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gdld using alpha-cyclodextrin (a-CD) from the
@Congo, through an environmentally friendly
n process. The ore was sampled and

Abstract

The current work focuses on the extractiol
Kimpese quarry in the Democratic Repub
gold process as an alternative to the amg
characterized using atomic absorption spectrg ﬂ PAS) prior to the experiments, and the
analysis revealed 0.08% of gold. The ore was thgag@fched with modified aqua regia (MAR).
Time, HBr concentration, pH, and stirring speed were all Jaried during leaching to highlight
the parameters that influence the leaching yield. Tmm conditions were determined
using analysis of variance (ANOVA) and response surface ™ethodology (RSM), implying time,
HBr concentration, pH, and stirring speed of 6 hours, 80g/I 800rpm, respectively, and
a leaching percentage of 98.6928%. Following leaching,‘neNg#&lization tests with potassium
hydroxide (KOH) were performed by varying the follgin ameters: time, KOH
concentration, and pH. The following factors were variet\g xtraction tests after
neutralization: time, a-CD concentration, pH. The optimal parameters as follows: time of

30 minutes, a-CD concentration of 8.8639¢g/1, and pH of 6, with yiel %. This method
of recovering gold from ore using a-CD is inexpensive and does not the ggvironment.
Keywords: Alpha cyclodextrin, Extraction, Gold, Modeling, Modified ia, Response

surface methodology.

Introduction

Gold was one of the first metals worked by man, and it has been used for decoration and
jewelry since the middle ages. It is an exceptional metal due to its physio-chemical properties,
which include being a good conductor, ductile, malleable, resistant to oxidation, and one of the
least reactive metals. It is also significant in the economy, finance, and industry. Gold is found in
low concentrations in the earth's crust, 0.004 mg per ton, which helps to explain its high market
price [1]. It is found in its natural state as nuggets, which may have been mechanically eroded to
powder or flakes. The vein, inclusion in ultrabasic rocks, and alluvial deposits resulting from
fluvial erosion of the source rocks are the various forms of its distribution in its native state [2].
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There are two types of gold: primary gold, which comes from tectonic and volcanic
activity and generally occurs in the form of veins or layers in the rocks, and secondary gold,
which comes from the erosion of the primary gold-containing rocks over tens of millions of years
due to exposure to tropical climatic conditions. Furthermore, secondary gold is found in alluvium,
river terraces, and eluvium in the form of powder, flakes, or even nuggets [3]. It is also known
that many minerals contain many metals in different proportions [4-5]. In nature, gold is
frequently found in its native state and/or alloyed with other metals such as silver, copper, and
cobalt. The most common oxidation state for it is zero (0) [6]. However, its relative chemical
inertness protects it from dioxygen attacks, i.e. metallic gold does not tarnish or form oxide
regardless of temperature, and it also resists the action of many chemicals, including most acids
[7-9]. Gold can be dissolved by cyanide and aqua regia, which are made by combining three parts
concentrated hydrpgen chloride (HCI) and one part concentrated nitric acid (HNOs3) [10-12]. In

medicine, galdd ortant in the treatment of joint problems such as rheumatism. Drugs based
on metallic g in colloidal solution can also be used to treat rheumatoid arthritis and
certain cancers. ceramics are becoming more popular in dentistry, gold is still widely

gold-based alloys adds t ffectiveness in the jewelry industry [15-16].

Gold is prima in electronics, where it is valued primarily for its electrical
conductivity. Almost a nic components contain a trace of gold: mobile phones,
computers, GPS devices, angitelevisions [17-19].

Small amounts of gol d in the production of special glasses, such as those used on

modern building facades. The gad, her dispersed within the glass panel or applied as plating,
serves to reflect solar radiation, all@ving\the building to stay cool in the summer. In the winter,
it helps to reflect internal heat inwa s,?i;g the building to retain heat [20-21].

used for fillings, clQwns,-ad other orthodontic applications [13-14]. The ability to create various
7

In the metallurgical industry, gold e (in solution) is used in thermostatically controlled
and agitated electrolysis baths to control d€posi the order of a micrometer [22-23].

Flotation has been used as gravimetyg ntration of sulphide ores for many years [24].
Depending on the different aspects of the golg-i ore, flotation can be used efficiently based
on gold's high density [25]. This method is uss a cover gold when the grades are extremely
low. The advantages of this method over oth®”include the simplicity of the process and

o

o

equipment, as well as lower investment and operatin 6]. The amalgamation process relies
on metallic gold's ability to combine with mercu orm heat decomposable amalgams.
Amalgamation is commonly regarded as a dissolution p non. The mercury in the amalgam
is vaporized in a furnace, condensed by distillation, and thg recavered and recycled [27]. Gold
digestion by mercury is possible under certain conditions: ess is only applicable in the
presence of water, if the metal surfaces are clean, and if harmful imgities are not present. When
the proportion of gold reaches 10 to 12%, the amalgam gradual idies [28-29].

Furthermore, roasting is used as a pre-treatment method xidation of ores and
sulphide concentrates in the pyrometallurgical concentration metho@ de is converted into
sulphur dioxide SO, during oxidative roasting, which is volatilize® with arsenic, and iron
precipitates as hematite Fe,Os. Although roasting is the only method for completely removing
the carbonaceous material, uncontrolled temperature and oxygen pressure conditions can result
in the formation of char in the calcine, which is even more active than the original carbonaceous
material [30-32].

The hydrometallurgical concentration method is used in addition to the gravimetric and
pyrometallurgical concentration methods. Gold extraction metallurgy is carried out in several
stages. The ore is crushed and leached in cyanide solution before being purified and recovered
through adsorption on activated carbon [33-35].

The Elsner reaction describes the overall gold cyanidation mechanism [36].

4Au + 8CN~ + 0, + 2H,0 — 4Au(CN); + 40H" 1)
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This equation emphasizes the importance of oxygen in the formation of an aurocyanide
complex from metallic gold and cyanide.

Furthermore, electrolysis is the final step in the gold extraction process. The Auride ion
(Au*) is deposited at the cathode after absorbing an electron to become metallic gold [37]. The
reduction and oxidation reactions respectively, are as follows:

2 Au(CN); + 2e™ — 2Au® + 4CN~ 2
20H" —>§ 0, + H,0 + 2e” (3)
After the elec eration, the cake obtained in the filter press is fused with fluxes in
an oven before being pdr brick moulds. Even if some of the copper is removed during the

Several processes ha¥e bggfNnitiated in recent years to permanently eliminate the use of
s with high health risks and environmental consequences.
ics, extraction percentage, and lower environmental and
2)2) process is a viable alternative to cyanide [40]. The
enomenon.

melting process, another ITiMINg&tep is required to obtain pure gold [38-39].
¥

mercury and cyanide, two toxi@re
In terms of gold dissoluti
health impact, the thiourea (CS

Au + CS 2)2 AU(CS(NHz)z); +e” (4)
The thiosulphate process is another optig?;\/anidation implementation. These ions are
less toxic than cyanide ions, and they allow gol&To disgplve effectively in the presence of oxygen
and an alkaline medium. Gold dissolves relative . It can be sped up by using catalysts
(copper, ammonia) [41]. The following reaction tranglatesghe phenomenon.
2Au + 120, + 4(S;03)?~ + H,0 u(S,03)3™ + 20H” (5)
Another well-known process is the aqua regia process. ng on the operating conditions,
extraction rates can reach 100% in hours. Because aqua regia is ve and unstable reagent, it

i
can dissolve other noble metals such as platinum and rhodium, it is usglf to aifack gold alloys [10-12].
The following reaction shows the dissolution of water thanks to aqua regi

Au + HNO; + 4HCl - HAuCl, + NO + 2H2@ (6)

In this work, gold was leached using modified aqua regia (MAR) where h ic acid (HBr)
has been used for gold digestion instead of HNOs, due to the fact that gold bromide iorfind a-cyclodextrin
have a good molecular recognition. The Egs. involved by leaching process are following:

HNO; + 3HBr - HAuBr, + NO + 2H,0 )
2Au + 2Br~ + 3Br, = 2AuBr} (8)

Then Eqg. (6) can be written as following:

Au + HNO; + 4HBr — HAuBr, + NO + 2H,0 9

The other process is that with chitosan (CsH11NQa), in which the latter is a polysaccharide
high in amines and hydroxyl groups with a high capacity for metal ion chelation. According to
the following Eg. (10), recent research has shown that chitosan can form complexes with gold

after prior dissolution by chlorination [42-43].
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2Au + 2KCIO3 + 8HCI + CS —» 2AuCl, — CS + 2KCl + 4H,0 + O, (10)

The manipuera process uses a liquid by-product of cassava flour production (manipuera)
to generate hydrogen cyanide via the hydrolysis of cyanogenic glycosides as a defence
mechanism against intruders [44]. The following Eqg. (11) translates the phenomenon.

4Au+ 8CN™ + 0, + H,0 — 4Au(CN), +4 OH™ (11)

The cyclodextrin method has been used for more than a century [45]. Cyclodextrins are cyclic
oligosaccharides formed by the enzymatic breakdown of starch. Their three-dimensional structure
resembles a trun cone with hydroxyl groups on the outside; as a result, the outer part is highly
hydrophilic [ are unique in that they can accommodate (via reversible inclusion) other

molecules (solid,. %gaseous) in the cavity they delimit (1.5nmx0.7nmx0.8nm), resulting in the
ral

formation of sup les (association complexes). The inclusion complexes formed by
cyclodextrins and a wWh of hydrophobic host molecules in aqueous media are largely due to the
presence of this apolar
Inclusion-predisposi
combined interactions, sucl
different structures of cyclodeXri
The main physio-chemicalharacteristics of a, B and y cyclodextrins are collated in the

following table 1. Studies have wat cyclodextrins are less-toxic, relatively low cost,
biocompatible and biodegradable [49\52].

In the Democratic Republic of M.C.), mining industries are involved in the extraction
of a variety of materials such as copper, ¢ , iron, diamond, tin, gold, and so on [53]. Gold is mainly
present in the eastern part (South-Kivu and Qrj rovinces). Even on a small scale, exploited by
artisanal means, the deposits remain very prodctive.

eters are typically hydrophobic in nature and involve a variety of
n der Waals interactions [48]. The following Fig. 1 shows the

o/\m ° &
n=1, 2, 3 for a, B, y cyclodextrins respectively
Fig. 1. Structures of cyclodextrins [49]

Moreover, even if the investment in equipment is relatively , the exploitation is
done at a very high rate of return [54].

The mining of gold is more traditional than industrial. Diggers, also known as artisanal
miners, are in charge of extracting minerals from mines, often using only their bare hands and
rudimentary tools [23].

Surface mining is a type of mining in which the ore deposit extends deep underground,
necessitating the removal of overburden and ore layers [55-56].

Underground mining is used for deep deposits, or mineralization that is more than a
hundred meters deep. Artisanal or traditional mining refers to any type of mining that involves
extracting and concentrating mineral substances as well as recovering marketable products using
manual and traditional methods and processes (the direct use of human energy in mineral
extraction) [57-58].
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Tab. 1. Physio-chemical characteristics of cyclodextrins [50-51]

a-cyclodextrinf-cyclodextriny-cyclodextrin

Glucose units number 6 7 8
Brute formula C36Hs0030 C42H70035 C8HgoO49
Molecular weight (g.mol™) 972 1135 1297
Solubility in water (g.L™) 145 18.5 232
@ cavity (A) (small face-large face) 4.3-5.3 6.0-6.5 7.5-8.3
Cone height (A) 7.940.1 7.9£0.1
Approximate cavity volume (A% 174 262
Averagenumber of water molecules 6-8 12
In the majorit isanal gold mining regions in the D.R.C., artisanal gold miners use
mercury, despite the per ce and environmental risks that it can cause. Operators are
unaware of the high level ry found in soil and rivers near mine sites, as well as in homes
and warehouses where merCury igburned. The open burning of amalgam in small communities
as well as urban areas poses thigreatast health risk to miners, women, and children. As a result,

there is a serious issue of enviro
The purpose of this paper pply o-CD to gold ores from the Kimpese quarry in the
territory of Kambove, in the provinc

t Katanga in the Democratic Republic of the Congo,
as an alternative to artisanal technique

h very high health risks.
Materials and methods ( )))

Materials

All analytical grade chemical reagents wer il this work, and all stock solutions were
made with distilled water. Stratified sampling w. eddp\collect gold ore samples from pits
already dug by artisans. The ore from Kimpese quarry ﬁ pove territory, in the Haut-Katanga
province of D.R.C., was sampled. To create the initial Sale, systematic sampling was carried
out in each area and a total of 20 kg was homogenised usin@ne and crown method, which
consists of forming a crown followed by a cone. This pro8€d0¥® was repeated six times. The
quartering technique was used to divide the sample into four ntative parts, which were
then mixed together. The repetition of this operation allowed th: ypreintative sample for the
Sample preparation

experiments to be obtained.

The total amount of collected sample (20 kg) was fragmented wita sl hammer to a
size acceptable by the laboratory jaw crusher (primary). Then the sam crushed in a
laboratory cylindrical crusher (secondary). After primary crushing, 1 kg wW§fs sorted out for
AAS/inductively coupled plasma (ICP) assay, and the remaining 19 kg gold ore sample was
fragmented with a laboratory jaw crusher, and then with a laboratory cylindrical crusher for 10
minutes in order to get 80% passing 75 um sieve.

pollution.

Precious metal characterization

To characterize the precious metal (gold), the AAS method with a graphite furnace HGA
(high graphite atomization) 700 was used. Furthermore, a tube with an autosampler AS-70 was
used to receive samples, and the calibration curve was established by preparing solutions (20, 40,
60, and 80 ng Au/cm3) in argon current using a nickel matrix modifier. To obtain good gold
signals, a graphite furnace with a temperature stabilized platform-STPF was chosen [59].

Process block for gold recovery

A number of tests were used in order to recover most gold from ore sample. Among them
are leaching, neutralization, and gold recovery using a-CD. In addition, some physicochemical
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parameters were also studied in order to find the optimum conditions for maximum recovery. In
order to better analyze the different influences of the physicochemical parameters on the leaching,
neutralization, and gold recovery processes, and to design the experiments; Minitab and
OriginPro software were used.

Leaching tests for precious metal recovery
The leaching progss was done by mixing 450 g of the gold ore sample with MAR (900

ml) for 24 hinalL for 5 min of reaction time. The stirrer was used to mix the leaching
solution at specific s Jog the experiments. The gold ore concentrate (HAuUBr.), named
digestate, was obtained estion in MAR followed by filtration. The filtrate containing

washed and oven dried for 2 105°C and the concentration of gold metal in the leaching
solutions was determined by Fach leaching test was done in duplicate and the average
value was considered. The follo (12) was used to determine the leaching percentage.

valuable metal was then ecﬁ for the preparation to further experiments. The cake was
I

P1T1-P,T,

2% 100 (12)

%) =

where: P1: weight of dry ore to be légche

P,: weight of dry residue obtained

Ty: content of the element in the

T»: content of the element in the cal

Four factors were studied: time (x1), HBr ctgce ion (x2), pH (x3) and stirring speed

(X4). Table 2 shows the variables, codes, and symbols & Il factorial design in actual values.
Thus, three levels were considered for each factor, and acii leaching tests were therefore

leaching (cake)
eached

carried out by simultaneously varying the levels of each factg laboratory scale of leaching
is shown in Fig. 2 below.

Tab. 2. Codification and levels used for Ieacth ;

HBr
Variables  Time(hours) concentration
(g/)
Symbols X1 X X3 \q
Level Code Level Code Level Code Level
Code and 2 1 80 1 1 1 400
level 4 2 120 2 15 2 600
6 3 160 3 2 3 800 3

After the leaching, neutralization test was carried out to prepare the reaction medium for
the process of the extraction with a-CD.

Fig. 2. Lab scale leaching

http://www.ejmse.ro 41



RETRACTED PAPER on request of the authors regarding intellectual property rights issues.

M.M. MUANDA et al.

Neutralization tests

The dissolved gold solution from leaching was split into aliquots of 50 ml each and put in
a 500 ml beaker. The solution was then neutralized with potassium hydroxide KOH (1.0 M) to
achieve the required pH values, and filtered to remove any present insoluble silver bromide or
other base metals. After filtration, the solution was analyzed in order to determine the optimum
value for neutralization. Each test was done in duplicate and the average value was considered.
Three factors were studied: time (x1), KOH concentration (x2), and pH (xs), with appropriate
combination. Table 3 shows the variables, codes and symbols used for the full factorial design.

3. Codification and levels used for neutralization process

Variab\l &me (hours) KOH concentration (M) pH
Symbols 7. x X2 X3
\«\I? Code Level Code Level Code
> 1 1 1 4 1
Code and level 15 > 5 5
6 2 3 6 3
The role of neutralization wi o find the time required to get rid of impurities that
could contaminate the concentrate aftergyaching.
Gold recovery using a-cyclodextr
The neutralized solution obtained (KAuB s split into aliquots of 30 ml each, and put

solution. Also the room temperature was c The formation of the potassium
tetrabromoaurate alpha-cyclodextrin complex call ed gold (aeBr) accelerated the co-
precipitation process, also, and the co-precipitates we ed by filtration. Three factors were
studied: time (x1), a-CD concentration (X2), and pH (x3), appropriate combination. Variables,
codes and symbols used for the full factorial design are showng#gble 4.

into a 200 ml beaker, and then a-CD at the reQuiréddamount was progressively added to the
C

Tab. 4. Codification and levels used for neutralizati

Variables Time (minute) a-CD concentration (g/|
Symbols X1 Xz
Level Code Level Code Code
Code and level 15 1 4.643 ! >
30 5 9.286 2
13.929 3 6

After filtration, a+Br was dispersed into water and then reduced with*sodium bisulfite
NazS20s to give the recovered gold metal as a precipitate in order to liberate the encapsulated
gold from the early formed inclusion complex. After that, the decantation of the aqueous solution
was used to collect the recovered gold metal. The recovered gold was then characterized using
AAS. Each gold recovery test was done in duplicate and the average value was considered.

Experiment’s design and data analysis

Minitab software was used to analyze the reliability of the results after comparing the
predicted and actual responses in the leaching, neutralization, and gold recovery processes.
Furthermore, the regression method was used to statistically analyze experiment results. The
obtained equation was then used to calculate the predicted responses. The evaluation of the
statistical parameters was done using analysis of variance (ANOVA) as a statistical analysis. For
modeling and optimization, the response surface methodology (RSM), a statistical and
mathematical technique, was used [60]. Then, as an alternative to factorial, second-order models

42 EUR J MATER SCI ENG 8, 1, 2023: 36-57
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were constructed using central composite rotatable design (CCRD). The experiments in this paper
were designed using CCRD, and the general equation form (Eg. 13) was considered assuming
that all variables are measurable.

y = f(x4, X3, X3, -, Xi) (13)

where y is the dependent variable and x; the independent variables.

Because model significance is an important indicator, the Fisher's F-test ANOVA was
used to assess the effects of the parameters studied as well as their interactions. A non-significant
variable or interaction was identified by a P-value greater than 0.05 and its 95% confidence
intervals. Furthermore, a P-value less than 0.0001 indicated a highly significant variable or
interaction.

The recovery procedure fiom sampling of Kimpese querry using a-CD is shown in Fig. 3.
AAS

A

Sampling,
Quartering technique
20 kg

Vv

Kambove terri®Qry-

‘ ple preparation, jaw
end cylindrical crush,
sieve 80% passing 75

—> Coarse

HRr

Stirring speed 400- HNO,

AAS €<

Dissolved

Neutralization
Time 2-4 hrs
KOH Conc. 1-2 M
pH 4-6
Fixed stirring speed

Precipitation !
Time 15-30 min é o-CD
[0-CD] 4.643,9.286, 13.929 g/l

pH 45-6
Fixed stirring speed

\Z

Liquidphase &—  Water dispersion  |&— Na,S,0s
a-CD and reduction

Gold recovered

Fig. 3. Full process used for gold recovery

According to Muanda and Omalanga [60], and Liu and Wang [61], the coefficient of
determination, R?, evaluates the fitness of the found modeling equation and gives an indication
about the model response could vary. R? value should be at least 0.80 for a good fit of a model.
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Moreover, the coefficient of variation (CV) indicates the degree of precision with which the
treatments are compared. When the CV value is high, the degree of dispersion around the mean
value is high, while it is low when the CV is low (precision of estimation) [62].

The regression equation, which shows the effect of various factors and their interactions
on the responses, was used to generate a graphical representation of the results. Using OriginPro
software, this representation was created with a three-dimensional (3D) response surface and two-
dimensional (2D) contour plots [60]. Those plots provided information on the variables and their
interactions on responses based on the model equations discovered in each process.
Furthermore, the leaching process model contained four variables, only two variables
were used for sentation, while the other two variables were held at the center level.
Meanwhile in ne n and gold recovery with a-CD processes, as the models have three
variables, only one kgmainiyg variable was held constant at the center level.

Results and discussion

Results from the chaf¥{cterization to gold recovery using a-CD through some variables
studies are presented and discusségfin the following sections.

tal

metallurgical laboratory of the Ruashi mining
company as well as at Congolese Contr ice (Office Congolais de Contrdle) laboratory. Table
5 displays the results of the AAS/ICP analysi sample, which revealed the presence of other
metals in addition to gold (in which this pap8r focuggs).

Characterization of the pr
The analyses were carried 0

Tab. 5. Chemical composition of Kimpese (Ruashi Mining Metallurgical Lab)

Metal Al _Co_ _Cu Au %o Mg Fe  Si
Content (%) 294 061 014 008 002 W61 235 53 1372

Leaching tests
In this work, the room temperature was used for all and after digestion process,
leaching percentage was calculated. The results of the various a%ts carried out the model

established by the Minitab software are given in table 6.
Eqg. (14) gives the mathematical model that represents a sec

&polynomial.
y= f(Xl' X2, X3, X4—) (14)

where y represents the response (leaching percentage in %)
X1, X2,X3 and x, represent time, HBr concentration, pH and stirring speed
respectively.
From the results of table 6, the following equation was obtained by regression analysis for
leaching percentage:

y =719 + 32.21x, + 1.148x, — 226.6x; + 0.0304x, — 0.318x? — 0.00075x2 +

70.7x3 — 0.000013x2 — 0.2220x,x, + 0.00156x;x, — 0.000017x,x, — 0.0024x5x, (15)
Table 7 shows ANOVA and remarks of leaching process.
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Tab. 6. Results of responses for leaching process

Run Code level of variable Leaching percentage

No X1 X2 X3 Xa (%)
1 1 1 1 1 37.4
2 1 1 1 2 435
3 1 1 1 3 49.4
4 2 2 2 1 46.8
5 2 2 2 2 48.6
6 2 2 2 3 50.7
7 3 3 3 1 40.8
8 3 3 3 2 51.9
9 3 3 3 3 53.8
10 1 2 3 1 421
11 1 2 3 2 43.9
12 1 2 3 3 453
13 2 3 1 1 68.3
14 2 3 1 2 70.3
2 3 1 3 72.8

3 1 2 1 61.1

1 3 1 2 2 63.4
1 2 3 66.6

9 3 2 1 62.8
2 1 3 2 2 64.7
21 3 2 3 65.3
22 3 1 57.8
23 3 2 59.9
24 2 1 3 61.9
25 3 1 83.1
26 3 2 2 86.4
27 3 2 1 89.8

Tab. 7. Analysis of vagance eaching percentage

Sum of Mean P-Value

Source df Square  Square alue Prob>F Remarks
Model 12 4499.93  374.99 W0.00M HS
Xq 1 127483 1274.83 29.86 <0.0001 HS
X, 1 116.10 116.10 2.72 21 NS
X3 1 369.75 369.75 8.66 .0 S
X4 1 4.75 4.75 0.11 & NS
x? 1 9.71 9.71 0.23 0.641
X3 1 8.72 8.72 0.20 0.6
x2 1 936.92 936.92 21.94 <0.0001
X3 1 1.64 1.64 0.04 0.848
X1Xg 1 189274 1892.74 44.33 <0.0001 S
XXy 1 4.69 4.69 0.11 0.745 NS
XpXy 1 0.21 0.21 0.00 0.945 NS
X3Xg 1 0.70 0.70 0.02 0.900 NS

Error 14 597.79 42.70
Total 26  5097.72

Note: F: function of Fishers, df: degrees of freedom, P-value: level of
significance, NS: not significant; S: significant; HS: highly significant;
CV=7.9985%; R?=0.8827; Adj. R*=0.7822

The above Eqg. (15) shows the most and considerable positive effect of x; for increasing
leaching percentage, compared to X, and X4 variables. At the same time, X3 has a negative effect
on the percentage and significant for the model, which means that the acidic medium is most
desirable for the leaching process. In addition, since MAR is also consumed by other metals inside
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ore, an increase in its overall concentration will increase the leaching efficiency because it will
dissolve more gold. According to table 7, the interaction x;x, is highly significant for the leaching
model. However, the results were satisfactory due to the high values of the determination
coefficient (R?=0.8827) and the adjusted determination coefficient (Adj. R?=0.7822). The model
was also highly significant, as evidenced by a P-Value less than 0.0001. The low value of the
coefficient of variation also confirmed the precision and reliability of the experiments. Fig. 4

depicts the 3D response surface and 2D contour plots.
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Fig. 4. Response surface plots of interaction effects on leaching percentage (other parameters are held at center level):

(a) Time-[HBr]; (b) Time-pH; (c) [HBr]-pH; (d) Time-speed; (e) [HBr]-speed; (f) pH-speed

The leaching percentage is directly proportional to the increase in time and HBr

concentration, and inversely proportional to that of the pH. As stated by Wei and Man [63], the
presence of an oxidizing agent is required for the dissolution of gold, and in case of MAR used,
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HNOs plays well the role of oxidant of trivalent gold ions and the ions formed are reduced by
HBr followed by the formation of tetrabromidoaurate anions (AuBr;) or tetrabromoauric acid.
According to Fig. 4, reaction time had big positive effect on the leaching of gold.

Figs 4.a) and 4.b) show that time plays an important role in leaching. The percentage of
79% is obtained around a yeaction time of 5 hours, thus confirming the fact that the time is directly
proportional to the rec of the gold. In addition, it is noted that for the time-HBr concentration
interaction, the red t rea is the most desirable because of a large part of recovered gold.
On the other hand, in t e zone, the value of HBr concentration has no influence on the

yield for the following re :
e  The contact betwe® th d particles and the leachate is not sufficient.
e HBr concentration c mégpther metals present in solution under the same conditions,

and this is shown by th d green area in Figs 4.a) and 4.c).

Concerning the HBr conce n, Figs 4.a) and 4.c) show that it is obvious that 80% of
gold is recovered when the concent HBr is around 90 g/l confirming that the increase in
the concentration of HBr leads to the | in the production of AuBrj; ions (Eqg. (8)). On
another hand, the increase in leaching ntyould be explained by the formation of silver
bromide (AgBr) which prevents the dissolXj

From time-pH interaction, it appears that duction in the acidity of the medium leads
to a significant reduction in the leaching yield@hatey@y the reaction time. Moreover, when the
contact time low, less is the amount of gold recov@ich confirms the result from time-HBr

ir

concentration interaction. In addition, the red zone ﬁis more visible in the time range of

4-6 hours and pH of 1-1.35.

The HBr concentration-pH interaction confir at HBr concentration is inversely
proportional to pH. The yield is obtained at its greatest valu n the pH is around 1 and the
HBr concentration around 120 g/I. Figs 4.d), 4.e) and 4.f) hat there was no significant
change in the leaching percentage of the metals within the sjigiagr speed indicating that the
leaching reaction is not under the mass transfer control [64]. Ho en the reaction rate is
in the range of 600-800 rpm, the red zone is visible only in time-sp H-speed interactions.

The optimization has been done to find the better condition hing process with
the highest percentage with the minimum values of studied parameters. conditions were
predicted by RSM method and results are shown in table 8.

Tab. 8. Optimization of leaching percentage

Time [HBr] Stirring speed Leaching

Case Target (hours) @) (rpm) percent (%) Desirability
Leaching Maximum
percent 6 80 1 800 98.6928 1
Variables Minimum

From the results of the above table 8, it is seen that by carrying out an oxidizing acid
leaching of the ore treated under conditions such as: time of 6 hours, concentration of HBr of 80
g/l, pH of 1 and the stirring speed of 800 rpm; there is a 95% chance that the leaching percentage
is 98.6928%. Those conditions were retained and used for the further experiments. Taking into
account the leaching test by considering the optimized parameters, the gold content obtained in
the filtrate was 4643 ppm.

Neutralization tests

During the experiments, the room temperature was used for all the tests. From the model
established by the Minitab software, the results are given in table 9. Regression analysis was used
to obtain the following equation for neutralization percentage from the results of table 9:
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y = —130.0 + 14.40x, — 52.20x%, + 69.43x; — 1.733x% + 3.067x5 — 4.167x5 +
15.13x,%, — 4.100x, X3 (16)

where y represents the response (leaching percentage)

X1, X, and x5 represent time, KOH concentration, and pH respectively.

The above Eq. (16) shows the most dependence of x3 and xi on the neutralization
percentage. According to results of 3D response surface and 2D contour plots shown in Fig. 5
below, it is obvious that the time is directly proportional to the pH and the KOH concentration in
increasing neutrakg@tion percent.

ab. 9. Results of responses for neutralization process

ode level of variable Neutralization percentage

i i‘|o X2 X3 (%)
1 1 50.3

2 2 1 54.7
3 3 3 1 72.3
4 1 2 74.4
5 3 2 78.8
6 1 2 60.3
7 3 1 3 78.5
8 1 81.8
9 2 3 87.1

! Neutr. percent (%)
o

Fig. 5. Response surface plots of interaction effects on leaching percentage (other re held at center level):

(a) Time-[KOH]J; (b) Time-pH; (c) [HBr]-pH

According to Fig. 5, it is obvious that the red zone (87% yield) is ii the time range of 2.30-
3.75 and the pH range of 5.75-6, tending to the dark red zone when the pH tends towards 5.5-6
values. This can be explained by the fact that the other metals that accompany gold precipitate
with increasing pH or KOH concentration. In view of the results of table 5, iron, aluminum,
copper, cobalt, etc. are present in the ore. Thus, some of these metals are dissolved during
leaching by MAR, HNO;3 and HBr, so those metals are in solution in the form of ions. During
neutralization with KOH, these metals are precipitated according to Egs. 17, 18, 19, followed by
the increase of the yield.

AI** + OH™ — AI(OH), (17)
Cu?* + OH™ - Cu(OH), (18)
Fe3* + OH™ - Fe(OH); (19)
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Moreover, the precipitation of aluminum was performed in the pH range from 4 to 5.5.
While the precipitation of copper was carried out and started to precipitate at pH=4 with a total
precipitation at pH 6. In the case of iron, precipitation could be caused by the progressive
oxidation of Fe?* to Fe®* by oxygen in the air and its precipitation in the form of Fe(OH)s, which
began at pH 3.5 [65].

Gold rec using a-CD tests

In this room temperature and pH range of 4.5-6 were considered. In addition, time
and o-CD ratio rfigesgere 15-30 minutes and 4.643-13.929 g/l respectively. Fig. 6 below shows
the solution states d after extraction by a-CD.

I

Fig. 6. Mixed solution contai

iri?iA)z before separation, (B): after separation
From the model established by the Minit @e, the results are given in table 10.
Tab. 10. Results of respo @i recovery with a-CD
Run Code level of va Gold recovery

No X1 Xo X3 %)
1 1 1 1 .93
2 1 2 1 7.07
3 1 3 1
4 2 1 1 643
5 2 2 1 27,
6 2 3 1 82¥
7 1 1 2 42.3
8 1 2 2 64.47
9 1 3 2 60.6

10 2 1 2 77.89

11 2 2 2 83.65

12 2 3 2 80.6

13 1 1 3 64.78

14 1 2 3 77.69

15 1 3 3 77.25

16 2 1 3 85.02

17 2 2 3 87.39

18 2 3 3 76.41

The following Eqg. (20) was obtained from the results of table 10 by regression analysis
for gold recovery.

y = —237 +7.53x, + 16.31x, + 41.3x5 — 0.466 x% — 0.01x2 — 0.0853 x,X, —
1.015 X1X3 - 0.922X2X3 (20)

where y represents the response (leaching percentage)
X1, X, and x5 represent time, a-CD ratio, and pH respectively.
The above Eq. (20) shows the most and significant effects of all the parameters. ANOVA
results are presented in table 11.
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Tab. 11. Analysis of variance for gold recovery

Source  df 2;3;?; S“élszpe F-Value z}\éﬁljf Remarks
Model 8 417854  522.32 34.10 <0.0001 HS
X1 1 1970.87 1970.87 128.66  <0.0001 HS
X, 1 205.50  205.50 13.41 0.005 S
3 1 653.28  653.28 42.64 <0.0001 HS
2 1 40361 40361 26.35 0.001 S
1 0.00 0.00 0.00 0.998 NS
X5 1 105.85 105.85 6.91 0.027 S
X1X3 405.44  405.44 26.47 0.001 S
XX 1 . 85.49 5.58 0.042 NS
Error 7.87 15.32
Total 316.41
Note: F: funcl ishers, df: degrees of freedom, P-value: level of

significant; S: significant; HS: highly significant;

R?=0.9681 and Adj. R?=0.9397. Mor
reliability of the experiments and the precisi

The results of 3D response surface ontour plots are presented in Fig. 7 below,
and it is obvious that all the three parameters icant on gold recovery percent.

It has been observed the formation of a ale brown suspension within a minimum
of 1 minute after the addition of a-CD solution to KAuBY4 solution, showing a rapid reaction
process. Liu et al. [66] and Anthony et al. [45] stated&ies of two coordination spheres are
considered for the transition metals during the reactiort process.

It is the first coordination sphere in which hydrogen bon gands exist when there is a direct
bond between molecules and metal. The attachment b@twegg\the molecules in the first
coordination and the ions inside the charged complexes that a # d to the first coordination
is referred to as the second coordination sphere.

Furthermore, the first coordination sphere has a greate
reactivity and chemical properties than the second coordination spiieag#Kagume et al. [49] have
shown that during gold recovery process, there is encapsulation of AUBA®0ns with the second-
sphere cavity between the primary OH faces of the repeated face-to-fa¥e o-CD pairs stabilized
by the hydrogen bonding interactions.

Then the molecules K+, a-CD and AuBr4— recognize each other and correspond at the
same time, which results in facilitation of a specific second-sphere coordination (involving
aureate anion [AuBrs] ~ and hexa-aqua cation [K(OH,)s]* interacting with each other non-
covalently). According to Liu et al. [67], there is then a rapid co-precipitation of a-CD and
KAuBrs; in water concluded by the formation of a 1:2 ratio complex (needlelike)
{[K(OH2)s][AuBrs]=(a-CD)2}n. The co-precipitate formed is filtered and reduced using Na;SsO;
to liberate the encapsulated gold from the inclusion complex. Finally the recovered gold from is
characterized using AAS to calculate the percentage.

In view of Figs 7.b) and 7.d), it is noted that the time is directly proportional to the
percentage of gold recovery. A recovery was observed from the first minute of reaction; however
the dark red zone is reached from 27 minutes, so that a yield of at least 80% is obtained. According
to Figs 7.b) and 7.f), the yield area in the 80-89% percentage range is within the range of a-CD
concentration 8-12 g/l. But for high yields (at least 89%) corresponding to the dark red zone, the
range of a-CD concentration decreases down to 8-10 g/I.

Considering a-CD concentration-pH interaction, a yield of at least 86% is observed when
pH and a-CD concentration are 5.65 and 8.9 g/l respectively; while for pH-time interaction, the

e on metal complex
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yield is at least 80% when the pH and time are 5 and 29 minutes respectively. This is also
explained by the fact that few accompanying metals of gold have been eliminated by

neutralization.

@
S o

Gold recovery (%)
>

(-1 @
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Fig. 7. Response surface plots of interaction effects on leaching percentage (other parameters are held at center level):
(@), (b) Time-[a-CD]; (c), (d) Time-pH; (e), (f) [a-CD]-pH

From the results obtained in Fig. 7, it is obvious that the increase in [a-CD] leads to an
increase in the percentage of recovery up to a maximum value, followed by the decrease. This
can be explained by the fact that the perfect match in molecular recognition within the complex

formed requires that the ratio be equal to 1:2, that is to say that {ﬁi;‘*}] = % Below and above this

ratio, there is a percentage drop. So for better performance, the value of [a-CD] should be around
twice that of [AuBr4].
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The variation of time is also proportional to that of the percentage of recovery. On the
other hand, the pH does not have a great influence in the chosen range (4.5-6), thus confirming
that good neutralization has been carried out. Moreover, optimization conditions were predicted
by the RSM method and results are shown in table 12.

Tab. 12. Optimization of gold recovery

Gold

Case Target Time (min) [a-CD] (g/l) pH recovery (%) Desirability
Goldre aximum 30 886391 6 89.7350 0.9999
Variables imum

30 minutes, the a-CD con ion of 8.86391g/l and the pH of 6, there is a 95% chance that the
gold recovery is 89.7350% witlgslesirability equal to 0.9999. Under these conditions, the found
results of analysis of obtain ic phase and raffinate by AAS were 16434 ppm and 493.25
ppm respectively, confirming e success of gold recovery process.

From results blaz it appears that by working under conditions such as the time of

Conclusions

This paper aimed to find the op@ itions for the recovery of gold from the Kimpese
quarry in the Democratic Republic of Con .R.C.), using alpha cyclodextrin (a-CD) technique
as an alternative technique to the use o . Atomic absorption spectroscopy (AAS)
revealed that Kimpese gold ore deposit insyan average of 0.08% gold. Leaching,
neutralization and gold extraction with a-CD te carried out. With regard to leaching, the
following factors were varied: time (2 hours, 4 and 6 hours), pH (1, 1.5 and 2), HBr

concentration (80g/l, 120g/l and 160g/l), and stirring spgd (400rpm, 600rpm and 800rpm).

According to neutralization tests, the following factor: ried: time (2 hours, 3 hours and 6
hours), KOH concentration (1M, 1.5M and 2M), and pH (4, 5 apd 6). The extraction tests were
carried out taking into account the following factors: ti minutes and 30minutes), a-CD
concentration (4.643g/1, 9.286g/l and 13.929¢g/l), pH (4.5, 5@id he optimal gold extraction
parameters determined by using analysis of variance (
methodology (RSM). Yield optimization for leaching tests reve

parameters: 6hours (time), 1 (pH), 809/l (HBr concentration) and st
led to a leaching yield of 98.6928% gold corresponding to a grade pm. According to
neutralization, the optimal parameters corresponded to the pH range of r further tests. The
optimal parameters for gold extraction were: 30 minutes (time), 8.8639g/Y (a-CD concentration)
and 6 (pH), which equals an extraction yield of 89.7350%. Gold was enriched and extracted in a
single extraction stage, with a starting grade of 0.8% to a final grade of 16431 ppm after extraction
with a-CD. In addition, the final content in the raffinate was 493.25 ppm. This method of
recovering gold from ore using a-CD is advantageous, low-cost, and environmentally friendly.

and response surface
he following optimal
ed (800rpm); which
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