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Abstract: Abu Gurdi area is located in the South-eastern Desert of Egypt which considered as volcanic massive
sulfide deposits (VMS). The present work aims at investigating the ore mineralogy of Abu Gurdi region in
addition to the effectiveness of the hydrometallurgical route for processing these ores using alkaline leaching
for the extraction of Zn, Cu, and Pb in the presence of hydrogen peroxide, has been investigated. The factors
affecting the efficiency of the alkaline leaching of the used ore including the reagent composition, reagent
concentration, leaching temperature, leaching time, and Solid /Liquid ratio, have been investigated. It was noted
that the sulfide mineralization consists mainly of chalcopyrite, sphalerite, pyrite, galena and bornite. Gold is
detected as rare, disseminated crystals within the gangue minerals. Under supergene conditions, secondary copper
minerals (covellite, malachite, chrysocolla and atacamite) were formed. The maximum dissolution efficiencies
of Cu, Zn, and Pb at the optimum leaching conditions i.e., 250 g/l NaCO; - NaHCO; alkali concentration,
for 3 hr, at 250 °C, and 1/5 Solid/liquid (S/L) ratio, were 99.48 %, 96.70 % and 99.11 %, respectively. An
apparent activation energy for Zn, Cu and Pb dissolution were 21.599, 21.779 and 23.761 kJ.mol™', respectively,
which were between those of a typical diffusion-controlled process and a chemical reaction-controlled process.
Hence, the diffusion of the solid product layer contributed more than the chemical reaction to control the rate
of the leaching process. High pure Cu(OH),, Pb(OH),, and ZnCl, were obtained from the finally obtained leach
liquor at the optimum leaching conditions by precipitation at different pH. Finally, highly pure Au metal was
separated from the mineralized massive sulfide via using adsorption method.
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1. Introduction ores are in many cases difficult to treat with conven-

tional mineral processing methods and the concentrates

Recently, attention has been drawn to low-grade produced are often not clean enough, which seriously
complex sulphide ores due to the decline in the limits their commercial value.'

world deposits of high-grade ores. Complex sulphide Currently, copper is considered one of the base
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metals which has high economic importance in
advanced technologies. About 80 % of the primary
copper production comes from pyrometallurgical
treatment of copper ores.>’

Recently, the economic conditions and the increa-
singly stringent environmental legislation worldwide
have led to restricting the progress of the metallurgical
industries. In addition, copper resources become
increasingly depleted, and the number of low-grade
refractory copper ore is continuously increasing.
Therefore, more attention must be paid to developing
cost-effective, eco-friendly processes of recovering
copper from low-grade ores. The extraction of copper
from their ores is commonly performed using mainly
pyrometallurgical, hydrometallurgical and bio-chemical,
in which the extraction equipments always suffered
from serious erosion and corrosion problems leading
to high production cost.**

Recently, the depletion of high-grade copper oxide
ores in addition to the presence of toxic elements in
concentrates such as carcinogenic arsenic and due to
the increasing relevance of ESG (Environmental,
Social & Governance) regulation risk management,
the hydrometallurgical option for processing flotation
concentrates has become more attractive, because it
represents an eco-friendly process compared to
pyrometallurgical processes.®’ In this aspect, developing
advanced leaching technologies for processing copper
sulfide ores using hydrometallurgical techniques, has
been intensified.* '

Copper ores can be considered as classical examples
which are treated by hydrometallurgical processes.
Generally, either copper oxides or roasted copper
sulfides are leached without requiring any further
oxidation."*'* Sulfuric acid (H,SO4) and ammonia
(NH;-H,0) are usually used as lixiviant in the leaching
copper ores, such as chalcopyrite (CuFeS,), malachite
[Cuy(CO»)(OH),]. Sulfuric acid is the most common
leaching reagent used for the dissolution of oxidized
copper ores because copper oxide ore can be dissolved
in H,SO, solution even at room temperature. Thus,
the sulfuric acid consumption dosage is the main
economic factor in the leaching process. Depending on
the characteristic of the ores, sulfuric acid consumption

could range from 0.4 to 0.7 Mg for each Mg of copper
recovered.'> However, energy consumption can also
become an important economical factor when the
leaching process runs under the condition of agitation
and heating. Studying the kinetics of copper leaching
is therefore necessary for determining the factors that
affect the leaching efficiency.

The kinetics of copper leaching has been investigated
in many previous works.'®!® The kinetics of copper
leaching from a chalcocite-covellite ore has been
investigated and the rate-determining steps for each
period were determined according to both the activation
energies and the analytical expressions for each
period.'® The dissolution kinetics of malachite during
the leaching was described by a logarithmic function, y
= a In(x) + b and it was noted that the initial dissolution
of malachite was a diffusion-controlled reaction.'”
The dissolution kinetics of CuO/Al,O; catalyst in
inorganic acid solutions has been studied.'® It has
been noted that the rate of malachite dissolution
could be modeled in two stages. The first stage was a
diffusion-controlled reaction and the dissolution for
the second stage was a chemical-controlled reaction.'
However, few researches were carried out on the
hydrometallurgical processing of low-grade cuprite-
type copper oxide ore. This kind of ore is usually
processed by milling then froth floating, but the
recovery of copper is lower than 50 % using this
technology based on the previous studies.?’ For the
foregoing reason, further research is still needed for
effective exploitation of this kind of ore.

The leaching of copper depends on effective liberation
of sulphide ore from gangue minerals, which includes
carbonates of magnesium, calcium and other metals.
The presence of such carbonates results in parallel
reactions taking place simultaneously and hence
introduces competition in the system for the acid
reagent.”'*? The shrinking core model has been used
elsewhere to evaluate the kinetics of leaching process
since the ground particles are assumed to be
spherical >4

Abu Gurdi area is located at 60 km from Baranis,
South-eastern Desert, Egypt. It is delineated by
latitudes 23°45' and 24° 05' N and longitudes 34° 59'
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Fig. 1. Detailed geological map of Abu Gurdi area (modified
after EGSMA, 1992).%!

and 35° 10'E as shown in Fig. 1. The volcanic massive
sulfide deposits (VMS) of Abu Gurdi are associated
with metavolcanic rocks. The Geology of Abu Gurdi
area has extensively been studied in many previous
studies. The sulphide mineralization was found
essentially in the form of small lensoid and veins of
3 m wide and 20 m long.>?

Zinc, Lead, and Copper are also widely used metals
in the different industrial applications. They are mainly
produced from sulfides, carbonates and partly from
various secondaries and wastes containing zinc such
as electric arc furnace dusts, zinc ash, zinc dross,
scraps, slags by hydrometallurgical, pyrometallurgical
or their combination processes.*’

Many efforts were carried out to develop the
hydrometallurgical method for increasing the percent
recovery of Zn, Cu and Pb. Inorganic acids have been
commonly used as leach reagent in these studies.’*>*
In addition to this, organic acids have also been
applied as leach reagents in recent years.***° More
attention has been focused on the alkaline treatment of
low-grade zinc oxide ores.*™* In the hydrometallu-
rgical processes, different alkaline lixiviants can be
used including NaOH, NH40H, NH4(CO;) and
NH,(CI) 3044650

Alkaline leaching has many advantages including
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selectivity, cost-effectiveness, simple and easy to operate
and managed to extract metal ions from oxidized
ores or wastes.""*? It was concluded that the maximum
recovery of about 89 % and 72.15 % of Zn and Pb,
respectively has been obtained at temperature 80 °C,
4 M NaOH, 20 ml/g L/S ratio and 500 rpm agitation
speed of for lead leaching and 400 rpm for zinc
dissolution.”!

The present work aims to investigate the ore
mineralogy in Abu Gurdi region and investigates the
effectiveness of a hydrometallurgical route for
processing these ores using Alkaline leaching for the
extraction of zinc, copper, and lead in the presence of
hydrogen peroxide. The optimization of the leaching
conditions for recovery of high purity Copper, Zinc,
Lead and precious gold and the factors affecting the
leaching process have been investigated. The kinetics
of the leaching process has also been studied.

2. Materials and Methods

2.1. Materials
The as received 10 kg of the volcanic massive

sulphide deposits (VMS) sample was collected from
Abu Gurdi mining site, which is located 60 km from
Baranis, South-eastern Desert, Egypt, that is delineated
by latitudes 23°45' and 24° 05' N and longitudes 34°
59" and 35° 10'E. Leaching reagents of chemically
pure grade including NH,OH, Na,CO;, NaHCO;,
(NH4),COs, NH4HCO;, (NH4)HCO; have been used
during the leaching process and were purchased
from El-Nasr Company for Intermediate Chemicals,
El-Giza governorate, Egypt.

2.2. Methods

2.2.1. Mneralogical study

The main mineral constituents of the used Abu
Gurdi deposits have been identified in order to obtain
detailed mineralogical study. The rock sample was
first ground and then sieved into the size -63 pm.
The light and heavy fraction were separated using
bromoform (sp. gr. 2.8 gm/cm’, Merk- Germany).
The heavy mineral particles were picked under a
binocular microscope (Optech, LFZT - Germany) and
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identified by Scanning Electron Microscope (SEM)
a Philips Model XL 30 supported by an energy
dispersive X-ray unit (EDS) for semi-quantitative
analysis.

2.2.2. Sample characterisation

A representative sample of the technological sample
that had been collected adequately prepared for a
comprehensive chemical and mineralogical analysis
in addition to the tenor of the economic metal values
that had been collected. The main oxides were
determined by XRF using a sequential XRF
spectrometer (XRF-1800, 40 kV, 90 mA, Re anode,
Shimadzu, USA). Also, Scanning Electron Microscope
(SEM-EXL 30 Philips type) coupled with X-ray
analyzer (EDS unit system) was utilized as a guiding
semi-quantitative analysis of the purity of obtained
final products.

2.2.3. Leaching process

The dissolving efficiency of Zn, Cu and Pb was
investigated by using the alkaline agitation leaching
technique under a variety of various settings. In each
experiment, a constant weight of the crushed ore sample
fraction (10 g) was combined with an alkaline solution
of known concentration at a specific S/L ratio. The
pulp was agitated for a predetermined time at a
predetermined temperature before being discarded.
After the finishing of each leaching experiment, the
obtained slurry was then filtered and washed with
hot distilled water to remove any liberated metal ions
during the leaching process. The obtained pregnant
and washing solutions were then combined to make up
the total volume of the leaching solution. Appropriate
aliquots of the produced leaching solution were then
analysed for the content of Zn, Cu and Pb that had
been leached in order to calculate their respective
leaching efficiencies. Moreover, leaching or dissolution
efficiency of Cu, Zn and Pb metal ions was calculated

according to Eq. (1).%%%

R (Zn, Cu, Pb) = ( *100 (1)

ml-vl )

m0-v0
Where m, and m, are the mass of ore used in

leaching experiments (g) and the concentration of

metal ions (Zn, Cu and Pb) in the filtrate (g/L),
respectively. vy and v, are the mass percentage of
metal ions (Zn, Cu and Pb) in ore (%) and the
volume of filtrate (L), respectively.

The factors affecting the leaching process include
the reagent composition, the alkali concentration,
leaching time, leaching temperature, solid/liquid
ratio have been investigated. Studying these factors
would result in the proper selection of the optimum
conditions considering the efficiency of the leaching
process and economic considerations.

2.24. Recovery of high purity metal ions

Using alkaline compounds in leaching process of
the studied ore have many advantages including
obtaining highly pure Zn, Cu and Pb concentrates,
and at the same time prevent iron dissolution and the
formation of silica gel. These concentrates were
recovered from the leaching solution by the precipitation
procedures firstly as bulk hydroxides precipitate at
pH 7-8. Then, the mixed precipitate is subjected to
relatively severe treatment with H,SOj, to selectively
separate the interested metal value Cu followed by
separating Zn and Pb using conventional techniques.

3. Results and Discussion

3.1. Comprehensive characterization of sulfide
mineralization

3.1.1. Mineralogical investigation

Ore microscopic observations and scanning electron
microscope (SEM) were used to identify the different
ore and gangue minerals. The obtained results of
scanning electron microscope examination support
the results of reflected light microscope study. The
following is a brief account of the main microscopic
features of these minerals:

Chalcopyrite is the most common sulfide mineral,
commonly accompanied by sphalerite and pyrite. It
occurs as coarse subidiomorphic to xenomorphic
crystals (0.5-1.2 mm) with dark yellow colour with
weak anisotropism as shown in Fig. 2A. Occasionally,
some chalcopyrite crystals are partially altered to
covellite along the periphery, forming rim replacement.

Analytical Science & Technology
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Fig. 2. SEM image and EDX analysis data of A) Chalcopyrite, B) Sphalerite, C) Pyrite, D) Galena and E) Jalpaite minerals.

Sphalerite occurs in considerable amounts next to
chalcopyrite as coarse subidiomorphic to xenomorphic
crystals (0.3-1.5 mm) of grey colour as shown in
Fig. 2B. It usually contains rounded to subrounded
chalcopyrite blebs forming emulsion solid solution at
temperature above 350 °C.>? Pyrite occurs as fine to
medium idiomorphic to subidiomorphic crystals

Vol. 37, No. 1, 2024

(0.01-0.2 mm) of creamy white color and high
reflectivity as shown in Fig. 2C. Pyrite grains are
fractured and fragmented. It is commonly accompanied
by chalcopyrite, sphalerite and galena. Galena occurs
in small amount as granular subidiomophic crystal of
light grey colour, characterized by visible cleavage
and triangular pits as shown in Fig. 2D. Fine grains
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of pyrite are observed scattered in galena. Bornite
has pinkish brown colour and is mostly found as
granular aggregates (0.01-0.6 mm). Exsolved lamella
of chalcopyrite are observed within the bronite grains.
Chalcopyrite and bronite form a solid solution at a
temperature above 475 °C.> Jalpaite (3Ag,S-Cu,S)
is a type of silver group minerals, occurs as fine discrete

grains with detectable silver content (Fig. 2E).
Secondary copper minerals encountered in the
sulphide deposits are represented by covellite, malachite,
chrysocolla and atacamite.
Covellite is characterized by blue color, with strong
pleochrism ranging from dark blue to blue. The mineral
has moderate reflectivity and distinct anisotropic.
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Fig. 3. SEM image and EDX analysis data of A) Chrysocolla, B) Atacamite, C) Calamine, D) Bixbyte and E) Calcite minerals.
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Covellite is commonly found in small patches because
of alteration of chalcopyrite. Malachite (CuCO;(OH),)
occurs as pseudomorphs after chalcopyrite in the
oxidized zone of copper deposits. It is cryptocrystalline
mineral filling fracture.

Chrysocolla (CuSiO;.nH,0) is present as anhedral
aggregates commonly pseudomorphs after malachite
as shown in Fig. 3A. Atacamite (CuCl,.3Cu(OH),)
is detected as minute anhedral aggregate found close
or nearby other ore minerals as shown in Fig. 3B.
Calamine (Zn,Si;0,(OH),.H,0O) is present as anhedral
aggregates commonly pseudomorphous after zinc
minerals. It forms in the zone of oxidation in the
course of weathering of lead-zinc sulphide deposits
as shown in Fig. 3C.

Bixbyte ((Mn,Fe),0,) is secondary iron-manganese
mineral formed in the oxidizing zone of sulphide
deposits. It is occurring as anhedral aggregates
embedded in the carbonate and quartz minerals as
shown in Fig. 3D. Carbonates are mainly Calcite,
have been detected as the main abundant gangue
minerals, filling the interstitial spaces between the
sulphide minerals as shown in Fig. 3E. Occasionally,
it is found in the form of microveinlets filling fractures
with quartz. Quartz occurs as colorless anhedral
crystals showing undulose extinction. Talc occurs as
independent minute flakes associated with carbonate
minerals.

In conclusion, the sulfide mineralization consists
mainly of chalcopyrite, sphalerite, pyrite, galena and
bornite arranged in a deceasing order of abundance.
Silver is detected only by SEM as rare, disseminated
crystals within the gangue minerals. Under supergene
conditions, secondary copper minerals (covellite,
malachite, chrysocolla and atacamite) were formed.
Secondary zinc mineral was formed in this stage and
represented by calamine. Secondary iron-manganese
mineral was formed because of the replacement
process of pyrite and chalcopyrite. On the other side,
the gangue minerals are represented by quartz,
carbonate minerals (calcite), talc and opaques.

3.1.2. Chemical investigation
It is well known that the nature and mode of

Vol. 37, No. 1, 2024

Table 1. Major elemental analysis of the sulphide deposit from
Abu Gurdi area

Component wt.%
Si0, 6.12
TiO, 0.04
ALOs 5.89
Fe,05 15.24
CaO 32.45
K0 0.34
P,05 0.90
Na,O 0.90
L.O.L 33.97

occurrence of mineralization and its associated gangues
control the rate of dissolution and recoveries of the
incorporated metals of interest. The chemical compo-
sition of the studied Abu Gurdi area is presented in
Table 1.

It is clear that, the considered sample is composed
mainly of CaO and Fe,O; of 32.45 % and 15.24 %,
respectively and low SiO, of 6.12 %. These oxides
are chiefly occurred as calcium carbonate and oxides
minerals beside hematite and goethite. Concerning
the economic metal values, the used ore contains 1.2 %,
0.66 % and 0.95 % of Zn, Cu and Pb, respectively as
shown in Table 2, which reflects the importance of
their recovery from the considered ore.

The mineralogical and chemical composition of
the considered sulfide deposits from Abu Gurdi area,
enhancing the application of alkaline leaching process

Table 2. Chemical analysis of trace elements of the sulfide
deposits from Abu Gurdi area

Element %
Fe 4.762
U 0.31812
Pb 0. 9538
Ce 0.33035
Cu 0.6589
Sr 0.036
Rb 0.003
Zn 1.188
Mn 1.770
Ti 0.035
Ca 0.156
Au 0.0004
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for the extraction of high purity metal ions using
cost-effective technologies.

3.2. Optimization the leaching process
Factors affecting the dissolution efficiencies of the

Zn, Cu and Pb metals ions have been investigated to
optimize the leaching process. It has been noted that
alkaline leaching can be more effective for certain
sulfide deposits of Abu Gurdi area with large amounts
of acid-consuming carbonate rocks, as the leaching
process is much more selective.**

3.2.1. Effect of reagent composition

In order to enhance the leaching process for Zn,
Cu and Pb, many regent types have been investigated to
select the more effective reagent. The effect of reagent
composition on the efficiency of the leaching process
was carried out using different alkali reagents such as
NH4OH, Na,COs; - NaHCO; mixture, (NH4),COs5 -
NH4HCO3 mixture, (NH4)HCO3 and N32CO3 -
(NH4)HCO; mixture at total alkali concentration of
250 g/L. All the leaching experiments were carried
out at a constant leaching condition of 150 °C for 3h
and at 1/3 S/L ratio and the obtained results are
presented in Fig. 4.

The obtained results showed that the leaching
reagent consisting of Na,CO; - NaHCO; mixture has
the greatest effect upon the leachability of all metal
ions of interest which are 84.09 %, 74.89 % and
64.69 % for Zn, Cu and Pb, respectively. On the other
hand, using NH4OH as leaching reagent showed the
lowest effect upon the leachability of all metal ions of
interest which are 24.11 %, 11.28 % and 8.90 % for Zn,

®Zn =Cu "Pb

;Jnllllll

NH40H Na2CO3 + (NH42C03 +  (NH4)HCO3
NaHCO3 (NH4HHCO3
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Fig. 4. Effect of reagent composition upon leaching efficiencies
of Zn, Cu and Pb metal ions.
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Fig. 5. Effect of NayCO; - NaHCO; mixture concentration
upon leaching efficiencies of Zn, Cu and Pb metal
ions.
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Cu and Pb, respectively. The leaching reagent can be
ordered according to effectiveness from the lower to the
higher as follow; NH4OH, (NH4)HCO;, (NH,4),COs -
(NH4HCOj; mixture, Na,CO; - (NH4)HCO; mixture
and Na,COj; - NaHCO; mixture.

3.22. Effect of NasCO; - NaHCO; mixture con-

centration
The Effect of Na,CO; - NaHCO; mixture concen-

tration on the leaching efficiencies of Zn, Cu and Pb
metal ions was studied using different total alkali
concentrations of Na,CO; - NaHCO; mixture ranging
from 100 to 300 g/L at a mixing ratio of 3/1. The
other leaching conditions were fixed at 150 °C for 3h
and at 1/3 S/L ratio. The obtained results presented
in Fig. 5 showed that the leaching efficiencies of all
the interesting elements continuously increase with
increasing the reagent solution concentration from
100 to 300 g/L. The percent recovery of Zn increases
from 69.1 to 84.1 %, Cu from 61.04 to 74.6 % and
Pb from 33.1 % to 64.9 % at alkali concentration of
250 g/L. Increasing the alkali concentration of Na,CO;
- NaHCOj; mixture concentration to 300 g/L has a
slight influence upon the leaching efficiency of all
elements.

3.2.3. Effect of leaching time
The effect of leaching time upon the leaching

efficiencies of Zn, Cu and Pb were investigated by
varying the leaching time from 1 to 5 hr. at 1 hr. step
and the other leaching parameter were remained
constant at 250 g/L. NaCO; - NaHCO; alkali concen-
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Fig. 6. Effect of leaching time upon leaching efficiencies of
Zn, Cu and Pb metal ions.

tration, 1/3 S/L ratio and at 150 °C and the obtained
results are presented in Fig. 6. It is clear that the
percent recoveries of Zn, Cu, Pb are increased
gradually with increasing the leaching time from 1 to
3 hr. The percent recoveries of Zn, Cu, Pb increases
from 36.55 %, 30.76 %, 29.67 %, respectively to
84.09 %, 74.89 %, 64.69 %, respectively. It is shown
that increasing the leaching time more than 3 hr. has
a slight effect on the percent recoveries of all the
elements of interest, so that the leaching time of 3 hr.
was selected as the best leaching time.

3.2.4. Effect of leaching temperature

The effect of leaching temperature upon the leaching
efficiencies of Zn, Cu and Pb were investigated by
varying the leaching temperature from 50 °C to 250 °C
at 50 °C step and the other leaching parameter were
remained constant at 250 g/l NaCOs - NaHCO; alkali
concentration, 1/3 S/L ratio and at 3 hr. leaching time
and the obtained results are presented in Fig. 7. It is
clear that the percent recoveries of Zn, Cu and Pb are
increased gradually with increasing the leaching tem-

100

®Zn uCu =Pb
80

Leaching Efficiencies, %

50 100 150 200 250
Leaching Temperature, (°C)

Fig. 7. Effect of leaching temperature upon leaching
efficiencies of Zn, Cu and Pb metal ions.
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perature from 50 °C to 250 °C. The percent recoveries
of Zn, Cu and Pb increases from 33.78 %, 25.67 %
and 20.90 %, respectively to 95.11 %, 90.23 % and
80.78 %, respectively. Due to the difficulty of using
high temperature and unavailability of the appropriate
equipment for this, so that the leaching temperature
of 250°C was selected as the best leaching
temperature.

3.2.5. Effect of sold/iouid raton (W/V)

The effect of solid / liquid ratio upon the leaching
efficiencies of Zn, Cu and Pb were investigated by
varying the S/L ratio from 1/2 to 1/5 and the other
leaching parameter were remained constant at 250 g/
1 NaCOs; - NaHCOj alkali concentration, 3 hr. leaching
time and 250 °C leaching temperature and the obtained
results are presented in Fig. 8. It is clear that the
percent recoveries of Zn, Cu and Pb are increasing
gradually with increasing the S/L ratio from 1/2 to 1/
5. The percent recoveries of Zn, Cu and Pb increases
from 79.53 %, 76.88 % and 66.78 %, respectively to
99.48 %, 96.70 % and 99.11 %, respectively. Increasing
the S/L ratio from 1/2 to 1/5 increases the leaching
efficiencies of the metal ions of interest due to
increasing the amount of leaching solution which
contains high amount of reagent ions which increases
the possibility of leaching process, and the solid
particles are well exposed to the liquid molecules. So
that the solid / liquid ratio of 1/5 was recommended
to be the best to obtain the maximum percent recoveries
of all the metal ions of interest.

From the previous study, for obtaining the maximum
recovery of all elements of interest (Zn, Cu, and Pb),

-
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Fig. 8. Effect of solid/liquid ratio upon leaching efficiencies
of Zn, Cu and Pb metal ions.



56 Ibrahim A. Salem ef al.

the recommended leaching conditions are as follow;
250 g/LL NaCO; - NaHCOs alkali concentration, 3 hr.
leaching time, 250 °C leaching temperature, and 1/5
solid : liquid ratio.

3.3. Kinetics of leaching process

Conventionally, the kinetics of chemical reactions
involving solids and fluids have been modeled using
the un-reacted shrinking core models. It is the most
commonly used mathematical model to describe
heterogeneous reactions like mineral leaching from
ores.” The model assumes that an ash layer is formed
around a shrinking core of unreacted solid reactant
during the reaction. It is well known that three possible
resistances will control the reaction: 1) diffusion
through the fluid film surrounding the particle, 2) the
chemical reaction itself, 3) or diffusion through the
ash layer of the product. Depending on the reaction
occurring, one or a mixture of the resistances mentioned
above can occur to develop a model that will predict
how that particular chemical process will proceed
with time.® The simplified equations of the shrinking
core model can be expressed as follows:” When

¢ 50C " 10C 150C

y=0.0021x
Zn X R*=0.983
y=0.0018x
R*=0.9749
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diffusion through the fluid film controls, this process
modeled as:

Kit=1-(1-a) ()

When the chemical reaction controls, the process
can be modeled as:

Kt=1-(1-a)'? 2

When diffusion process through the solid controls,
this reaction modeled as:

Kit=1-3(1-0)?+2(1 —a) 3)

Where a is the fractional conversion of the solid,
when both the chemical control reaction and diffusion
reaction through the fluid film controls, the overall
resistance can be taken as the sum of the two individual
resistances since the resistances occur in series and
hence can be expected to be additive,”” K is the
apparent rate constant and it is the slope of the line
while t is the time of reaction.

The two shrinking core models following the Egs.
(2) and (3) could be examined at different temperatures
for the elements of interest (Zn, Cu and Pb) as
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Fig. 9. Effect of dissolution time upon leaching efficiencies of Zn, Cu and Pb at various temperatures using the function

- - %
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Fig. 10. Effect of dissolution time upon leaching efficiencies of Zn, Cu and Pb at various temperatures using the function
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Fig. 11. Activation energy calculation of interesting elements from the Arrhenius plot.

illustrated in Figs. 9 and 10. These figures show that respectively. The resulting slopes of each line in Fig.
only Eq. (2) has been found to give an acceptable 11 were calculated and demonstrated the apparent
straight line for all the elements of interest with an reaction rate constants K,. The activation energy under
average correlation of 0.983, 0.899, and 0.973, the effect of different temperature was evaluated for
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each studied element, where the Arrhenius equation
can express the relation between the rate constant,
K, obtained at different temperatures: K = A

Where X is the overall rate constant in min™', A is
the frequency factor in min™', Ea is the activation
energy in J mol™', R is the universal gas constant (8.314
Jk ' mol™), and T is the reaction temperature in °K.

Displaying the natural logarithmic values of
dissolution rate constants (In K) of Zn, Cu and Pb in
dissolution process as a function in (1/T) is presented
in Fig. 11. According to the Arrhenius equation, the
obtained activation energy of the dissolution reaction
of Zn, Cu and Pb from Abu Gurdi area massive
sulfide by Na,CO; - NaHCOj; mixture equals 21.599,
21.779 and 23.761 Kj-mol ™', respectively. The diffusion-
controlled process has an activation energy of around
< 12 kJ'mol™, while the chemical reaction-controlled
process often has an activation energy of > 40 kJ-mol™';
when activation energy is between 12 and 40 kJ-mol ™,
the process is controlled by both diffusion and
chemical reaction.*

The current study shows that the apparent activation
energy was between those of a typical diffusion-
controlled process and a chemical reaction-controlled
process, providing more evidence to prove that the
Na,CO;-NaHCO; mixture leaching process was
controlled by both internal diffusion and interface
chemical reactions.®® This can be attributed to the
alkaline concentration decreasing as the leaching
process proceeded. Thus, the chemical reaction rate
decreased, resulting in the chemical reaction becoming
part of the rate-controlling step.

Since the calculated value of 21.599, 21.779 and
23.761 kJ.mol™" for Zn, Cu and Pb, respectively are
near the value of 12 kJ.mol™ significantly, the diffusion
of the solid product layer contributed more than the
chemical reaction to control the rate of the leaching
process.”’

3.4. The separation on individual metal ions
34.1. preparation of carbonate pregnant solution
One kg of working of Abu Gurdi ore sample has
undergone an alkaline leaching process under the
previously optimized leaching conditions (250 g/L

NaCO; - NaHCO; reagent concentration, 3 hr., 250 °C
and 1/5 S/L ratio). The obtained leach liquor is then
treated to recover separated metal ions Zn, Cu and
Pb from the carbonate solution. The obtained leaching
liquor of 5000 ml has been analyzed for Zn, Cu and
Pb using the former test, which indicate that it contains
2.36, 1.27, and 1.7 g/L, respectively, with leaching
efficiency of 99.5 %, 96.7 % and 90.1 %, respectively.

34.2. Recovery of interestng elements from
prepared carbonate solution

In order to obtain individual metal ions from leach
liquor, the procedure presented in Fig. 12 was applied.

Firstly, the leach liquor was adjusted by adding
NaOH to convert the metal ions into the hydroxide
forms as a bulk hydroxide by adjusting pH at 7.
Then, the three metal ions were dissolved into sulfuric
acid by heating. Firstly, pure copper was separated
by adjusting the pH at 5.3-5.5. The copper was

Abu Gurdi sulfide ore
Zn, Cu, Pb

|

Alkaline leaching using
Na;CO; - NaHCOs mixture 250 g/l,
250°C, 1/5 S/L ratio, 3 hr.

Adjust pH=7 1
using NaOH
—_— ‘ Filtration }—; Residue
Leach liquor
Zn, Cu, Pb ppt.
H:S04 1
—.I Adjust pH (5.3 - 5.5) ’7
Filtrate rich
in Zn and Pb
NaOH l
—'| AdjustpH=7 I
Excess NHOH l
solution 1
Zn and Pb mixture I
Filtrate rich
in Zn
HC1 l
AdjustpH=3 |

ZnCl Pb(OH), Cu(OH).

Fig. 12. The proposed flow sheet for processing Abu Gurdi
ore sample for the extraction of Cu(OH),, Pb(OH),,
and ZnCl,.
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Fig. 13. EDX-analysis of the precipitated Cu(OH),.

Pb

Si Pb
MJ"‘*' dallanli on L e
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Fig. 14. EDX-analysis of the precipitated Pb(OH),.

precipitated as Cu(OH), as shown in Fig. 13.

Pb and Zinc were lifted behind dissolved in the
solution. In order to separate Pb from the solution
containing Pb and Zn metal ions, the solution pH
was first adjusted at pH 7 by adding NaOH. Then,
excess of ammonia solution was added to the Pb-Zn
leach liquor solution to dissolve the zinc metal ions
in the excess of ammonia solution white lead (II)
hydroxide Pb(OH), was precipitate. The EDX analysis
of obtained Pb(OH), is shown in Fig. 14. Then, Zn
was precipitated as (ZnCl) from the remining solution
by adjusting pH = 3 using HCI solution. The EDX-
analysis of the obtained ZnCl is shown in Fig. 15.

3.4.3. Recovery of gold from raw material

According t0® and using the studied optimum
conditions of Au adsorption from the working techno-
logical ore sample (4ppm Au); namely 120 g/L. H,SO;4
acid concentration, -60 mesh size of ore with 1/5
solid/liquid and for 20 min. An adsorption experiment
was made using 500 g of the ore sample, however
non-enriched with any commercial Au. The obtained
result revealed that 0.3 g in-situ formed calcium
sulfate scales in the meantime, the ascending gold
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Fig. 15. EDX-analysis of the precipitated ZnCl,.
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Fig. 16. EDX-analysis of the obtained Au metal from Abu
Gurdi ore sample.

particles were found to be surface adsorbed the in-
situ formed CaSO,. Then, native Au particles from
the working sample were collected. Calcium sulfate
was washed with a large amount of water up to 2
liters through the filter paper to leave behind the Au
particles of 100 % purity was revealed. EDX-analysis
of the obtained Au is presented in Fig. 16.

4. Conclusions

The obtained results of mineralogical study indicate
the existence of huge assemblages of valuable minerals
mainly represented by Zn, Cu and Pb minerals. On
the other hand, leaching studies of Abu Gurdi
volcanic massive sulphide deposits (VMS) sample
was investigated by mixture of Na,CO; + NaHCO;
using agitation leaching process. The maximum
dissolution efficiencies of Cu, Zn, and Pb at the
optimum leaching conditions i.e., 250 g/LL NaCO; -
NaHCO; alkali concentration, for 3 hr., at 250 °C,
and 1/5 S/L ratio., were 99.48 %, 96.70 % and 99.11 %,
respectively. An apparent activation energy for Zn,
Cu and Pb dissolution were 21.599, 21.779 and
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23.761 kJ.mol ™", respectively, which were between
those of a typical diffusion-controlled process and a
chemical reaction-controlled process. Bulk hydroxide
precipitation technique was applied at pH 7 for
precipitating Zn, Cu and Pb hydroxide cake. The
latter subjected to complete dissolution in H,SO4
acid followed by individual precipitation of each
element. High pure Cu(OH),, Pb(OH),, and ZnCl,
were obtained from the finally obtained leach liquor
at the optimum leaching conditions by precipitation
at different pH. Finally, highly pure Au metal was
separated from the mineralized massive sulfide via
using adsorption method.
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