 1 reiers to outlet conditions

The rasults show that B is approximately 1 for the experiments and that
the rarjos of the moments for the second tank do not vary greatly from
the ratios in the first vank. The ratios varied the greatest for cthe fifth
experimental run and thus give the T vs. C curve that is the most dif-
ferent from the curve for the first tank. The T vs. G curve for the first
tank and the curve for the second tank from the fifth run were plotted
on the same graph (see Figure 5 on page 20). The graph shows that the two
curves are approximately the sume and therefore it was valid to conduct
the analysis treating the two tanks as separate single tanks. Furthermore
one can say that all the the other T vs. C curves for the second tank lie

between these two curves.

Using the firted kinetics obtained in Section 4.2 one can calculate an

experimental value for T as follaws.

From the rate equation determined in Section 4.2 ana equation (9) from

Section 2 one can write

T, = (u$/3p) (Y, /Quk, (Fo Ty P, e

RESULTS AND ANALYSIS 18
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Using the size distributions calculated from the theory in the program
“"Appendix I. Program 3" on page 54, and by substituting the following

values into eguation (5)

p = 7.5 x10f g/m?
w = 55,85 g/mol
$ = 4.7

one can calculate T for each tank and experimental run, These caper-
imental T velues and their corresponding conversions were plotted agazast
the T vs. C curves shown in Figure 5 on page 20. The plot is showa in
Figure 6 on page 21. and from it ope can see that there is good agreement
with the theory although it must be remembered that fitted kinetics were

used.

RESULTS AND ANALYSIS 19
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4.2 THE REACTION KINETICS

The reaction
Fe + Fe,(80,); » 3FeS0,

is electrochemical in nature and involves the following half reactions
PSS N
Fe + Fe?' 4 ze'

Resction of the acid with the iron proved to be negligible and was
therefore not considered. (see Section &4.1)

Sketches of the current ~ potential curves for the above half reactions
are shown in Figure 7.

Tijure 7. currentepotential curves

RESCLTS AND ANALYSIS 22
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By modelling these curves the form of the rate equation can be derived.
(see "appendix B. Form of rate equation” on page 41)

The form was derived to be the following

a+b

) o (1)

dm(f)/de = a(fluk(Fe
vhere k and b are constants
Values for these constants were determined by considering each tank as a
separate single tank with the calculated exit size distribution of the
first tank being used as the fead size distribution for the second tank
Values fur the constants were evaluated as follows.
Recall equatjon {3) from Section 2

T = (we/3p}(V/Qske/n

Substitution of equation 1) gives

T = (/33 (VQKFT) e
where 1 is the first moment of the feed size distribution
Hence
&= lafky + b lnf(Fer?y ]
wherae: A = In[{3p/¢w) (Q/VINT]
g = 7.5 x10° g/m?
§ = 4.7
w = 55,85 g/mol
Q ceereieresf/min
RESULTS AND ANALYSTS 23



Vot
Mo vvvnnenennns ]
K oaeaannos Ccom/min (for b=1)

The method by which the varisbles of the system were evalvated for each
experimental run are described in section 4.1 "Comparison of Experimental
to Theoretical Results" on page 17. An extension to the program was made
to evaluate 4 and In(Fe'™) from the system's variables and to solve for
the reaction constants by linear regression. The results of the program
are shown in "Appendix J. Results of program 3” on page 62 and the progran

is shown in “Appendix 1. Progrim 3" on page 54.

The regression was first used for all the A valves and then for the A

velues from each tank separately. These resulis are shown in Figure 5.

Tank's used in | Reaction constant | Reaction order

the regression

Both tanks 0.00327 1.097
ist tank 4.00513 1.040
2nd vank 0.00345 1.082

Figure 8. table of the reantion kinetics

Figure 6 shows that the reaction is approximately firsi reaction so it
was assumed that the reaction is indeed first order and the regression
repeated te find the resction constant. These results are shown in

Figure 9 on page 25.
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Tank's used in | Reaction constant | Reaction order
the regression o/min

Both tanks 9.00527 1.000

st vank 0.00630 1.000

2nd tank 0.00439 1,000

Figure 9. table of the reaction kinetics: the reaction constant

is assumed ta be unity

We see from Figure ¥ that each tank has a different reaction constant.
This is noc entirely unexpected as it likely that che most active veactive
sites are used during reaction in the first vank resulting in an increased

activation energy and thus giving a lower reaction constant im the second
tank {Britten 1976).

Graphs showing the linear regre:

on for Figure 9 are shown in Figure 12
on page 37 , Figure 10 on page 26 and Figure 11 on page 26.
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P
" .-
-
. -
.
2]
. .
-
"
-]
I - Y
tniress)

Figure 11. Plot of A vs. In(Fe+®®) : second tank.
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Figure 12. Plot of A vs. In(Fer?™) : both canks.
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4.3 PROCEDURE FOR THE DESIGN OF TANKS

Onz can see from the equatjons in Section 2 that in a two tank system the
first tank is described by a unique curve of T, vs. C, whilst for the
second tank the curve of T, vs. G, is dependant on C, and is therefore
not unigue. This means that a ome tank system can be easily modelled by
a single C vs, T curve whilst an iterstive procedure is required to solve

a two tank system.
Algorithm for a one tank system

The foilowing equations sre derived in section 2.

Cy = [3{ao/ns2)Ty - 6T + 6T,7/B,1(ny"/Eo) [N ¢S]
Ty = (wh/3p3(Y/Qk, D (C1)/ms L (2)
£.02) = (By/neTy)expleim,T)) J‘:exp(-l'/n.l‘,)f,(l’)dl' Lo (3}
/8, =1~ J;axpc»z'/n,,r.)f.,(z'm' L)

A ple: of C vs. T is made using equation {1). From this curve the value
of T can be obtained for any conversion. Using equation (2) the system
variables required te achieve this conversion can be calculated. This
assumes that k and p(C), which contain the kinetics of the reaction are
known. ¢ is a function of the reactant concentrations which in turn are
functions of the conversion and are linked by & mass balance of the sys-

tem.
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Algorithm for a two tank system

The following aquations hold for the il tamk (see Section 2):

- PR s s
Gy = [3Tym;. 4/ (ny y) 6T % + 6T, /8,1(ny 4 /8, 1) [ ¢S
T, = (8/39) (7, /Ky (€0 @

i i-

£,(8) = B,/ (0T dexp(t/my T)) Laxp(-z'/n. RALANCELY

L)
1By =1 - J;exp(-z'/nidri)fi_lu')dz‘ L8
From & mass balance over the whole system

G=1-(1-C)M -6y L5
where: © = fractional conversion over the whole sya'w:
€, = fractions) conversion in tank i
From equation (2) with i=l and i=2 one can derive
Ty - Ta(Va/V2) (i /mad (ko /K [W(C, ) /9(Ca)] = 0 L. (8)

Kote: 4f C, = 0 then C, = C and the L.H.S of (6} is negative
if G, = C then G, = 0 &nd the L.H.5 of (6) is positive

i.e. Any reot finding method can be used to solve for G,. Iteration over
G, has the advantage that C is bounded between 0 &nd the required con-
version whereas iteration over the volume is not bounded. The L.H.§ of

(6) is evaluated as follows:

1. Guess G, and calculate C; from (5).
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2. Calculate T, using an iterative technique for (1) where i=l
3. OCaleulate £,(R) from (3) and hence calculate the woments.
4, Calculste T, using an iterative technique for (1) where i=2
5. Calculate the L.H.S of (6).

Algorithm for N tanks

h

The following equations hold for the i') tank (see Section 2):

Cy = I3Tyu, /g )P - 6T R4 BT RO L)
Ty = (08/30) (Vy/Qk b (€ /ny g

- o Dyagt
£,00) = B /vy T Vexp(hing (T,) Lexp( eyng (T (R0)de

gyt
1T e

B, =1~ I exp(-4'/n,
1
0
From a mass balance over the whole system
€= 1= (1= -C) (- G

where: = fractional conversion over the whole system

<
Ci = fractional coaversion in tank i

e

RO

-(3)

L4

< (5)

One can solve the system for the required variable by ifterating around

that variable. For cxample if one wanted the tank volumes required to give

a certain convarsion then one would fterate around the volume, but the

ratios of the tank volumes must be stipulated beforehand. We cannot solve

the system by iterating around the intcrmediate conversions as in the case

for two tanks since there is no relationship between these corversions.
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This is di: since it i the amount of iterations, but

it must be realised that few industrial systems use more than three tamks.
For each iteration the system is solved as follows.

1. Evaluate equations {1) through (4) for cach of the tanks noting that

¥ is a function of the reaction kinetics and the mass balance.

2. Evaluate the fractional conversion from equation (5).

3. Select a new value for the variable.
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5 CONCLUSIONS AND RECOMMENDATIONS

The particle number balance approach to the modelling of leaching in
well-mixed tenks, as advocated in this work, 1s & novel and valid ep~
proach. This is indicated by the leaching experiments which were suc-
cessfully modelled. However, &l present the model is limited to particles
which exhibit the shrinking particle behaviour upon leaching. This
mechanism is characterised by two main fcatures. The first is chet the
particles sre non-porous so that reaction only occurs st the surface and
the second is that the leachod materiasl is teleased from the particle
without affecting the rate. Many reactions have these characteristics but
it should not be difficult to extend this model to other mechanism,

The model was developed from a particle number balance over the i’ tank
in a series of n well-mixed tanks. The balance gave a first order dif-
ferential equation which was solved to give the size distribution and the

ratio of the mumber of particles entering to those exiting the i™F

cank.
Two major conclusions can be drawn from the theory and the expeximents.
The first is that a simple leach reaction with fitted kinetics in a single
tank can bo modelled. The leach efficiency can, for & given feed particle
size distribution, be modelled by a unique dimensionless graph. This
graph is a plot of the leach efficiency versus a dimensionless number (T),
which incorpcrates the reaction constants and system variables. From the
graph, T can be found for a given conversion and thus the volume or
flowrate to give this conversion can be calculated. The algorithm to
solve & one tank system is shows in Saction 4.3.

The second conclusion is that the graphical technique is not easily ex-
tended to incorporate multiple tubks. This is because a unigue curve of
conversion versus T cannot be plotted for consecutive tanks since the

curve is a function of the conversioa in the previous tenks. A system
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5 CONCLUSIONS AND RECOMMENDATIONS

The particle number balance approach teo the modelling of leaching in
well-mixed tanks, as advocated in this work, is & novel and valid ap-
proach. This is indicated by the leaching experiments which were suc-
cessfully modelled, However, at present the model is limited to particles
which exhibit the shrinking particle behaviour upon lesching. This
mechanism is characterised by two main features. The first is that the
particles &re nom-porous §o that redaction only occurs at the surface and
the second is that tbe leachad material is releassd fram the particle
without affecting the rate. Many reactions have these characteristics but
it should not be difficult to extend this medel to other mechanism.

The model was developed from a particle mumber balance over the ™ tank
in & series of n well-mixed vanks. The balance gave a first order dif-
ferential equation which was so’ved to give the size distribution and the

ratio of the number of particles entering to thase exiting the 1'° tank,

Two major conclusions can be drawn from the theory snd the experiments.
The £irst is that a simple leach reaction with fivted kinetics in a single
tank can be modelled. The leach efficiency can, for a given feed particle
size distribution, be modelled by 2 unique dimensionless graph.  This
graph is a plot of the leach efficiency versus a dimensionless nusber (T},
which incorporates the reaction constants and system variables. From the
graph, T can be found for a given conversion and thus the volume or
flowrate to give this conversion wan be caleulated. The algorithm to
solve & one tank system i5 shown in Section 4.3.

The second conclusion is that the graphical tochnique is not casily ex-
tended to incorporate multiple tanks. This is because a unique curve of
conversion versus T cannot be plotted for consecutive tanks since the
curve is a function of the conversion im the previous tanks. 4 system
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incorporating multiple tanks must therefore be evaluated using an itera-
tive procedure. To obtain the sclution for the two tank system one can
iterate using the conversion over the f.rst tank. Thir is advantageous
since the conversion is bounded between O and 1. The N tank system how-
ever, requires iteration over the desired variable eg. volume, which is
disadvantageous since this variables is unbounded. The calculations get
progressively more extemsive as more tanks are comsidered but most prac-
esses only use a maximum of three tanks. Examples of this are in the
leaching of zinc and manganese and the pressure leaching of nickel, copper
and cobalt wattes. The algorithms for the two and N tank systems are

shown in Section 4.3.

Fuxther work be conducted in extending the model to incorporate
non-uniform dissolution wechanisms (le. where df/dt is a function of £).
This would remove some of the limitations on the model and make it more
general.

An attempt could be made to optimise the conversion with respect to the
number and volume of the tanks required. This would, however, be very
complicated since a numerical search technique would have to be devised,
based on an objective function which would include costs of equipment and
operation.
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APPENDIX A. DETAILED THEORY

If we assume the ideal shrinking particle model then

am(p)/dr = - kpa(ede
- . 2
= - kghotto
- 2
3p2%u 0
Therefore
= - ;
uy k9 00/3p (1)
whare:
a{f) = exposed surface arvea of particle of size &
ki = rate constant in tank i
13 = characteristic particle size
o112
= (menrzeM
m{2) = mass of single particle of size %
t = residence time of particle in contact with solution
v, = particle growth rate in tank i
= difde
$ shape factor
= a(e)/e?t
v = quantity depondant on chemical and physical
properties of the solution environment in tank 1
3 = density of particle
o = molacnlar weight of dissolving species
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i.e. the ideal shrinking paridcle model assumes u, is independent of £.

th

Consider & particle balance over the i™" tank.
And assuming :
1. steady state.
2. well mixed tanks
3. Q is constant,
4. ideal shrinking particle model,
CONVECTION + BIRTH = DEATH
"‘1"{’1 d[i(l)/dﬂ * Ni.lei;‘U) = - (2)
where: fx(l)dﬁ = fraction of particles in tank i
with sizes between £ and 2+d%
Ni = no. of particles in tank I per unit volume
of solution
Q = volumetric flowrate of selution
Vi = volume of tank i
Define:
oy = -Qfugv, v (3
and
c L)
36
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Substitution of (3) &nd (4) im (2) gives
AE)/AL - wE(R) = - BumE, () L(5)

integrating (3)

(]
= R e et
£,(8) = exp(aR)£,(0) - expla £) Joﬂimiexpt wgt') £, ()4

L (6)
Equation (6) must satisfy the w conditions:
1oes e so £00) 40
2 r-f (2)de = 1
i
Now o, is +ve so exp(uil) +0 as L w
= gt Yygnt
£,00) = JoBlﬂiﬂxp( a 2')E  (R)de RO}
substituting in (6}
t s
£(0 = Bjaiaxplail) ooxp(-uil Mg (2f)ae (B
Using condition (2) for equation (8)
37
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[ofi(l) = 8,01 - joexp(-uil')fi>l(l')dl'J

therefore

- . — (0 yant
=/ Inexp( a 2E, jie)de’)
Using (9) we can derive the following
= T N
ny Lk fi(z 12 5"’1’—1 e,

- 2 - <o
a, = LL £,000d8 = Buo, - gy

Jvl’fi(i)4l =Bk - S0 fa,

s
5 Iol £, (0)de

Then the fractional conversion C is given by

Co=3 - M/
n
=1 -0 M
oo S

Appendix 4. Detailed theory

thersfore £ can be obrained from na , oy and §q

L.(9)

... Q20)

L 1)

L3
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n
SRR

n
SRRV BRI

The squations are used as follows for conversion in one tank

Define 1, =V,/Q
*
LT Y
“
T, =14/t
Then from (3)
&y = 1/0,Ty
equations {10) ,{11} and (12} give
T = Bima - 10,
o, = Byg, - 2Bymesa, + 2/(ey)?
I, = Bo - 38,0070y + 6Bane/ () - 6/(ay)]
Substituting (17) and (20) into (14) gives
€y = [3(0,/1;7)T, - 6T, + 6T, /B, ) (n:°/Es)
From equations (1) , (13) and (16) se have

Ty = (wg/3p) (Vi /Qky¥1/ne

Appendix A Detailed theory
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...18)
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recall equation (9)
-1 - I gt
1/ = 1 Lexp( a8, ()de
The size distribution is obtained from (8) and is given by

£,08) = 1B explu ?) J exp(-a;8' V£, (2" vae'
2

where @, = 1/m,T

Appendix A. Detailed theory
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APPENDIX B. FORM OF RATE EQUATION

The Butler-Volmer (Pickett, 1979) equation is as follows

where: F

e

# wm e oaom

The reaction

Fe » Fe?t 4

[l

a

1g[exp{(1-B)2F/RTn - exp(~BzF/RTn)]

Faraday's constant

current density

exchenge current density

gas constant

‘temperature

no, of electrons transferred
symmetry factor

over potential

2e'

D

is in the anodic region where n is large and positive so the Butler-Volmer

equation reduces to

i = igexp{{1-p)zF/RTn

The Nernst equation (Bockriss, 1970) gives

n=E - [E° + (RT/2F)In(Fe?’)]

whera: E

E®

= potential

= standard equilibrium potential

Appendix B. Form of rate equation

(2)

L3
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Now the following has been previously verified

ht )

%
i, ® 1, (Fe

*
where: 1, = exchange current demsity independent of

concentration

Fror equstion (2) , (3) sad (4) we get

i, = hyexp(-&E) o (8)
whers: a, = -E/RT
.
by = i, enpla,B)
similarly for the reaction
Fert 400 Fert
we have
1= ~dgexp(-BzF/RTn) 8
- . *part
W= E - [E° 4 (RI/F)In(ret’/rerhy) .
1o = 1, ey (party} (@)
N va3t
iz = -h;(Fe® )oxp(-a,E)
where: 4, = -F/2RT T
B
by = 1, exp(a k)
It
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However at large overpotentisls the reaction is known to Lo mass transfer

controlled and thus takes the form
¢

i, = -k(Fe’H)

Since there is no nett transfer of current we have
i i, =0 ...12)
Using Favaday's Law and by considering a perticle of size ¢ we can say
..13)

dm(e}/dt = a(R)wi,/2F

where: a(2) = exposed area of particle size £
= Faraday's constant

F
= molecular weight of dissalving species.

v =
So using equations (5) , (9) , (12) and (13) we have

For the reaction not mass transfer controlled

dney/ae = a(Liok(res 23

For the reaction mass transfer controlled

am(2)/dr = a(2)ak(Fe’ )
i.e. the rate squstion has ths following form

du(e;dt = a(@ak(Fe?)?

where k = some constant

b = some constant

Appendix B. Form of rate equation
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APPENDIX C. OXIDATION OF FERROUS SULPHATE

The following molecular masses were used:

FeS0,.7H,0 = 278.05 g/mol
Fe,(S0,); = 111.75

Fe = 55.85
H,S0, = 48,07
H,0, = 34,01

o
&

specific gravicies of 98% K50, = 1.84
30° H;0; = 1.11

Ferrous sulphate is oxidised su 1
2FeS0, + Hy + Hy0p = Fey (50, , |
+
Now 1/111.7 mole of Fe,(50,1; contains 1 g of Fe?
To ensure that all the peroxide reacted 3/4 the stoichiometric amount was
added. By experiment it was found that for concentrations of iron higher
then 40 g/] there was extensive somplexing of the iron which was indicated

by the dark red colour ¢f che solution,

The storage vessel for the ferric sulphate had a capacity of 35 litres

and it was found that the following rengents were needed.

35 litres H;0
7 kg FoS0, . 71,0

680 ml 98% H,50,
1 litre 30% Hy0,

Appendix C. Oxidation of ferrous sulphate
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The solution was analysed as follows:

1. the total aquecus iron concentration was obtained by A.A.

5pectroscopy.

2. the ferric ion concentration was determined by the titration as shown

in "appendix D. Titration for Ferric jon" on page 46.

3. the ferrous ion ion was by the di ce of the

Above twe concentrations.

4. the .50, cvncentration was determined by the titration as shown in

“Appendix D. Titrstion for Ferric ion" on page 46.
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APPENDIX D. TITRATION FOR FERRIC ION

Prepared solutions

A standard 0,179 N sodinm thiosulphate solution was prepared by dissolving
44,426 g Na,8,0,.5H,0 in rocently boiled distilled water and making up .
to 1,0 litres. Approzimately 3 drops of chloroform and 0,1 g/litre
Na;C0, was added.

Then 1,0 ml 0,179 N Na,5,0, = 0.01 g Fe’*

Method
1. Add an excess of KI crystals to an aliquote of the leach sample.

2. Titrate with the standard sodjum thiosulphate solution until the
range brown colour disappears.

w

Near the end point the solution becomes pale yellow, and st this point
a crystal of R may be added to determine whether sufficient KI is
prescnt.

4. At the end point the solution is colourless.

5. Calculare the concentration of Fe’+ in the original leach selution.
Reactions

Fe (80,); + KI » 2Fes0, + I°

I° & Nag8y05 > Nay5,0, + Nal

(colourless)
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APPENDIX E. TITRATION FOR SULPHURIC ACID

Prepared solutions

1. Mixed indicator : 0,2 g dimethyl yellow and 0,2 g methyl hlue dis-

solved in 200,0 ml methanol.

2. 0,204 X Sedium carbonate prepared by dissolviag 10,8110 g oven dried
(at 533,0 K -543,9 X) Na;C0; with distilled water up to 1,0 litres.

Then 1 ml 0,203 X Na,CO, = 0,01 g H,50,

Method

1. Any ferric ion present in an aliguote of the leach solution must first
be reducad to ferrous jon (i.e. add KI crystals and titrate with

Na 5,0, a5 in "Appendix D. Titratlon for Ferric ion" on page 46)

2. Add 3 draps mixed indicator to the aliquote and titrate with the

standard Na,00, solution unti] a green colour indicates that the end

point is reached.

Reaction

Na,C0; + HySO, » Na,80, + €0 + K0
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APPENDIX F. MASS FLOWRATES OF F{RST RUN

Time (min) | Mass flowrate (g/min)
hefore run
1 3,24
2 3,26
3 3,2
4 3,20
3 3,18
6 3,20
7 3,10
8 3,05
] 3,05
10 2,98
11 5,95
2 5,11
13 3,15
14 3,20
15 .20
16 5,25
17 3,20
18 3,18
19 3,18
20 3,16
after Tun
1 5,26
2 3,30
3 3,28
3 3.24
5 3,18
6 3,20
7 3,16
8 3,14
9 3.16
10 3,16

ppendix F. Mass Flowrates of f{irst run
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APPENDIX G. PROGRAM 1

The particles were approximated to ellipsoids end their maximum and min-
imum dimensions measured. The particles were photographed on millimetre
graph paper and thus the scale could be determined

The algorithm
Initialisation
Tnput of data
By assuming the particles were cllipsoids the volume and area were cal-
culated. Hence:
characteristic length = (volume)l/s
shape factor = area/(characteristic length)/?

This was done for each particle

The particles were tested %o see which size interval they fell in and were
noted as such,

A cubic spline was fitted to the intervals and interpolated to yield the
size distribution .

The program

¢ INITIALISATION
DIMENSION D{500),PH(20.;.DF(500, DL(300)
DIMENSION F(100),XL(100),YF(100},C0EF(100,3)
DIMENSION WK{2000),YYF{100)
REAL L(500)

¢
PI=3,1416
[ SET PARAMETERS FOK INSL ROUTINES
1J08=1
1C=1200
¢ NP IS THE NO. OF PARTICL:S
XP=180
[
c INPUT OF DATA
NN=2#NP
READ(9,%) (D(1), I=1,8N)
c
DO 10 J=2,NN,2
1=3/2
¢ A AND B ARE MAX AND MIN DIMENSIONS OF PARTICLE
SCALE=20,
=D(J-1)%SCALE
{1)VSCALE
C=4/B
B GALC. OF CHARACTERISTIC LENGTH
[ (ASSUMES PARTIGLES ARE ELLIPSOIDS)
Appendix G. Program 1 49




DL(I) (PI“‘A‘“B*(A*‘B)/I" Yer(1/3.)
B)THEN

AREA—-(PI/Z )*A*B/CZ - {ALOG(CH02 ) +CHATAN(C2))

ELSI
AREA=PI%A*¥2.
END IF
CALC. OF SHAPE FACTOR
PH(T)=AREA/DL(1}##*2
CONTINUE

RMIN=100.
NI=10
K50,
c EVALUATION OF DISCRETE F(L}
DO 50 I=1,NI
LLINIT=(1-1)%H
ULIMIT=(I)*H
DO 60 J=1,NP
DO=DL(J)
IF(DD, GT.RMIN, AND.DD,GE . LLIMIT . AND.DD.LT.ULIMIT) THEN
DF(I)=DF(1)+1

tos PHI=PHI+PR(J)
END IF
60 CONTINUE
DFTOT=DFTOT+DF(I)
50 CONTINUE
c

PHI"P‘HI /DFTOT

<
- c CALC. DENSITY DISTRIBUTION POINTS FOR 1CSCUU WHICH CALCULATES
c THE CUBIC SPLINE COEFFICIENTS

XL(K] 5)%]
YYF (K)=DF(K~1)/}
100  CONTINUE
XL{NK)=(NK-2)*H

c CALL SUB TO EVALUATE SPLINE COEFFICIENTS
CALL ICSSCV(XL,YYF,NX,YF,GOEF,IC,IJOB,WK,IER)

4
< CALC OF NEW NUMBER OF POINTS AND THEIR VALUES FOR L

mm JHNE+L

o 110 R=1,N
110 L{K)=(R-13%K

c EVALUATION OF F(L) FOR THE VALUES OF L R
CALL ICBEVU(XL,YF,NX,COEF,IG,L,F,N,1ER)
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115

ao

120

150

140
130

F(1)=0.0
DO 115 I=2,N

NORMALISE F(L)

CALL ICSCCU(L,F,N,COEF,IC,IER)

CALL DGSQDU(L,F,N,COEF, IC,L{1) ,L{N),SUN,IER)
DO 120 K=1,N

P(KJ:F(K)/SUM

PRINTING OF THE SHAPE FACTOR
WRITE(10,150)PHI
FORMAT(//. 'THE SHAPE FACTOR =',F4.1,//)

PRINTING DF SIZE DISTRIBUTION

WRITE(10,%IN,H

DO 130 K=1,8
WRITE(1C,140)L{K)},F(K)
FORMAT(5X,F5.1,10X,F9.7)

CONTINCE

S§T0P

END

Appendix G. Program 1
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APPENDIX H. PROGRAM 2 -

This program evaluates the size distribution from results of the image
enalyser. The image analyser's results sre in the form of graphs of par-
ticle size vs. the mass fraction passing that size.

The algorithm

Initialisation

Input of the data from the graphs which is then averaged.

4 cubic spline is fitted the data and the mass distribution interpolated
from it.

The mass distribution 4s converted to a number distribution and
normalised,

The program

c INITIALISATION
DIMENSION F(100),X(100),¥(100),COEF(100,3),P(5,100) ,FP(100)
DIMENSION VAL(100),WK(200(),¥V(100)
REAL L{500)

G
c SET PARAMETERS FOR INSL ROUTINES
1J08=1
IC=100
[
c INPUT OF DATA
)N, H,NE
D0 16 I=1,NP
READ(15,%) (P(J,1),J=1,NE)
c
c AVERAGING THE READINGS
FP(1)=0
DO 20 J=1,NE
FP(1)=FP(I)+P(J,T)
20 CONTES
FP(I)=FP(I)/NE
[
10 CONTINUE
c
c CALC. DATA POIN:S FOR IGSSCV
NX=NP+1

YY(K)=(FP(K)-FP(R-1))/H
40 CONTINUE
XMAX=(NX-2)%H
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X(NK)=XNAX
YY(NX)=0

CALL SUB TO EVALUATE SPLINE COEFFICIENTS
CALL ICSSCV(X,YY,NX,Y,COEF,IC,1J0B,WK,IER)

SET REQUIRED 5IZE DISCRETISATIONS
HNEW=10.

CALC OF THE NEW NO. OF POINTS AND VALUES FOR L
N=XMAX/HNEW+1

H=HNEW

DO 50 K=1,N

50 L(K)=(R-1)%H

EVALUATION OF F(L) FOR THE VALUES OF L
CALL IGSEVU(X,Y,NX.COEF,IC,L,F,N,IER)

GONVERSION TO NUMBER FRACTION
F(1)=0

DO 60 K

N
X1(0.0,F (K) /LK)
IF{L{K).LE.50.0)F({K)=0.0
60 CONTINCE

F(N)=0

NORMALISE F(L)

CALL ICSGCU(L.F,N,GOEF, I, IER)

CALL DCSQDU(L,F,N,COEF,IC,L{1),L{N},5UN, IER)
D0 90 K=1,N

90 F(KISF(K) /SO

OUTPUT OF DISTRIBUTION

WRITE(10,%)N,H

DO 110 K=1,N
WRITE(10,320)L{K},F(X)

120 FORMAT{5X,F5.1,10X,79.7)

110 CONTINUE

STOP
END
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APPENDIX t. PROGRAM 3

The aigorithm
Initialisation
Input of size distribution
Cale. of first three moments and their ratios
DO LOCP for each cxperimental yun
Reading in of oxperimental results
DO LOOP for each tank

Calc. of conversion and expected ferrous concentration and mass
flowrates for the given ferric ion concentrations.

Calc. of T from the equation

Gy = [3100,T = 6(ng)°T* + 6(n)*T7/B, 178,

For certain values of T , C had to be expanded using a Taylor
series to eliminate rounding errors,

Gale. of £,(2) from T.
« and B were calculated during the intermediste steps.

Cale. of the first three moments and their ratios.

Calc. of A from:

*
A=Ial(3p/¢0) (U/VIn(t/t )]
and cale. of ln(Fe*¥)

END OF LOCP for each tank
END OF LOOP for the experimental runs

Cale, of kinetics. This is first dome using lincar regression on both
tanks and then scparetely on each tank.

The program

c INITIALISING OF PROGRAM
COMHON /BLOC1/L,F,N,NT,H,M,T,CONV,C.}AS5,Q
DIMENSION C(5),62(5),CC(5),8(5),F(5,500),VAL(500)
DIMERSION T(5),CONV(5),COEF(500,5 RMASS(5),RCA(5)
DIMENSIGN YPLOT(5,10),XPLOT(5,10) RATION(5) \RATIO2(5)
DIMENSION ALPHA(5),BETA(S)
REAL L(500) ,MASS(5),4(5,500)
EXTERNAL FOXC

aa

DEFINE THE PARAMETERS FOR THE IMSL ROUTINES
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aa caon aao
3

oo

3

aooy

aa

oo oo

ocoo

READING IN OF THE FEED SIZE DISTRIBUTION
READ(10,%)N,

DO 10 I=1,N

READ(10,%)L{1) ,F(1,1)

CALCULATION OF THE FIRST THREE MOMENTS OF THE FEED AND
THEIR RATIOS

T=1

DO 40 I=1

CALL ‘IOH(L F,N HNT,LLENT, 1))

CALL RATIO(NT M,RATI01.RETI02)

DO LOOP TO EXECUTE THE PROGRAM FOR EACH EXPT. RUN
NRUN='
DO 100 K=1,NRUN

READING IN OF THE SYSTEMS VARIABLES
READ(11,*)IRUN,MASS(1},C{1),A(1),62(1),Q,

# MASS(2),0(2),A(2),02(2),

# HASS(3),C(3),A(3),02(3),

MEASURED ENXPERIMENTAL VALUES ARE ASSIGNED T DUMNY VARIABLES
DO 50 NN=1,3
RUASS (N
RC2(NNIC2 (M)
CCNN)=C(NN)+C2 (NX)
CONTINUE

MASS (NN)

DO LOOP FOR THE TANKS. SUBSCRIPT 1 REFERS TO THE FEED,
2 TO THE 18T TANK AND 3 TO THE 2ND TANK.
DO 70 NT=2,3

CALC. OF TAUG/T™ AND CONVERSION FOR THE GIVEN FE3+ CONGC.
CO V(NT3=Q/ 2. % (C(NT~1 ;-C(NT) J /MASS (W]

MAXFN=100

RLIM1=0.0

KRLIM2=1.0

CALL ZBRENT(FOXC,EPS,NSIG,RLIMI,RLINZ MAXFN,IER)
TINT)=RLIN2

CALC. OF VARIABLES FOR TANK NT
C2{NT)=C2(NT-1)+{C{NT-1)-C(NT})*1,5

MASS(NT)=(1. -CONV(NT)/100. )*HASS (NT-1)

CALC. OF F(L) FOR TANK NT
CALL FOL(L,F,N,NT,li,M,T(NT),ALPHA,BETA, JRUN}

CALUULATE THE FIRST THREE MOMENTS IN TANK NT AND
RATIOS

appendix 1. Program 3 55




anoNo
3

Dooma
=3

a

cannaaan

caoa

DO 80 I=1,3
CALL MOM(L,F,N,H,NT,1,M(NT, 1))
CALL RATIO(NT,M,RATION,RATI02)

CALC. OF POINTS FOR PLOT TO OBTAIN KINETICS
PH. -7

v=1.0
KPLOT(NT K)=ALOG(C (NT) /55 85E~3)
YPLOT(NT, K)=ALOG (MM (NT-1, 1)¥T(NT) / (2. 4B22+VHPHI ) )

CONTINUE
END OF 10OP FOR THE TANKS

PRINTOUT ROUTINE
CALL PRINT(Q,C,C2,RG2,0C,A MASS RMASS,T,CONV,M,
# IRUN,XPLOT,YPLOT,RATIOL, RAT102,ALPHA,BETA,NRUN)

CONTLNUE
END OF LOOP FOR THE FXPT. RUNS

CALC. OF REACTION KINE.ICS
CALL REACT(NRUN,XPLOT,YFLOT)

STOP
END

END OF MAIN PROGRAM

FUNCTION TO EVALUATE THE DIFFERENCE IN THE CONVERSION
CALCULATED FROM THE GIVEN T AND THE GONVERSION
CALCULATED FROM THE SYSTEM'S CONGENTRATIONS.
(THIS I8 FOR THE SLBROLTTNE ZBRENT)
FU\CTIO’\ FOXC(A)

MM /BLOC1/L,F.N,NT . H,M,T,CONV,C,A58,Q
DIME\SIOX\ €{5),F(5,500),T(5),CONV(5)
REAL L(SDD),MASS(E),M(S 1300)

T(NT)=A

CALL CONVER TO CALC, CONV FOR THE GIVEN T
CALL CONVER(L,F,N,NT.H,M,T(NT),CCONV,NOTE)
FOXC=CORV (NT) ~CCONV

RETURN
END

SUBROUTINE TO CALC. ORDER AND RXN CONSTANT BY LINEAR RE'. :DSSION
SUBROUTINE REACT (NRUN,XPLOT,YPLOT)
DIMENSION XPLOT(5,103,YPLOT(S,10),X(3),¥X(3),XY¥(3),¥(3)

D0 5 I=2,3
DO 10 K=1,NRUN
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10
40

X(I)=K(I)+XPLOT(T,K)
XX(I)=XX(I)4XPLOT(I,K)*%2
Y(1)=¥(I)+YPLOT(I,K)
XY(1)=XY (1)4XPLOT (1 , KY*YPLOT(1,K)
GONTINUE
GONTINUE
X{1)=X(2)4X(3)

XY(1)=XY(2)+XY(3)

¢
NN=NRUN*2

REACTION KINETICS USING BOTH TANKS
0

RCUNST—E)\P((Y(l) X(1))/NN)
WRITE (14 ,%)QRDER, RGCONST

REAGCTION KINETICS OVER EACH TANK

RCONST=EXP ((¥(I)-X(1})/NRUN)
WRITE(14,*)ORDER, RCONST
CONTINUE

RETURN
END

SUBROUTINE FOR Of

NVERSION

SUBROUTINE CONVER(L,F,N,NT.H,M,T,CONV,NOTE)
DIMENSION F(5,500),VAL(500},C0EF(500,3)
REAL L(500),%(5,500)

1C=500

TF(T.LE.0.CO1)THEN
CONV=0

ELSE
CONVERSION USING TAYLOR SERIES

THMNT-1,1) )3, %6, /M(NT~1,3)
1./ CNT-1,154T)
,2

CALC. DF 1 TH ‘1 MENT
CALL MOM{L,F,N,H,NT=1,T,M(NT-1,1))
FACT=1

SUM1=CORF2#+1 /TACT#H(NT-1,1)
SUM=SUM+SUM1
IF{ABS(SUNI*COEF1*100;.LE. 0. 1E-6)G0TO 40
CONTINUE
LINE=40
CONV=(1.-COEF1*SUN)*100.
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NOTE=T

CONV BY ANALYTICAL METHOD
[F(NOTE.GT. 20)THEN
COEF M(NT-1, 1) (NT-1,2) /M(NT-1,3)
COEF: M(NT-1,1)%%3/M(NT-1,3}
COEF3=-1./ (M(NT-1,1)¥T)
D0 50 J=1,N
COEF4=AMAX1 (-30.0,L(JYCOEF3)
VAL(J)=EXP(COEF4 )*F (NT~1,3)
CALL SIMP(N,H,VAL,RINT)
! CONV=:(COEF 1¥T-COEF2#T##24C0EF 2% (1, ~RINT)¥T#*3)%100,
; END IF
END IF

RETURR
END

SUBROUTINE TO EVALUATE F(L)

ocao

SUBROUTINE FOL{L.F.N.NT,H.M,T,ALPHA,BETA, IRUN)}

N DIMENSION F(5,500),VAL{500),C0EF(500,3),ALPHA(S},BETA(S)
REAL L(500),4(5,500)
10=500

ALBHA(NT)=1, 7 (N(NT-1, 1)%T)

aa

CALC. OF BETA

Y
NAX1(-30,0, - ALPHACNTY#LLT))
VAL(J)=EXP (COEF1)*F(NT-1,J)
10 CONTINGE
CALL ICSCCU(L,VAL,N,COEF,1C,I%R)
CALL DCSQDU(L,VAL,N,COEF,IC,L(1},L(N) ,RINT, IER)
BETA(NT)=1.0/ (1,0~RINT)

[+
DO 20 K=1,N
30 J=X,
HAX1(=30.0, ALPHA(NT)* (.. 3-L(J)))
VAL(J)=EXP(COEF3 )*F (NT~1,3)
30 CONTINUE
[+

CALL 1CSCCU(L,VAL,N,COEF,IC, IER)
N CALL DESQDU(L, VAL, K, CORY , 16, LIRY , L) RINT 1ER)
T (NT,K)=BETA {NT )*ALPHA(NTY*RINT
¥ (NT,K)=ANAX1 (0.0, F(NT, X))
20 CONTINUE

oo

NORMALISING F(L)
DO 40 I=1,N
40 VAL(I)—F(N‘!‘ I
g CALL SIMP(N,H,VAL,5UM)
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DO 50 J=1,N
F(NT, J)=F (NT,J) /80N

RETURN
END

SUEROL'TINE ‘TO CALCULATE MOMENTS
SUBROUTINE MOM(L,F,N,H ,NT, I, RHOM)
DIMENSION F(5,500), \AL(5UO)

REAL L(500)

DO 10 J=1,N
VAL(J)=F (NT,J)*L(J)#*¥(I*1,0)
CALL SIMP(N,H.VAL,RMOM)

CALL ICSGCU{(L,VAL,N,COEF,IC, IER)
CALL DCSQDU(L,VALN.COEF,IC,L(1),L(N1,RMOM, IER)

RETURN
END

SUBROCTINE T9 EVALUATE RATIOS OF THE MOMENTS
SUBROUTINE RATIO(NT,M,RATIO1,RATI02)
DIMENSION RATIOL(S),RATI0Z(S)

REAL 1(5,500)

RATIOL (NT1=4(NT, 21 /M(NT,1)#¥2.0
RATICZ(NT)=M(KT, 11933, 0/N(NT, 3)
WRITE(19,% \RATIOL(NT) ,RATTOL (NT)
IF(NT.EQ. 1WRITE(19, %)

IF(NT EQ. 3)WRITE(19,%)

RETURN

END

SUBROUTINE FO “II’SD\S INTEGRATION

SUBROUTINE SIMP\N.II.VAL‘RINT)
NENSION VAL{300;

0DD=0.

IF(N/2#2 EQ.NIWRITE(6,%) "N NOT GDD FOR SI30NS
Ni=N-1

DO.10 1=2,N1,2

ODD=QDIMVAL(1)

DO 20 1=3,N2,2

BVEN=LVEN+VAL(I)
RINT=(VAL{1)+4#EVEN4+LHODIHVAL(N) M1/ 3
RETURN

Appendix 1. Program 3

39 Il



END

[

c

4 SUBROUTINE TO PRINT RESULTS

G emmescmmmcmwmecsmeeaeeeean
SUBROUTINE PRINT(Q,C,02,RC2,CC,A,MASS,RNASS,T,CONV, M,
# TRUN,XPLOT, YPLOT RATION, RATI02  ALPHA , BETA , NRON)
DIMENSION C(3),€2(5),C0(5),A(5),F(5,500),VAL(5G 3,50M(5)
DINENSTON T(7),CONV(S) CORF(500,3),RUASS (5),RE2(5)
DINENSION YPLOT(S,10) %”.OT(5,10) ,RATI0N(5) RATI02(S)
DIMENSION ALPHA(5) BETA(S)
REAL L(500) ,M455(5),}(5,500)

[+
WRITE(13, w){m

10 FORMAT{ A o>. 'RUN'.12,/," sk 1,7,
#'.bx 1 15255 5')

WRITE(13,3!

0)
30 FoRMAT(lBX,'FBED‘,SX,‘TANK 1',4%, 'TANK 2',/,".bx")
4

WRITE(13,100)Q,Q,Q,
#RMASS(1),RMASS(2),RMASS(3), MASS(1),MASS(2),MAS8(3),
#6T(1),06(2),C6(3),
#6(13,6(23,0(3)RC2(1),RC2(2) ,RC2(3),
#6201),02(2),02(3),
#CONV(2),CONV(3) \ T(2),T(3),
#ALPRA(2) ALPHA(3) BETA{2),BETA(3),
FXPLOT (2, IRCN) ,XPLOT (3, IRUN) , YPLOT (2, IRUN) , YPLOT (3, IRUN) ,
#MM(L,1),8(2,1) 03, 1),
#RATION(1),RATIC:(2),RATION(3) ,RATIOZ(1) ,RATIOZ(2),RATIOZ(3}

[

100 FORMAT(2X,
#'q',13X,¥7.3,38,F7.3,3X,F7.3,/,2X,
#'N by expt,',4¥,F7.3,3K,¥7.3,3K%,F7.3,/,2%,
#'M by M.B.},5X,F7,3,3X,F7.3,3K%,F7.3,/,2X,
#'Fo, ' 1OK,F7.5,3K,77.3,3K,F7.3,/,2X,

2t

2+

#'Fe?™"  10K,§7.3,3X,F7.3,3%,F7,3,/,2X,
#'Fe” ! 10K,F7.3,8%,F7.3,3K,F7.3,/, X,

#'Fetthy .3, 3X,F7.3,38,F7.3,3%,57.3,/,27,
#'Conversion’ 14X,F7.3,3X.¥7.3,/,24,

#1/e" 20K,F7.3,3K,F7.3,/,2%,

#'a’ 23X, F7.3,3%,F7.3,/,28,

#'ﬁ'.23):,?7.3,3)(,?7.3,/,2)(,

# ln(Fe’ ) V16K,E7.3,3%.F7.3,/,2X,

#'4',23%,F7.3,3K,F7.3,

#' 13K F7.3I3%.F7.3,5%, 19,3,/ ,2X,

a lo/nt 10K F7.3, 3,173, 3%,87.3,/, 2K,
/5" L0KFT. 35%,87.0.3X,F7.3,/,

#' bx off',/," sk z')

WRITE(13,50)

50 FGRMAT(
#

W' 1n({3p/¢m<Q/V)(f/t s/
#'The Fe ion concentrations are in g/l',/,
#e. Volume flowrate 1/min',/,
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#'M by expt...........Experimental mass rates
#'M by M.B...Mass rates from the mass balance
FNe e e e sa oL, FiTST moment
O «..second moment
L

B «eve... . third moment
RETURN

END
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APPENDIX J. RESULTS OF PROGRAM 3

RUN 1

FEED TANK 1 TANK 2
Q 0.100 6.100 0.100
¥ by expt. 3.175 2.068 1.877
M by M.B. 3.175 2.127 2.009
Fe, 36.440 48.350 49.280
Foi® 23.800 2.830 0.480
rert 12.840 45.520 48.800
Fe?Tby u.8. 12.840 44.095 47620
Conversion 33.024 5.526
et 0.183 0.026
a 0.028 0.262
8 1.012 1.002
In(Fe’) 3.925 2.151
A ~1.195 -3.339
] 192.538 159.833 157.267
afn? 1.104 1.183 1.188
w*/E 0.747 0.628 0.621

v Volume flowrate 1/min

. .Experimentsl mass rates g/min
¥ by H.B...Mass rates from the mass balance gfmin

| P e first moment .3
L ,...second woment  pm?
[ e freees third moment w’

The Fe ion concentrstions are in g/l
A = 1n((3p/6w) (Q/¥) 1/t In)

Appendix J. Pesults of program 3 62




RUN 2
FEED TANK 1 TANK 2
q 0.150 0.150 0.150
M by expt. 3.207 2.018 1.562
M by H.B. 3.207 1.909 1.609
Foy 35.740 48.670 49.700
Fert 23.500 6.190 2.1%0
rezt 12.260 42.480 47,510
| Fe?*by M.B. 12,240 38.205 44.205
Conversion 40,482 15.717
. ot 0.249 0.084
u 0.021 0.073
B 1.034 1.012
Inre’™) 4.708 3.669
' A -0.484 1.8
" 192,538  151.622  141.356
a/n? 1,104 1.214 1.244
n'/E 0.747 0.590 0.556
Qenrns \iiee...Volume flowsste l/min
¥ by enpt ‘Exparimental mess rates g/min
M by M.B.. Mass rates from the mass balence g/min
.................... first moment Hm
........................ +.-8acond moment wm?
- e third moment um?

The Fe ion concentrations are in g/l
*
4 = 1n((3p/9w) (Q/VI(1/t In)
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RUN 3

FEED
Q 0.200
M by expt. 3.236
N by H.B. 3.236
Feyo 35.480
Feit 25.650
et 11.830
Fe? by 4.3, 11.830
Conversion
e
u
B
ngreth
A
u 192.538
a/n? 1.104
ni/E 0,747

Q...
M by expt.

TANK 1

0.200
1.610
1.656
45,320

7.850
37.470
35,530
48,826

0.343

0.015

1.083

4,946

0.125

143.095

1,251

0.550

TANK 2

©.200
1.232
1.304
47.990

4.330
43.660
40.810
21.1256

0.125

0.056

1.032

4.351

~1.184
130.158
1.293
0.507

Volume flowrate 1/min

Experimental msss rates g/min

M by ¥.3...Mass rates from the mass balence g/min

The Fe ion concentrations are in g/l

& = InCE3p/90)(Q/V) (/T M)
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RUN 4

FEED TANK 1 TANK 2
L]
Q 0.250 0.250 0.250
M by expt. 3.251 1.803 1.278
¥ by M.B. 3.251 1.796 1.276
Fe, 37.980 4k.820 48.630
ret” 24.500 12.860 8.700
rert 13.480 31.960 39.930
Fet*by M.3. 13.480 30.940 37.180
Conversion 46755 28.953
ot 0,294 0.182
u 0.018 0.037
B 1.055 1.048
1n(re’™) 5.439 5.048
A 0.193 -0.557
n 192,538 W7.1s2 127
a/n? 1.104 1.233
a'/E 0.747 0.569 <

Qo.-n . ..Volume flowrat: 1/mim
M by expt. .. .Experimental mass rates g/min
M by M.B...Mass rates from the mass balance g/min
Bttt iveee.r first moment  pm
a. second moment um?

Eoovvniiiiinn third moment nm

The Fe ion concentrations are in g/l
s
& = 1n((3p/9w) {(YV){T/t )0}
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RUN 5

FEED TANK 1 TANK 2
qQ 9.300 0.300 0.300
M by expt. 3.117 1.602 0.971
M by M.B. 3,137 1.656 1,044
Fe,o 37.720 42.990 45.760
re?t 24.800 15.060 10,980
ezt 12,920 27.930 34.780
re**by w.3. 12.920 27.530 13.650
Gonversion 46.872 36.957
o 0.319 0.260
a 6.016 0.027
8 1.008 1.092
1n(re’™) 5.597 5.281
4 0.456 -0.030
n 192.538 145,017 121.052
a/n® 1.104 1242 1.334
ek 0.747 0.559 0.470
Qoernns viei...Volume flowrate 1/min
M by expt ....Experimental mass rates g/min
M by M.B...Mass rates from the mass balance g/min
| PP v et first moment uw
- TS TSN vieerinso...S6CONd moment Hm?
Cornrieneninnn, FETRERIN vvoers-third moment um?

The Fe ion concentrations are in g/l
A = 1a(C3p/903 (Q/V) (1/EIm)
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UN 6
FEED TANK 1 TANK 2
q 0.500 0.500 0.500
M by expt. 3,144 1.725 1.136
N by M.B. 3,144 1,769 1,124
F"aq 37.170 40.460 41,430
reit 24.600 19.1%0 16.520
Fa* 12.570 21.360 24,970
Fe?by H.3. 12,570 20,820 24.650
Conversion 43.734 36.461
et 0,283 0.251
o 0.018 0.027
B 1.049 1.081
1n(Fe’™) 5.835 5,690
A 0.846 0.466
" 192.538  148.202  123.460
/n? 1.104 1.229 1.321
L4 0.747 0.576 0,481
Quereeiininens cviiireess...Volume flawrate 1/min
M by expt....... ....Experinental mass rates g/min
M by M.B...Mass rates from the mess balance g/min
M. s e vveo first moment o
a.. RN .second moment um?
2 N third moment wn?
The Fe ion concentrations axe in g/l
& = 1n(C3p/90) Q/VI(1/E" 1n)
Appendix J. Results of ‘program 3 &7
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3

Q
¥ by expt.
M by N.B.

Fe?*by 1.3,
Gonversion
o/t

«

8

1nere’™)

4

n

o/t

/g

[
M by expt....

RUN 7

FEED

1.000
3.219
3.219
55.550
23,700
11.850
11.850

192.338

1.104
0.747

162,576
1.173
0.641

TANK 2

1.000
1,680
1.719
37.200

20,700
16.500
16.350
23.053
0.126
0,048
1.002
5.915
0.562
144,575
1.225
G.575

Volume flowrate l/min

xperimental mass rates g/min

M by M.B...Mass rates from the mass balance g/min

The Fe ion concentrations are in g/l

. first moment ik
criese.-50cond moment un®
ceenversthird moment m?

A = 1n((3p/4w) (Q/VI (/¢ In)
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APPENDIX K, FEED SIZE DISTRIBUTION

size (um) £ size (um) £(2)

0 0.0000000 260 0.0026285
10 0.0000000 270 0.0022759
20 0,0000000 280 0.0019724
30 0.0000000 290 0.0017038
40 0.0000000 300 0.0014621
50 0.0000000 310 0.0012451
80 0.0000000 320 0.0010509
76 0.0000000 330 0.0008737
80 0.000C000 340 0.0007077
90 0.0008497 350 0.0005536

100 0.0022847 360 €.0004204
110 0.0036269 370 0.0003146
120 . 0048798 arn 0.0002345
130 0.0059135 390 0.0001759
140 0.0066797 400 0.0001335
150 0.0071453 410 0.0001002
160 0.0072755 420 0.0000709
170 0.0070908 430 0.0000455
189 0.0066836 440 0.0000258
190 0.0061433 450 0.0000125
200 0.0055452 460 0,0000043
210 0.0049642 470 0.0000001
220 0.0044398 480 0.0000090
230 0.0039589 496 0.0000000
240 0.0034859 500 0.0000000
250 0.0030283

Appendix K. Feed size distribution
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APPENDIX L. GRAPHS FROM THE IMAGE ANALYSER
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APPENDIX M. PHOTOGRAPH OF THE IRON PARTILLI:\




APPENDIX N. RUN WiTH SAND AND WATER

The system was run wsing sand and witer. Samples from each tank were taken

then the tatks were stopped and the mass of sand and velume of water in

ihem measured. The results are shown in the table below.

Sample Time (min} Mass(g) vel. (1) Cone. (g/1)
: n 4,09 0,525 4,96
2 15 3,95 0,815 4,85
3 20 4,10 0,820 5,00
Tank 1 4,46 0,920 4.85
Tank 2 a,77 6,930 5.3
Yow

mass cate of sand into the system = 4,1 g/min
fTewrave of vater fnto the system = 0,81 I/min
wherefore input concentration = 5,06 g sand/1 water

Since npa conceatrations in the tanks and outlet streams are the same,

the canks wust be well-mixed,

mandix . Run wich send and waver




APPENDIX O. EXPERIMENTAL RESULTS

RUN 1
Fead Conditions
liquid flowrate = 0.100 1/min
solid Fe flowrate = 3.175 g/min
aqueous Fe concentration = 36.4¢0 g/1
re*t concentration = 23,800 g/l
¥e2* concentration = 12,650 g/l
acid concentration = .70 g/
Tank 1
Sanple 1 sanple volume

sample mass
aqueous Fe cancentration
Fe* concentration

e’

acid concentration

concentration

Sauple 2 sample volume

sample mass

aquecus Fe concentration
Fe?* concentration

Fe?' concentration

acid concentration
Sample 3 sample volume

sample mase

Appendix 0. Experimental results

0.112
2.207
49,000
2.750
46.250
8,65C

0.109
2.248
50.100
2.8350
47.250
8,600

0.112
2.430

8/l
8/l
8/l
&/l

8/l
8/t
8/l
8/t




aquaous Fe concentration
+
Fe®  concentration

+ :
Fe?" concentration

acid concentration =
Tank 2
Sample 1 sample volume =
sample mass
aquecus Fe concemiratiom =
+ :
Fe’” concentration =
o+ .
Fe?’ concentration =
acid concentration =
Sample 2 sample volume =
sample mass =
aqueous Fe concentration =
+
Fe' concentration =
+
Fe?" concentration =
acid concentration =
Sample 3 sample volume =

sample mass

squecus Fe corcentratjon =
Fe** concontration =
Fe** concentration -
acid concentration -

dpoendin O Giperiuchue] resuits

45.950
2,900
43.050
6.750

0.110
2,024
48.5%0
€.500
46.0%0
£.650

0.305
2.010
50.220
0.500
49.720
8.600

0.109
2,046
43,050
0.450
48,600
8.600

&/l
&/1
g/l
8/

e/l

&/l
&/1
s/l
g/l



RUN 2
Feed Condilions
liquid flowrate = 0,130 l/wip
solid Fe flowrate = 3,207 pfmin

aqueous Fe comcentration = 35.740 g/l
©3.500 71
12.240 g/1

[l

o :
Fe’  concentration

+
Fe*” concentravion

acid concentrarion = 8.850 g/1
Tank 1
Sampie 1 sample volume

sample mass
aquecus Fe concentrarion
+
Fe'" concentration
2+ ;
Fe?" concentration

acid copuentration

Sample 2 sample volume
sample mass

aguaows Fe concentrasion

7" concentration
ot s
Fo?7 concentration

acld concentration

Sample 3

ample volume
sannle pass
aqueous Fr concentration
s N
¥a! concentration
-
Fe?" concentration

neid concetitration

4ppendix 0,

por imental rosi

= 00161 1
= 1,958 g
= 48.480 g/1
= 5.050 g/1
= 42,430 g/l
= 8.850 g/l
= 0,165 1
= 2.061 g
= 49.700 g/1
= 35.530 g/)
= 44,150 g/1
= 8.800 g/t
= 0.158 1
= 2,016 g
= 47,400 g/t
= 5,850 g/i
£0.550 g/
2.700 g/1

i
¥
b




Sample &

Tank 2

Semple &

Sample 2

Sample 3

Sample &

sanple volume

sample mass

aqueous Fe conc utration
Fe*? concencration

Fe*™ concentration

acid concentration

sample volums

sample mass

aqueous Fe conu nirazion
+

Fe'' concentratvion
red .

Fe concentration

acid concencration

sample volume

sample mass

aqueous Fe comcemtration
Fe!* concentration

Te?* concentratica

acid concentration

sample volume

sample mass

aqueous Fo concentration
Fe** concentration

Fe?* concentration

acid concentration

sample volume
sample mass
aguecus Fe concestration

ol

-
#e’" concentration

Appendix 0. Experimental resulte

= 0.157
= 2.589
= 49.080
= 6.300
= 42,780
= 8.750
= 0,160
= 1.601
= .9 550G
150

400

= §.800
0.161

= 1.727
49,690

= 2,200
490
a.800

= 0,145
= 1,619
= 50.560
= 2.150
= 48,410
= 8.830
= 0.159
= 1,653
= 48,960
= 1,150

1
8
8/1
&/l
8/l
8/l

&/1
g/l
8/l
8/1

&/l
&/l

8/l
g/l
&/l
8/l

8/l
8/1

hint o




+
¥e?” concentration

acid concentration

Sample § sample volume

sample mass

aqueous Fe concentration
+

Fe' conceatration
2+ .

Fe?" concentration

acid concentration

Appendix 0. Experimental rosnlts

= 46.810

8.700

6.162

49.760
2,300
47,460
8,750

8/t
8/l

&/l
g/l
8/l
8/l




re?’ concentration = 46.810 3/1

acid concentration = 8,700 g/1
o Sample 5 sample volume = o0.182 1
sample mass = 1.596 g
aquecus Fo concentration = 49.760 g/l
Yoot concontration = 2,300 g/1
Fe?® concentration = 47,460 g/1
acid concentration = 8.750 g/l

Appendix 0. Experimental results 78




RUN 3

Feed Conditions

1iquid flowrate 0.200 L/min

solid Fe flowrate = 3.236 g/min

aqueous Fe concenvration = 35.480 g/l

Pe?* concentration = 23,650 g/1

Per* concenvration = 11.830 g/1

acid concentration = 9.800 g/l

Tank 1

Semple 1 sample volume = 0.216
sai ple mass = 1,602
aqueous Fe concentration = 45,610
Fe** concentration = 7,450
Fer* concentration = 38.160
acid concentration = 5,600

Sample 2 sample volume = 0.202
ssmple mass = 1641
agueous Fe concentration = 45,000
Fe?¥ concentration = 7.750
Fe?  voncentration = 37.250
acid concentration = 9.700

Sample 3 sample volume 6.208
sample mass = 1.700
aqueous Fe concentration = 45,460
Fe?” concentration = 7.900
Fa*" concentravion = 37.760
sctd concontration 9.750

Appendix 0. Experimental results

1
g
&/1
8/1
g/l
&/l

1
-1
8/l
g/1
8/1
g/l

8/l
B8/l
8/t
8/l




Sampls & sanple volume = 0.212
sample mass = 1.801
agueous Pe concentrstion = 45.020
Fe*™ concentration = 8.306
Fe?* concentration 36.720
acid concentration = 8,750

Tank 2

Sample & sampte volume = 0.215
sample mass = 1352
aquecus Fe concentration = 48.040
Fe'™ concentration = 4.000
Fe?” concentravion 44,060
acid concentration = 9.700

ample 2 sample volume = 0.210
sanple mass = 1.335
aqueous Fe concontration = 48,040
Fe'* concontration = 4.400
Fe?* concentration = 43.640
acid concentration = 9.700

Sample 3 sampte volume = 0.208
sample mass = l.282
aquecus Fe concentration = 47.980
Fe?* concentration = 4.500
e concentration = 43.480
seid concestration = 9.750

sample & sample volume = 0.207
sample mass = 1260
aguecus Fe oncentration 47,920
Fe'" conccntration = 4,500

Appendix O. Experimental resulus

1
g
&/l
8/1
&/
8/1

8/1
8/t
&/l
g/l

&/l
g/1
&/l
8/l

8/1
8/l
g/l
&1




-
Fe?” concentration

acid concentration

Sample § sample volume
sample mass
agueous Fe concentration
Fe®" concentration
Fo?" concencration

4cid concentration

Appendix O. Experimental vesults

=

43,420
9,700

0,213
1.253
47.970
4,250
43,720
9,650

g/l
8/l

&,




RUN 4

Feed Conditions

1iquid fiowrate = 0.250 I/min
solid Fe flowrate = 3,25 g/min
aqueous Fe cencentration = 37,980 g/l
re’* concentra_ion = 24.500 g/1
Fe*’ concentration = 15.480 g/1
acid concentration = 8.700 g/1
Tank 1
e Sample 1 sample volume = (.262 1
N sample mass = 1.835 g
agueous Fe concentration = 44,700 g/1
: Fe** concentration = 15.000 g/1
Fe** concentration = 31,700 g/1
acid concentration = 8.700 g/
Sample 2 sample volume = 0,260 1
sample mass = 1.970g
aqueous Fe concenvration = 44,610 g/l
Fe** concentration = 13.650 g/1
Fe?* concensracion = 30.960 g/1
acid concentration = 8,750 g/1
. Sample 3 sample valume = 0.2611
samplo mass = 1874 g
aqueocus Fe concentrution = 44.970 g/l
" Fo?™ concentration = 12.350 g/1
Fer* goneentration = 32,620 g/1
acid goncentration = $.600 g/1

Appendix 0. Experimental results




Sample 4

Tank 2

Sample 1

Sample 2

Sample 3

Sample 4

sample volums

sample mass

aqueous Fe concentration
Fe?* concentration

Fe?" concentration

acid concentration

sample volume

sample mass

aqueous Fe concentration
Isd :

Fe?™ concentration

.t s

Fe coucentration

acid concentration

sample volume
sample mass
aquecus Fe concentration
cait .
te?” concentration

+
Fe'" concentration

acid concentration

sample volume
sample mass
aqueous Fe concentration
retT .
Fe® concentration
-
Fe?" concentration
acid concentration

sample volume
sempic mass

aqueous Fe concentration
Fe*t concentration

Appondix 0. Experimental resslts

= 0.246
= 1.743
= 45.020
= 12,450
= 32.570
= 5.650

= 0.351
= 1.510
= 46.610
= ¢.550
= 38,060
= 8,700

= 0.253
1.267
= 45.490
8.550
37.940
8.500

w

0

= 0.257
= 1.330
= 47.320
= 9.000
38,320
= 8,650

]

= 0.261
= 1359
= 35.650
= 9.000

1

&/l
8/l
8/l
&1

&/1
e/l
B/l
&/1

8/1
8/l
8/l
8/l

8/l
&/l
8/l
8/l

g/l
&/l
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Fe?" concentration = 45.650 g/1
acid concentration = 8700 g/1
sanple 5 sanple volume = 0.5k 1
sample mass = 1.267 g
aqueous Fe concentration = 47.080 g/1
Fe'* concentration = 8.600 g/1
Fe?” concentration = 38,690 g/1
acid concentation = 6.700 g/1
Appendix 0. Experimental results 84




RUN 5

Feed Conditions

liquid flowrate = .0.300 1/min
s01id Fe flowrate = 3.117 g/min
aqueous Fe concent:. ‘fon = 37,720 g/l
Fe'* concentration = 24,800 g/1
Fa? concentzation = 12,920 g/1
acid consentration = 0.250 g/1
Tank 1

Sample 1 sanpie volume

sample mass
aqueous Fe concentration
Fe?" concentration
Fe*" concentraiion

acid concentration

Sample 2 sample volume
sample mass
aqueous Fe conceniracion
Fe*" concentration
Fe?  concentration

acid concentration

Sample 3 sample volume
sample mass
aqueous Fe concentration
Te** concentration
Fe?* concentration
acid concentration

Appendix 0. Experimental results

= (.296
= 1.702

= 15.700
= 25.450
= 9.100

= 14.750
= 29.110
= 9.150

1
k3

G g/l

8/l
8/l
&/l

&/l
8/
&/l
8/1

/1
/1

/1
g/l
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Sumple 6

Tank 2

Sample 1

Sample 2

Sample 3

Sample &

sample valume
sample mass
aquecus Fe concentration
Fe’” concentratiom
s X
Fe?" concentration

acid concentration

sanple volume

sample mass

agqueous Fe concentration
Fe'¥ concentration

re*" concentration

acid concentration

sample volume
sample mass
aqueous Fe concentration
3t B
Fe’* concentration
-
Fe?” concentration

acid concentration

sample volume
sample nass

squecus Fe concentration
Fe* concentration

Fe?" concencrat ion

acid concentration

sample volune

sample mass

aquecus Fe concentration
Fe?* concentretion

Appendix 0. Experimental results

= 0,290
= 1.617
= 43.100
= 15.500
= 27.600
= 9.100

= 0.308
= 1.066
= 45.340
= 11.250
= 34.090
= 9,200

= 0.320
= 0.983
= 45.860
= 10.60G0
35.260
= 9.150

[

= 0.300
= 1.037
= 45.490
= 11,300
34.190
= 9.150

= 0.535
= 0.970
= 46.380
10,450

1
g

8/l
8/l
8/1
&/l

8/1
g/l
g/l

/1

8!l
8/1
8/l
8/l

&/1
8/l
&/1
8/l

8/l
8/1




Fer” concentration
acid concentration
Semple 5 sample volume
sample mass
agueous Fe concentration
Fe** concentration
et concentration

acid concentration

Appendix 0. Experimental results

930
.100

328
. 08B
L7110
L300
.40
.050

8/1
8/l

g/l
8/1




RUN 6
Feed Conditions
liquid flowrate = 0.500 i/min
solid Fe flowrate = 3144 g/min
aqueous Fe concentration = 37.170 g/l
Fe't concentration = 24.500 g/1
Fe¥ concentration = 12.570 g/1
acid concentration = 9.400 g/1

Tank 1

Sample 1

Sample 2

Sample 3

saaple volume =
saaple mass =
aqueous Fe concentracion =
Fe** concentration =
Fe?" concentrazion =

acid concentration =

sample volume

sample ma<s =
squeous Fe concsntration =
Fe®” concentration =
Fer* concentration =

acid cencentration =

sample volume =
sample mass =
aquecus Fe concentration =
Fe** concentration =
re** concentration
acid concentration =

Appendix 0. Experimental results

0.252
0.831
40,640
18,650
21.99¢
9.450

o o
2 2
& G
a7

40.430
19.000
21.450

9.400

0.259
0.942
40,210
19.%00
20,710
9.350

1
g
&/
8/l
8/l
8/1

g/l
&/1
g/l
g/l

g/l
8/t
8/l
8/1




Sample 4

Tank 2

Sample 1

sample 2

Sample 3

sample volume
sample mass
aqueous Fe concentration
st i
Fe’ concentration
+
Fe?” concentration

acid concentratior

sample volume

sample mass

aquecus Fe concentration
Fe?” concentration

Fer* concentration

acid concentration

sample volume

sample mass

aqueous Fe concentration
Fa*" concencration

rer’ concentration

acid concentration

sample volume

sample mass

aqueous Fa concentration
o+

Fe!  concentration
+

F&*" concentration

acid concentraiion

Appendix 0, Experimental results

[

[l

0.255
0.887
#9.540
19,250
2}.290
9.300

0.247
0.518
41.960
16.200
25.700
9.300

0.:257
D624
41,440
1r.000
24,440
9.350

0,255
0.583
41,130
16.350
24.780
9.250

1
3

8/l
8/l
8/l
8/l

&

g/l
&/l
g/l
&/l

8/l
8/l
8/l
&/l
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Feed Conditians

liquid Elowrate
solid Fe flowrate
aqueous Fe concentration
+
Fe” concentration
2+ :
Fe® concentration

acid concentration
Tank 1

Sample 1

sample mass

u

sample volume

RUN 7

1,000 1/min
3.219 g/min

35.550 g/1
23.700 g/1
11.850 g/1
9.500 g/1

aqueous Fe concentration

+ ;
Fe’” concentration

"
Fe'  toncentration

acid concentration

Sample %

sample mass

sample volume

agueous Fe concentration

+
Fe'” concentration

-
Fe*" concentration

acid concentration

Sample 3

sample mass

sample volume

aquoons Fe concentration

+
Fe*” concentratian

Fa?" concentration

acid concentration

Appendix 0. Experimental results

"

[l

"

0,260
0.515
37.620
21,800
15.820
9.500

Q. 245
0.588
36.370
21.750
14.620
9.550

0,263
0.526
37.330
21,650
15.680
9.500

1
&

&/l
&/l
8/1
8/l

8/l
8/l
&/1
g/l

8/l
8/l
&/l
8/1



Tank 2

Sample 1 sample volume
sample mass
e aguecus Fe concontration
Fe’ concentration
Fert concentration
acid concentration

Sample 2 sample volume
sample mass
aqueous Fe concentrption
Fe* concentration
re?* concentrution

acid concentration

Appendiz 0. Experimental results

w

4

0.257
0.438
37.000
20.800
16.200
9.450

0.259
0.429
37.400
20.800
16.800
9.550

1
s

8/l
g/l
8/l
8/l

8/l
8/l
§/1
&/l

i

o,

il .



APPENDiX

Symbol

a(2) =

c, =
H

B =

E° =

F =
f;’,(“d" =

iy =
*
EN =

Appendix P.
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P. NOMENCLATURE

Quantity

exposed surface area of particle of size ¢
fractional conversion in tank 1
potential
standard equilibrium potential
Faraday's constant
fraction of particles in tank i with
sizes between % and #+df
current density
exchange current density
exchange current density independent
of concentration
rate constant in tank i
characteristic particle size
imcey/p) 2
mass of single particle of size £
no. of tanks
no. of particles i tank i per umit volume
of solution
volumetric flowrate of solution
gas constant

*
11/(‘,
rosidence tim: of particle in contact
with the solution
PR
particle geowtl rate in tamk i
d8/dt
volume df tank {

no. of elestrons transforred

NOMENCLATURE 92



= density of particle

»
¢ = shape factor
= a(e)/2?
g = quantity dependant on chemical and physical
properties of the solution environmest in tenk i
Ty = v,/Q
w = moleculer weight of dissolving specdes
n = } [EAGL
0
= 2
oy = J [EROLH
0
= 2
&y = Jol £,(0)de

Appendix P. NOMENCLATURE
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