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Abstract
The Lamprophyric Dykes cut cataclastic rocks in NNW-SSE trends via share zones. The recorded minerals are mostly Zn-Mn oxide, an
extract of the element Franklinite ZnFe2O4. Zinc and manganese oxide minerals are represented essentially by franklinite and woodruffite.
The current study aims at the extraction of valuable metals including Al, Zn and Pb from lamprophyric Dykes using cost-effective technology.
The parameters affecting the extraction of Al, Zn and Pb from the used sample include the concentration of reagent, leaching time and
temperature, and solid/ liquid ratio have been investigated. The kinetics and the mechanism of the leaching process was also studied. It has
been noted that under the optimum leaching conditions, the leaching efficiencies for Al, Pb and Zn were 98.67%, 98.98% and 99.98%,
respectively. Thermodynamic analysis has also been studied and the activation energies for leaching the different metal ions were 16.189,
19.66 and 15.867 kJ/mol for Pb, Al and Zn, respectively.
Keywords: Alkaline leaching, Hydrometallurgy, Zinc, Aluminium, Lead, Leaching Kinetics.

1. Introduction
Zinc sulphide ores, which account for the vast majority of zinc metal production. Hemimorphite (Zn4(Si2O7)(OH).H2O),
Willemite (Zn2SiO4), and smithsonite (ZnCO3) is considered as promising zinc sources due to the rapid depletion of zinc
sulphide ores. The concentration of zinc oxide ores is always accomplished using flotation or gravity, resulting in low metal
recovery but significant operational expenses. Zinc oxide ores can be processed easily using acidic leaching. The acidic
leaching leads to the dissolution of Zinc in addition to many iron, calcium, magnesium, and silicate minerals. With these
conditions, the use of acid produced necessitates the employment of time-consuming and complex separation processes [1-8].
Due to the high concentration of silica in the slurry, the slurry may gel and interfere with the separation of zinc sulphate
during the separation process. It is also noted that it is not viable to treat low-grade zinc oxide ores (25-30% Zn) with acidic
leaching processes. The pyrometallurgical technique is also used as a method of treating zinc oxide but it is not preferred due
to environmental pollution. Recently, The Organic acids have also been used as effective leach reagents, which is a first
component for the industry. The treatment of low-grade zinc oxide ores with alkaline solutions has been investigated [9-14].

It has been demonstrated that Zn and Pb are reduced in oxidized zinc ore. An alkaline treatment for oxidized zinc ores has
been the subject of only a few previous investigations [15, 16]. The leaching of zinc oxide ore using alkaline leaching has
been the subject of few scientific studies. Alkaline media are preferable to acidic media. The maximum percent recovery of
zinc oxide from an oxide ore under ideal alkaline leaching conditions was obtained at 5% NaOH, 90-95°C, 90 min. [17]. The
zinc oxide ore containing 5.2% ZnO was leached with ammonium sulfate, and 92.2% of the zinc was recovered. It has been
noted that more than 73 % ZnO can be recovered from zinc oxide ore having 65–76 µm particle size at 120 minutes at 85℃,
using 5 mol/L NaOH solution and at 1: 10 (S: L) solid: liquid ratio [18]. The main advantage of alkaline leaching is that it
prevents iron dissolution or the formation of silica gel. Although this method can dissolve the hemimorphite mineral, it is not
capable of precipitating it. Due to the formation of zine ions because of the following reaction, hot concentrated caustic soda
dissolves in the presence of zinc oxide or hydroxide [19-21].

Hydrometallurgical procedures provide more selectivity, as well as cheaper reagent and reagent costs, hence these
technologies have been proposed as alternative technologies instead of high temperature processes in leaching of lead. To
obtain high lead solubilities, powerful acids and/or chloride ions at near boiling temperatures are used this process namely
formalized [21, 22]. PbS may be recovered from lead sulphide ores by melting it with caustic soda at a weight-ratio range
from 0.18–1.8. NaOH and PbS were blended. An aqueous solution of NaOH was prepared and the PbS powder was added to
it (7–10 % of the total weight of the mixture). After heating the paste between 20 and 200℃, the paste was allowed to cool
completely before being used (20 min.). For determining the melting temperature of this product, it was heated to
approximately 500°C for 40 minutes and then cooled to room temperature. After allowing the paste to cool down to room
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temperature, it leached in hot water [22]. A single oxidation state of Al exists in solution, and that is in the state I. It begins
to precipitate when the pH is approximately equal to 4. pH greater than 9 and this causes the formation of the soluble
tetrahydro aluminate anion with fluoride, oxalate, tartrate, and EDTA, aluminium forms stable compounds. However, it has a
weaker precipitate with acetate. Al can be precipitated from metals containing hydroxides by adding ammonia or an acetate
buffer to bring the pH of the solution to 4.5–5.0 and aluminum is then extracted from the extruder matrix.

The caustic solution loses its active component as the concentration of tetrahydroxo aluminate increases. The amount of
this leftover substance that is produced in Europe each year is estimated to be about 14,000 cubic metres [23, 24]. To make
the anodizing mud, a little amount of the alkaline waste stream from the anodizing stage is combined with the acid waste
stream from the anodizing phase. A large amount of solid aluminium hydroxide anodizing residues is produced by this
method, which results in continual loss of aluminium and sodium hydroxide. Removing aluminium from the environment and
repurposing it to be environmentally and economically sustainable are both imperative. When it comes to the wastewater
treatment of the anodizing industries, aluminum recovery and caustic soda reuse are commonplace. After a short period of
time, Al(OH)3 precipitates, causing the concentration of sodium hydroxide in the solution to increase. After reacting with
Na(aq), the tetra alkyl ammonium salt is formed as Al(OH)4. An aqueous solution of Na+(aq) combined with Al2O3(s) yields an
aqueous solution of OH(aq). Using the caustic regeneration approach, aluminum could be recovered from wastewater etching
effluent that did not contain any aluminum complexing chemicals [25-32].

The lamprophyre dykes are discontinuous and act as chemical and physical traps for polymineralization. SW of Mersa
Alam port mineralization is mainly associated with basic lamprophyre dykes intruded in some shear zones that are cutting
through cataclastic quartzo-feldspathic rocks (gneisses and granites). Several alterations and mineralization processes have
occurred in this area. While the altered and mineralized lamprophyre dykes give the highest aeroradiometric anomalies in the
Eastern Desert, they are associated with several metal values in a manner that they appear to have acted as chemical traps for
polymineralization. Besides silicification, argillization, carbonatization and several reduction and oxidation processes, the Na-
K metasomatism was found to be quite important. The latter is primarily accompanied by Zn, REEs, U, and Sn in shear zones,
and Nb, Ta, Th, Ga, Zn, and U in cataclastic rocks. The Zn and Mn minerals are also accompanied by ferrugination minerals.
REEs, Zn, and V, U, and Cu may be found as adsorbed on iron oxide and clay minerals in the wall zones of some Dykes [33-
38]. Several minerals have been identified besides cassiterite, zircon and allanite, namely, uranium minerals niobium and
tantalum minerals represented by columbite, betafite and fergusonite. The heavy rare earths xenotime mineral. Zinc and
manganese oxide minerals are represented essentially by franklinite and woodruffite [35]. Uranium as well as other useful
elements such as zinc, lead, and aluminium have been successfully recovered from a sample of 50 kg of this lamprophyre
dyke. In this study, the best results were obtained with a sulfuric acid concentration of 100 g/L, 1: 5 S: L, and 15 days of
soaking at 25℃. The leaching efficiency for recovery of uranium and other elements such as aluminum, zinc, and lead were
40%, 33.6%, 98.8%, and 78%, respectively.

The aim of the current study is to determine how valuable metals such as zinc, lead, and alumina are extracted from the
SW of Mersa Alam port lamprophyre dykes, which are in Egypt's southeastern region via alkaline leaching that does not result
in iron dissolution or the formation of silica gel. Another goal of this research is to determine the most effective factors
influencing metal extraction and enrichment in general and study the reaction controlling rates.

2. Materials and Methods
2.1. Materials characterization

A representative sample from the technological sample that had been collected adequately prepared for a comprehensive
chemical analysis in addition to the tenor of the economic metal values that had been collected. The major oxides content was
determined using the quick silicate analytical approach developed by [38]. The elements Zn and pb were investigated using
the atomic absorption technique, which was carried out on a Unicam instrument model 969 auto gas box.

2.2. Procedures for the Leaching Process
The leaching efficiency of Zn, Al and Pb was investigated using alkaline agitation leaching technique under a variety of

various settings. In each experiment, the crushed ore sample fraction was mixed with the alkaline solution of the known
concentration at specific (S: L) ratio. The pulp was agitated for a predetermined period at a predetermined temperature before
discharging and filtration. Each leaching experiment produced a slurry that was then filtered and washed. The filtrate and
washings were then combined to make up the total volume of the leaching solution. Correct aliquots of the latter were then
examined for Zn, Al and Pb that had been leached to calculate their respective leaching efficiencies. The applicable leaching
factors studied include the alkali concentration, leaching time, the pulp temperature, and the solid/liquid ratio. Studying these
factors would result in the proper selection of the optimum conditions, i.e., those which compromise between the efficiency of
the leaching process and economic considerations.

2.3. Recovery Procedures
To obtain highly pure Zn, Al and Pb concentrates, it was found advantageous of using alkaline compounds in leaching

process to avoid iron dissolution or the formation of silica gel. For precipitation procedures have been performed; namely bulk
hydroxides precipitation of Zn, Pb and Al at pH 7-8. Then, the mixed precipitate is subjected to relatively severe treatment
with sulfuric acid to selectively separate the interested metal value Al. followed by separating Zn and Pb via conventional
techniques.
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3.1. Chemical composition
The used sample in the current study was obtained from a mineralized basic Lamprophyre Dyke, South-West Mersa Alam,
Egypt. The wall zone of the latter is composed mainly from a quartzo-feldspathic rock. Tables 1 and 2 show the chemical
composition of a lamprophyre dyke sample which shows that it contains 19% Al2O3, 1.6% Zn, 0.23% Pb and 1.24 % ∑ REE
presented in the sample. It is clear that there is a relatively high concentrations of SiO2, Al2O3, and Fe2O3 that enhances the
application of alkaline leaching technology. The investigation of several variables is essential to achieve the best potential
recovery of the targeted elements. When evaluating the various variables that could be involved, it is vital to consider the
following: the concentration of alkali solution, leaching temperature and time and (S: L) ratio.

Table 1: Chemical analysis of the major oxides in Lamprophyre Dyke (wt. %)
Major oxides Wt. % Major oxides Wt. %

SiO2 44.91 MgO 0.95
Al2O3 19.00 Na2O 1.00
TiO2 2.95 K2O 1.98
MnO 1.48 P2O5 0.77
Fe2O3 15.4 8 L.O.I. 8.12
CaO 2.03 Total% 98.60

Table 2: Chemical analysis of the trace and rare earth elements of Lamprophyre samples

Trace element ppm Trace element ppm

Ba 315 Cr 80
V 345 Sr 40
Ni 211 Ga 17
Cu 512 Cd 100
Zn 16211 Zr 200
Rb 333 Th 15
Y 1678 U 700
Pb 2300 REEs∑ 12435

3.2. Factors affecting the Leaching of SW of Mersa Alam port Ore Material
3.2.1. Effect of Alkaline concentration
The effect of alkaline solution concentration was studied in the range between 80 and 240 g/L NaOH, while the other factors
remain constant at -200 mesh size ore particle size, 3h leaching time, 70°C leaching temperature, and 1:2 S: L ratio. The
obtained leaching efficiencies of Zn, Al and Pb are shown in Fig. 1.

Fig. 1. Effect of alkali solution concentration on the leaching efficiency of the studied metal ions.

The obtained results indicate that Zn is relatively more easily leached than both Al and Pb. The leaching efficiency of Zn
increases from 20.50% to 54.10% when the concentration of the alkali solution increases from 80 - 240 g/L, respectively,
whereas the Al reached only 24.69% and 42.30% at the same concentrations, respectively. The recovery of Pb significantly
increased when the NaOH concentration was increased from 80 and 240 g/L, respectively, resulting in 12.95% and 41.20%
leaching efficiency. Thus, 240 g/L solution concentration is considered as the optimum leaching concentration and
recommended for the subsequent experiments.

3. Results and Discussion
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3.2.2. Effect of leaching time
The influence of leaching time on the leaching efficiency of Zn, Al and Pb was investigated in the time range from 2 to 4 h.
All leaching experiment were carried out while the other leaching conditions were constant at 240 g/L NaOH solution
concentration, 200 mesh ore size, at 70℃, and a 1: 2 S: L ratio. Extending the leaching duration to 4 h at 240 g/L alkali was
able to practically leach nearly the same quantity of lead and aluminum, 68.90% for the Pb and 72.33% for the Al, although
the Zn leaching efficiency was extended to 91.56%, according to the leaching efficiencies as shown in Fig. 2. It is clear that
the leaching efficiencies of all the targeted elements are increased continuously with increasing the leaching time from 2 up to
4 h and the maximum leaching efficiencies of all elements were obtained at 4 h. Hence, the leaching time of 4hr has been
selected as the optimum leaching time and recommended for the subsequential leaching experiments.

Fig. 2. Effect of leaching time on the leaching efficiency of the studied metal ions.

3.2.3. Effect of leaching temperature
The effect of the leaching temperature up on the leaching efficiencies of Zn, Al and Pb has been investigated over a wide
range of temperature ranging from room temperature (25°C) to 90°C. Additionally, all the other leaching conditions were
constant for all experiments to be material with a mesh size of -200, 240 g/L NaOH solution concentration, 4 hr. leaching time,
and 1/2 S: L ratio. Fig. 3 shows that the leaching temperature has a significant effect on the alkaline leaching efficiency of the
targeted Zn, Al and Pb elements. It is clear that the temperature is required to produce satisfactory leaching efficiencies of the
interesting elements. At 25℃, the results show that only 29.61% Al, 39.46% Pb and 63.15% were successfully leached. When
the leaching temperature increases to 50°C, the leaching efficiencies enhances by a percentage of 52.78% for Pb, 31.77% for
Al, and 74.27% for Zn. It is clear that the effectiveness of leaching the interesting elements like Pb is improved by increasing
the leaching temperature to 70°C and 90°C, in which the leaching efficiency increases from 68.90% to 86.18%, respectively.
On the other hand, the leaching efficiency of Al increases from 72.33% and 79.73% respectively. On other hand, Zn leaching
efficiencies increases to 91.56% and 99.98%, respectively. It can be concluded that the leaching time is important and critical
for Zn leaching and on the other hand, the leaching temperature is more critical for leaching the other elements.

Fig. 3. Effect of leaching temperature on the leaching efficiency of the studied metal ions.

3.2.4. Effect of S/l ratio
The preliminary study showed that the solid: liquid ratio between 1/2 and 1/5 has a significant effect on the leaching
efficiency of Zn, Al and Pb. The effect of solid: liquid has been investigated at constant conditions of -200 mesh size of raw
material, 240 g/L NaOH solution concentration, for 4 hr. and at 90℃. Figure 4 shows that with increasing the S: L, the percent
recovery for all the targeted elements is increases gradually up to 1/4 S: L ratio and after this it nearly the same.
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Fig. 4. Effect of S : L ratio on the leaching efficiency of the studied metal ions.

It is shown that Zn has only achieved complete leaching at S: L ratios of 1/2. The leaching efficiency of both Pb and Al
also reached complete leaching at S: L of 1/4. Hence, for the effective leaching of all the targeted elements the 1/4 S: L ratio
has been selected for achieving the maximum recovery. For the maximum recovery of all the targeted Zn, Al and Pb elements,
the following conditions are recommended 240 g/L NaOH solution concentration, at 90°C, 1/4 S: L ratio, and for 4 h.

3.4. Dissolution thermodynamic analysis
Diffusion through film of fluid, diffusion through solid or produced solid layer on the particle surface, or chemical reaction at
the particle outer surface, commonly regulate the reaction rate and mechanism in a fluid-solid reaction system. Diffusion
through the product layer, chemical reaction at the particle surface, and combination of the two mechanisms are the three main
models for determining reaction rate. The slowest of these successive phases controls the process carrying out [39, 40]. As the
reaction progresses, a layer of inert solid formed around the unreacted shrinking core. The shrinking core model (SCM) is the
most important model for expressing the fluid-solid reaction [41 - 46]. Considering that, a solid particle (M) is immersed and
reacts with a fluid (N) as shown in Equation 1.

N (fluid) + bM (solid)→ products Equation 1
If the reaction rate of particle leaching is controlled by diffusion of the fluid N through the solid layer, the time

t required for a spherical solid to react with solution can be calculated using Equation 2.
2/3

12

61 3(1 ) 2(1 )
B

bDCx x t K t
C r

     o

o

Equation 2

Where X is the dissolved metal fraction, t is the leaching time (min.), D is the diffusivity of targeted metal ions through the
product solid layer (m2/s), C◦ is the concentration of the fluid outside the particle (mol/L), CB is the apparent concentration of
the solid reactant (mol/L), rº is the initial outside radius of the particle (m), and K1 and K2 are the apparent rate constants.

If the reaction rate is chemically controlled, the integrated rate equation is expressed using Equation 3.

1/3
21 (1 ) d

B

bk Cx t K t
C r

   o

o

Equation 3

where Kd is the chemical reaction rate constants. To explain the influence of temperature on the reaction kinetics of metal
ions, a plot of 1- (1-x)1/3, 1-3(1-x)2/3 + 2(1-x) against leaching time is presented in Figures 5 - 11.

Only Equation 4, of the two shrinking core models, provides a solid straight line with a strong correlation coefficient
among the data. Thus, the shrinking core model with the chemical reaction model as the rate controlling step was found to suit
all the results.

Fig. 5. Plot of 1- (1-x)1/3 against dissolution time for Pb.
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Fig. 6. Plot of 1-3(1-x)2/3+ 2(1-x) against dissolution time for Pb.

Fig. 7. Plot of 1- (1-x)1/3 against dissolution time for Al.

Fig. 8. Plot of 1-3(1-x)2/3+ 2(1-x) against dissolution time for Al.

Fig. 9. Plot of 1- (1-x)1/3 against dissolution time for Zn.
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Fig. 10. Plot of 1-3(1-x)2/3+ 2(1-x) against dissolution time for Zn.

Fig. 11. Arrhenius plot of Pb, Al and Zn thermodynamic analysis.

As shown in the graphs in Figures 5, 7, 9 the apparent rate constants K2 for Pb, Al, and Zn for the two
shrinking core models were calculated from the slopes of the straight lines. Tables 3-5 summarize the K2 values
and the accompanying correlation coefficient.

Table 3: Rate constant K1 and K2 and its correlation coefficient for Pb leaching

Temperature, K Apparent rate constant Correlation coefficients (R2)
K1 (min.-1) K2 (min.-1) R21 R22

298
323
343
363

0.0005
0.001
0.002
0.0036

0.0011
0.0014
0.0023
0.0035

0.9564
0.9425
0.9333
0.9089

0.9982
0.9923
0.9897
0.9702

Table 4: Rate constant K1 and K2 and its correlation coefficient for Al leaching

Temperature, °K Apparent rate constant Correlation coefficients (R2)
K1 (min.-1) K2 (min. 1) R21 R22

298
323
343
363

0.0003
0.0003
0.0022
0.0029

0.0008
0.0010
0.0025
0.0029

0.9564
0.9425
0.9333
0.9089

0.999
0.9956
0.9802
0.9789
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Table 5: Rate constant K1 and K2 and its correlation coefficient for Zn leaching

Temperature, °K Apparent rate constant Correlation coefficients (R2)
K1 (min.-1) K2 (min.-1) R21 R22

298
323
343
363

0.0016
0.0024
0.0045
0.0074

0.0020
0.0026
0.0039
0.0064

0.9564
0.9425
0.9333
0.9089

0.9914
0.9778
0.9376
0.8575

The apparent rate constant values of K2 were used to evaluate the activation energy of the leaching reaction
(Ea) from the Arrhenius equation (Equation 4).

1ln ( ) lnaEK A
R T


  Equation 4

where K is the apparent rate constant, Ea is the activation energy in kJ/mol, A is the Arrhenius constant and R is the molar
gas constant in J/mol K. and, Pb, Al, and Zn have activation energies of 16.189, 19.66, and 15.867 kJ/mol, respectively, based
on the plot of ln K against 1/T in Figure 11. There is a strong correlation between all these results and the shrinking core
model with chemical reaction which is considered as the rate controlling step [47-50]. Many ores have been dissolving in a
shrinking core model (SCM) using a mixture of diffusion and chemical control methods [51, 52].

3.5. Al, Zn and Pb recovery from alkaline leach solution

The 500 g of working sample has been leached using alkaline leaching process under the abovementioned optimum leaching
conditions (240 g/L NaOH, 90°C, 1/4 solid: liquid ratio, and for 4hr) to recover the interesting metals Al, Zn and Pb from the
alkaline solution. The obtained leaching solution (2000 ml) has been analyzed for Pb, Al and Zn, and the obtained
concentration were 0.28, 23.4, and 2.02 g/L respectively, with leaching efficiency of 98.98%, 98.67% and 99.98%,
respectively. The Zn was separated from Al and Pb by various phases; first, the shape of hydroxide of the three metal values is
exposed to bulk hydroxide by controlling pH at 7. Then, it is dissolved into three metals acetate by heating in sulfuric acid.
Firstly, the removal of pure aluminum was carried out via adjusting the pH at 5.5 leaving pb and Zn and the obtained alumina
was characterized physically using EDX-analysis as presented in Fig. 12A.
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Fig. 12. EDX spectrum of the obtained A) Al2O3, B) PbO and C) ZnO from the lamprophyre dyke.

Then, the solution containing Pb and Zn metals was re-precipitated at pH 7. Also, excess amount of ammonia solution was
added to dissolve the Zn more than ammonia white precipitate Pb(OH)2 which was characterized physically using EDX-
analysis as presented in Figure 12B. Then, the obtained precipitate is insoluble in excess of aqueous ammonia, then the zinc
will be precipitated via CO2 as oxide which was characterized physically using EDX-analysis as presented in Figure 12C. The
proposed flowsheet for the effective extraction of Zn, Al, and Pb from the used raw material is presented in Fig. 13.

Fig. 13. The proposed flowsheet for the effective extraction Al2O3, PbO and ZnO from the Lamprophyre Dyke.
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4. Conclusions
Al, Zn, and Pb polymineralized lamprophyres are reported in the SW of Mersa Alam port area, South-eastern Desert of Egypt.
The current study aims at the extraction of Al, Zn, and Pb from lamprophyre dykes using cost-effective alkaline leaching
process. The factors influencing the alkaline leaching process such as the solution concentration, leaching temperature, time
and solid: liquid ratio have been studied. The kinetics and the mechanism of leaching process have also been studied to
describe and analysis thermodynamic and the activation energy of the leaching process. The obtained results indicated that the
maximum recovery of the three metal ions can be obtained at 240 g/L NaOH concentration, 1: 4 solid: liquid ratio, at 90℃
and for 4 h. The maximum recovery of Al, Pb and Zn, at the optimum leaching conditions are 98.67%, 98.98%, and 99.98%,
respectively. The activation energies of Pb, Al and Zn are 16.189 kJ/mol, 19.66 kJ/mol, and 15.867 kJ/mol, respectively.
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