Oxidation Kinetics of a Lime-Copper

Concentrate Pellet

H. H. HAUNG AND R. W. BARTLETT

Copper flotation concentrates can be oxidized while simultaneously fixing 98 pct of the
sulfur as CaSO, and copper sulfates if a mixed lime-concentrate balled pellet is roasted
at low temperatures. The roasting pellet exhibits a reacted shell surrounding the unre-
acted core. The rate is controlled by oxygen diffusion in the pores of the roasted shell
and kinetic details are given. At higher temperatures the rate decreases because of sin-
tering and decreased porosity in the shell. Complete roasting of the pellets while con-
trolling the pellet temperature to prevent formation of insoluble copper ferrites is re-
quired for subsequent hydrometallurgical extraction.

PROCESSES for treating sulfide-copper flotation
concentrates that do not cause appreciable air pollu-
tion by SO, emission are needed. The recently de-
veloped lime-concentrate-pellet-roast (LCPR) pro-
cess’ involves roasting a mixture of finely ground
flotation concentrates and nearly stoichiometric lime
in the form of a balled pellet followed by leaching in
sulfuric acid and eventual recovery of copper by elec-
trowinning. Pelletization is necessary to retain nearly
all of the sulfur as anhydrite (CaSO4) during roasting.

When a pellet is roasted, oxidation of the sulfide
mineral grains occurs at the interface separating the
unreacted pellet core from a roasted shell, provided
that the mineral particles are not too large. Although
—200 mesh concentrates were used in these experi-
ments, concentrates as coarse as 35 mesh have been
successfully treated. The reaction products are pri-
marily CuO, Fe;O; and CaSQ,. If a substoichiometric
amount of lime is used at low temperatures, some
CuSO4 and CuO » CuSO4 will also be produced. At high
roasting temperatures some copper ferrite is formed.
Sulfur dioxide gas is produced by the roasting reaction
and diffuses out of the pellet through pores in the re-
action product shell. The diffusing SO, reacts with
lime in a diffuse zone adjacent to the core/ shell inter-
face. Although less than 5 pct of the SO, escapes the
pellet under normal roasting conditions, the SO, that
does escape originates predominantly from near the
surface of the pellet early in the roasting period, when
the roasted shell through which diffusion must occur
is very thin.

The purpose of the present study is to report on the
single pellet roasting kinetics.

The roasting reactions and the lime reaction with
S0 are exothermic and may cause overheating and
formation of copper ferrite which is relatively insolu-
ble in a sulfuric acid leach.? For industrial scaleup,
consideration should be given to a continuously fed
fluid bed roaster with water injection to obtain tem-
perature control and temperature uniformity through-
out the bed.
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EXPERIMENTAL METHODS

Experiments reported here were limited to flotation
concentrates originating at Bingham, Utah in which
chalcopyrite was the primary copper mineral. The
assay was 24.2 pct copper, 21.1 pct iron and 26.0 pct
sulfur. Reagent lime was thoroughly mixed with —200
mesh concentrate with the amount of lime varied from
85 pct to 100 pet of the amount required to convert
all of the sulfur in the charge to CaSO.. Water was
added and pellets were balled in a 28 cm diam labora-
tory balling drum.

The optimal meisture content for pelletizing was
14 pct. Average drum residence time for 1.1 cm pel-
lets was 20 to 30 min, and the undersize pellets were
recharged as seeding to the drum.

Single pellet kinetics were determined using a
quartz spring balance thermogravimetric analyzer shown
in Fig. 1, which measured both the weight gain associ-
ated with roasting and the SO, lime fixation reaction.
Sulfur dioxide in the effluent gas was continuously
measured by an infrared analyzer during the entire
TGA oxidation experiment. A single pellet, suspended
from a quartz helix spring having a sensitivity of
+0.16 mg, was heated to the desired temperature in a
6.5 cm ID tube furnace while the dehydration of lime
occurred in an inert atmosphere. After dehydration
was complete, the desired oxygen composition was in-
troduced and the weight gain due to the oxidation and
sulfation of the pellet was followed as a function of
time. For each run the quartz balance was continu~
ously observed after inserting oxygen until the initial
weight change was observed at which time the timer
was started, ¢ = 0. An initial weight change of 0.05 pct
of the final weight change was detectable. For each
run, the infrared results were calibrated by absorbing
all of the SO: in sodium hydroxide solution and titrating
with the iodine method.

Up-draft fixed bed roasting experiments were con-
ducted to observe thermal effects and determined
maximum bed depths that could be used without over-
heating. An air or air/ nitrogen mixture was preheated
in a vertical tube furnace and flowed through a grate
into an insulated stainless steel cup holding the pellets.
Bed depths up to 18 cm were used and thermocouples
were inserted at various depths in the bed. Thermo-
couples were also buried in pellets within the bed.
The gas flow velocity was regulated at room tempera-
ture through flow meters, before entering the preheat
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furnace. Since effluent gases contained negligible SO,
they were vented into the laboratory.

Apparent densities of pellets were determined be-
fore and after roasting by immersion in mercury.
Porosities of roasted pellets were determined by
benzene absorption. Measured values of volume
shrinkage on roasting and final fired porosities at
various temperatures are shown in Fig. 2. All of the
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Fig. 1—Combined thermogravimetric and infrared apparatus
for analysis of single pellet oxidation kinetics.
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Fig. 2—Physical characteristics of roasted LCPR pellets.
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shrinkage at higher temperatures occurred on heating
prior to insertion of the oxidizing atmosphere. Al-
though the data shown in Fig. 2 are appropriate to this
particular study and reasonably typical, it should be
noted that pellet porosity will also depend on the
amount of lime, the particle size distributions of lime
and concentrate, the ball forming conditions and densi-
fication. The specific surface of roated pellets was de-
termined by the BET nitrogen adsorption method.
Pellet strength is very important for industrial pro-
cessing. A suitable green pellet should withstand® an
average of 6 drops from 45 cm onto a steel plate and
have a minimum crushing strength of 1.5 kg. The
laboratory balled pellets surpass these requirements.

SINGLE PELLET EXPERIMENTAL RESULTS
AND REACTION MODEL VERIFICATION

Typical weight gain curves for 1.15 em diam balled
pellets are shown in Fig. 3 for air roasting at 450°C
and in Fig. 4 for air roasting at 800°C. The measured
weight gain is shown with the weight associated with
the SO, gaseous effluent determined from infrared
measurements. The total weight gain for solid and
gaseous products is also shown and these will be re-
ferred to as total rate curves. The emission of SO,
increases with temperature.
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Fig. 3—Single pellet oxidation weight change at 450°C.
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Fig. 4—Single pellet oxidation weight change at 800°C.
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The experimental kinetic curves were analyzed in
terms of an oxygen transport rate limiting model.
Initially, oxygen transfer through the boundary layer
gas film surrounding the pellet is rate controlling. A
convective oxygen diffusion gradient in residual nitro-
gen occurs. Over most of the reaction period oxygen
diffusion through pores in the roasted shell is rate
controlling. This reaction model is illustrated in Fig.
5.

Boundary Layer Gas Film Oxygen Transfer

Initial tangents (¢ — 0) to the total rate curves were
measured and used to determine the initial oxidation
rate of the pellet, Wp. From these data, experimental
values of the initial mass transfer coefficients were
determined from the relation,

WP t=0 B km41r'r‘§ (Coz(g) - Coz(m)u km41m"§ Coz(g)

[1]
and

AW
=p (€3]
drg km Co, ="t (2]

Initial mass transfer coefficients were independ-
ently calculated by two empirical correlations for
mass transfer to spheres:

Froessling*
2rpkm _ 5.0+ 0.60( 222U (Y (3]
DaB [ pgDAB

Steinberger and Treybal®

0.62 0,31
2pkm _ 9.0+ 0.343(272PU ) [ £},
DyB A pgDaB

[4]

Viscosities and binary bulk diffusivities for the oxy-
gen-nitrogen gas mixtures were calculated at the ap-
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Fig. 5—Model of a roasting LCPR pellet in cross-section.
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propriate temperatures by the Chapman-Enskog form-
ula. The air mass velocity flowing over the pellets
was, pgU = 0.002 g s™ cm™ in most of the experi-
ments. The two theoretical (calculated) mass transfer
coefficients and the experimental mass transfer co-
efficient are shown for each temperature in Table I.
The experimental mass transfer coefficients at each
temperature were obtained by taking the tangent at
the origin (¢ = 0) and are slightly less than the calcu-
lated mass transfer coefficients. This agreement is
adequate and the discrepancy may be caused by sur-
face roughness of the pellets or the retarding effect of
the pellet suspending saddle on the transfer of oxygen.
The experimental apparent activation energies agree
with the values for calculated rates.

Single pellet roasting rate experiments were also
conducted at 500°C in the binary gas mixtures with the
oxygen varying from 5 to 30 pct of the mixture with no
effect on the mass transfer coefficient. The variations
in the initial mass transfer coefficient were less than
+0.03 cm s, This result is also consistent with a
boundary layer diffusion rate controlling process.

Oxygen Transfer Through the Roasted
Pellet Shell

The kinetic model for most of the reaction period
when shell diffusion is rate controlling is based on
binary gas diffusion in a mixture of oxygen and nitro-~
gen within a porous solid at constant total pressure.
Although SO: is formed at the reaction interface and
diffuses outward it is consumed in a diffuse zone near
the interface and over most of the shell-thickness SO
can be neglected. The present simple model implicitly
assumes that all of the chemical reaction including
80 fixation occurs at the core/ shell interface. It is
assumed that the physical characteristics of the
roasted shell do not change with roasting time.

Nitrogen in the pores is stagnant and the nitrogen
flux, N g, with respect to the pellet is Np = 0. The
oxygen flux with respect to the pellet, N4, takes the
general form,°

_ -C dXa
NA'V a Npg dr [5]

1- (1 +N-Z)XA7+ ;
Dp B, eft Dg A, eff

where D4 B, off is the effective bulk diffusivity and
Dg 4, et is the effective Knudsen diffusivity. Because a
binary system is involved, X4 = 1 -~ Xpg.

A solution to the overall reaction kinetics for a
spherical pellet under conditions when transport

Table I. Experimental and Theoretical Results of Boundary Layer
Oxygen Transfer Rate Controlling Step in Pellet Oxidation

Apparent
Activation
km (cm s71) 450°C 500°C 600°C 700°C 800°C Energy
Experimental 1.79 1.92 2.29 2.99 3.35 2.81 kcal mole™
Froessling® 260 290 352 423 519  3.05kcalmole™
Steinberger and 223 250 3.02 367 449  2.87 kealmale™
Treybal®
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through the roasted shell is rate controlling is avail-
able for the case of equimolar counter-current diffu-
sion, Ng = —N4, and the flux equation,

X4 (6]

NA’V = “‘CDeff ——_d’}’ .

For counter-current equimolar diffusion the molar
flow through the shell from the surface of the core, 74,
to the outer limit of the shell, 7, is:

47 C Degt (XAZ _XAP)
= 1 1 . [7]

Wp = 47!'1’12NA7,

7=7]
) 7. p

When the molar flow of oxygen Wp, for bulk diffusion

in stagnant nitrogen is considered, N = 0, with the

condition Dg 4 eff > DAB, eff then the solution to Eq.

[5] becomes

. 47 CDAB eff XB
W, o 20~ 250 2 8
P31 "\xp, )
"1 Vp

Hence, it can be shown that an overall effective diffu-
sivity for use with Eq. [7] is

Detr  Dg A, eff DaB,eff
where
XB,—XB
(XB)ln P L [10]

~In(XBp/XBp

For roasting in air with Xp, = 0.79 and oxygen deple-
tion at the reacting interface, Xp; = 1.0 and the loga-
rithmic mean value of the nitrogen mole fraction is
(XB)1n = 0.89.

When pore volume fraction, 6, and pore tortuosity,
7, are considered for the roasted shell,

Dagb
DA efi = 4B [11]
and

Dg4®
Dica, eff =54 [12]

Measured values of the porosity of fired pellets were
used in calculating effective diffusivities while various
values of the tortuosity were considered.

Bulk diffusivities for oxygen-nitrogen mixtures,
Dy g, were calculated using,

Vel o)
0.00816 YT (MA tore

POAR 9D, AB

and the appropriate Chapman-Enskog parameters.
Knudsen diffusivities for oxygen, Dg 4 were calcu-

lated® using the average pore radius, 7,:

Dka = 9700%\/7‘% .

Surface area, porosity, and bulk density measure-
ments of roasted pellets were used to determine the
average pore radius,

20

Sgpp’

Dap = (13]

[14]

e [15]
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The fractional conversion of the spherical pellet
during roasting, F, may be defined by noting that

1 p  Volume of unroasted pellet _ (7 8 [16]
B Total pellet volume 7p ) "

Integration of the flux equation (Eq. [6]) leads to the
following expression’ in terms of fractional conver-
sions,

GCDeff (XAP—XAl)t

1+2(1—F)-31-F)y"®= [17]

(Apa) vy
where Ap4 is the increase in molar density of oxygen
resulting from complete roasting of the pellet in-
cluding SO, fixation. The measured radius of the
roasted pellet was used for 7.

Experimental roasting data including both weight
gain and SO; emission were used to compute F(¢) and
Aps. These data were plotted in the form of Eq. [17],
(1 + 2(1 — F) — 3(1 — F)*” vs t) for air roasting at
several temperatures, Fig. 6. The straight line fit of
these data out to nearly complete extraction support
the shell diffusion model. Experimental values of Defr
were determined from the slopes of Fig. 6, taking
Xp, =0.

Eltxperimental (points) and theoretical values (curves)
of the effective diffusivities for roasting in air, X4
= 0.21, are shown in Fig. 7. The data are presented
in the form of an Arrhenius plot: log Defr vs 1/T. Be-
cause of decreasing porosity in the roasted pellet
shell with increasing roasting temperature at the high
temperature end of the temperature range investigated,
a slight negative apparent activation energy is theo-
retically predicated and experimentally observed.
Good agreement with experimental and theoretical
values of the effective diffusivily were obtained but a
tortuosity factor slightly greater than the usual value,
T = 2, is required.

The effective diffusivity should be invariant with
changes in the oxygen partial pressure and mole frac-
tion, XAP, provided the total pressure remains con-
stant. Experimental effective diffusivities determined
at 500°C in binary gas mixtures containing from 5 pct
to 30 pct oxygen are shown in Fig. 8. As expected, a
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Fig. 6—DPellet roasting rate data plotted to fit a shell-diffu-
sion model.
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systematic variation in Degp with oxXygen concentration
was not observed.

A temperature rise occurs in the pellets during
roasting because of the exothermic chemical reac-
tions. A typical temperature rise, recorded by a
thermocouple imbedded at the center of the pellet is
shown in Fig. 9. The gas temperature and initial pel-
let temperature were 500°C. A similar temperature
profile has been predicted by a computer program
based on the reaction rate and heat transfer consider-
ations using a uniform pellet temperature model (in-
stantaneous thermal conductivity in the solid). This
temperature rise will increase the effective diffusivity
by only 10 to 15 pct over the value calculated for the
nominal roasting temperature.

DISCUSSION OF HEAT TRANSFER IN A
ROASTING BED

The roasting process is extremely exothermic and
heat transfer dominates the roaster design. For the
overall reaction,

%02 +2Ca0 — 2CaS0; + CuO + 1/2Fe;,05
(18]

at 527°C, the heat of reaction is AH = —474,200 cal
per mole of CuFeS,. However, heat release will vary
widely between different concentrates depending on the
amount of other sulfides and gangue present.

The following constraints, some based on calcula-
tions not presented here, must be summarized. The
rate of heat released chemically is directly propor-
tional to the extensive rate of chemical reaction, which
because of the spherical pellet geometry and diffusion
controlled reaction kinetics is greatest during the
initial roasting period. The pellet temperature must
be limited to prevent formation of ferrites that are
relatively insoluble in leaching. The sensible heat of
the pellets is only about 7 pct of the chemical heat re-
leased, or 20 pct if Ca(OH); dehydration is included.
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Fig. 7—Effective diffusivities for the shell~-diffusion con-

trolled roasting rate: experimentally determined points and
theoretical curves.
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Fig. 9—Experimental and numerical results of particle tem-
perature during the course of roasting.

Hence, the pellets are not a significant heat sink and
recycle of cooled, roasted pellets will not be a practi-
cal method of eliminating the heat released.

Water injection can be used to cool a fluidized bed
(well mixed solids) roaster but heat must be elimin-
ated by transfer to the roaster gases passing through
a fixed pellet bed. Large volumes of cooling gas must
be used because gas heat capacities are small. For
fixed bed roasters, pellet fluidization in updraft ma-
chines or a high pressure drop across the bed impose
a practical upper limit on the gas velocities that can
be used and this in turn limits the rate at which heat
can be removed from the pellet bed and also limits
the pellet bed height or thickness through which the
gas is flowing. This constraint eliminates a shaft
furnace process.

Increasing the pellet size radically increases the
time to complete roasting, 7, <« 7;, bui only slightly
decreases the initial (maximum) heat release rate,
@ped ‘o0 « 7p, hence, increasing the pellet radius, 7,

is an unsuitable direction toward effecting adequate
bed temperature control. The pellet size should be the
smallest consistent with a good sulfur retention and
leaching, and a practical range of sizes for industrial
operating practice.

With the requirements of a short bed height and
variable heat removal rates and gas velocities, a
cross-current continuous process with respect to bed
movement and gas flow was considered using a travel-
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ing grate machine similar to that used in iron ore pel-
letization. High blowing rates would be required early
in the roasting cycle when the maximum rate of heat
release is encountered.

Alternate up-draft and down-draft gas flow cycling
is not very useful. The cycle period must be very
short, because of the limited sensible heat of the
solids resulting from allowable temperature changes
caused by alternative up-draft and down-draft flow.

Experiments, with an up-draft fixed bed pellet
roaster showed that to prevent an excessive tempera-
ture excursion during the initial reaction period, the
bed height must be limited to 7 to 15 cm for two con-
centrates studied. These results limit the practical
application of a fixed bed roaster and indicate that in-
dustrial scale-up should concentrate on a continuously
operated fluid bed roaster with water injection into the
bed to offset the released heat and control the roasting
temperature.

NOMENCLATURE

C total gas species concentration, moles cc™

Coz“” oxygen concentration at the reaction site,
moles cc™

Coz‘g ! oxylgen concentration in the bulk gas, moles
cc

Dpp ordinary diffusion coefficient for an oxygen/
nitrogen mixture, cm® s )

Dy B, eff effective bulk diffusion coefficient for an oxy-
gen,/ nitrogen mixture in pores, em® s~

Dg A Knudsen diffusion coefficient for oxygen, cm®

s-l

Dg A, eft effective knudsen diffusion coefficient for
oxygen, cm® s~

D¢ overall effective oxygen diffusion coefficient,
cm?® 5™

F volume fraction of the pellet that has been
roasted

ko mass transfer coefficient for oxygen, cm s™

My molecular weight of oxygen, M/ mole

Mp molecular weight of nitrogen, M/mole

Ng molar flux of oxygen, moles cm™ s

Np molar flux of nitrogen, moles cm™ s

p pressure, Eq. [13], atm

7 radial position in the pellet, cm

Ay ¥p — ¥, €M
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Ve average pore radius, cm

Sg specific surface area of the pellet, cm” g™t
t time, s

At time increment, s

T temperature, K

U superficial gas velocity through the bed or
. around the pellet, cm s™

Wy molar rate of oxidation per pellet, moles

oxygen pellet™ s

AWiJ finite increment of oxidation of a pellet, moles
oxygen pellet™

XA mole fraction of oxygen

Xp mole fraction of nitrogen

(XB)in logarithmic mean mole fraction of nitrogen,
see Eq. [10]

0 pellet porosity (volume fraction)

m gas viscosity, g cm™ 5™

Py pellet apparent density, g cm™

Pg gas density, g cm™

Apa increase in molar density of oxygen resulting
from complete roasting, moles cc™

OAB collision diameter, Eq. [13], A

T tortuosity factor for a porous solid
Qp ap collision integral, Eq. [13].

SUBSCRIPTS

g characteristic of the bulk gas
P evaluated at the pellet surface, 7,

l evaluated at the pellet reaction interface, 7
7 evaluated at radius 7.
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