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Abstract

In Burkina Faso, water resources in mining areas are polluted by cyanide, which
is released into the environment through mining activities. To mitigate this
pollution, two clays named Koro and Kaya were collected in Burkina Faso and
characterized using analytical technics. This work aimed to find out a cheap
technology based on local soils for water treatment. The objective of the work
was to prepare and characterize two local clays for application in mining ef-
fluent treatment. Specific surface area and pore dimensions were analyzed us-
ing Brunauer, Emmett and Teller method. In addition, anion exchange ca-
pacities, chemical composition through X-ray fluorescence and chemical func-
tions by Fourier-transformed Infrared spectroscopy were determined. Miner-
alogical composition, thermal behavior, microstructure, and surface elemental
composition of clays were examined using techniques of X-ray diffraction and
scanning electron microscopy coupled with energy dispersive spectroscopy.
Results showed that the surface areas of two anionic clays were 64 m?/g and 50
m?*/g for Koro and Kaya, respectively. An anion exchange capacity of 126.68
cmol/kg for Koro and 125.13 cmol/kg at pH 11 was found. Chemical and min-
eralogical analysis showed that the clays were rich in minerals, mainly of illite
(24 - 27)%, montmorillonite (23 - 24)% and kaolinite (17 - 26)%, orthosis (9 -
13)%, quartz (5 - 12)%, goethite (3 - 6)% and anorthite (2 - 6)%. Application of
clays for the treatment of cyanide solution led to a decrease in intensities of
chemical functions and a modification of the surface morphology. Consequently,
those clay soils can be used as adsorbents in cyanide removal through column
and batch experiments.
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1. Introduction

In Burkina Faso, gold is the main resource exploited with a significant use of cya-
nide or mercury for ores processing [1]. The uncontrolled discharge of wastes from
there in the environment has led to the contamination of surface and groundwater
by cyanide in mining areas [2] [3]. Cyanide is toxic to all living organisms [4]. The
toxicity of cyanide comes from the fact that it has an affinity to complex itself to
all metals, leading to an inhibition of enzymes whose active centers are iron, cop-
per, and cobalt [5]. They block the respiration of the cells that transport oxygen
from the blood to the tissues [6]. Cyanide can be removed from water by adsorp-
tion on synthetic or natural adsorbents [7]. The most commonly used synthetic
adsorbents in cyanide adsorption are activated carbons [8] [9]. Mbadcam et al [7]
successfully used activated carbon at pH 10.8 - 11 for cyanide removal. Manyuchi
et al. [10] used biochar for cyanide removal in wastewater at pH 7 and found a
reduction of 75%. However, activated carbon production is energy-intensive and
produces a large quantity of carbon dioxide, which is a greenhouse gas. Another
way to remove cyanide is the chemical oxidation using peroxide, chloride and
ozone to transform cyanide into cyanate form. This produces hazardous materials
that need further treatment. For instance, the conversion of cyanogen chloride to
cyanate is highly limited at pH values lower than 8. Chlorination, however, has a
number of drawbacks at high pH levels, including the need for large amounts of
chlorine in situations of high concentration and thiocyanate present, poor cyanide
complex removal, and significant generation of heavy metal-containing sludge
that needs additional treatment [11]. Ozonation is less effective at pH levels where
cyanide stability exists, but it is extremely damaging toward thiocyanates and
WAD cyanide [12]. The research of eco-friendly adsorbents, available and acces-
sible at a lower cost in Burkina Faso, led to the use of clays in the removal of pol-
lutant from wastewater. In fact, clays are hydrated phyllosilicates made up of fine
fractions of rocks, sediment and soils. Depending on the rock’s source and cli-
mate, they are made up of different minerals such as illite, kaolinite, smectite, an-
orthite, montmorillonite, materials that are amorphous to X-rays, such as organic
raw material, allophane and imogolite often called associated phases. Clay miner-
als can be synthetic, unlike clay [13] [14]. They have enormous potential for var-
ious industrial applications. In addition to their conventional uses as ceramic ma-
terials (porcelain, bricks), clays are used in many industrial processes, such as pa-
permaking, cement production, in the oil industry as drilling muds; catalysts in
refining, in the treatment of vegetable and mineral oils as bleaching agents [15].

In environment, clays act as natural scavengers of pollutants by absorbing cations
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and anions. Clays are used as filters for the removal of debris, dirt and microbes or
bacteria from the wastewater [16]. In Burkina Faso, studies using clay materials
showed a better potential in the treatment of tannery wastewater for chromium
removal [17] and drilling water for the removal of lead, copper and chromium [18].

Their adsorbent properties vary according to chemical and mineralogical com-
positions, but the factors that control these properties are not well understood.
The best-known properties are their large specific surfaces due to their small sizes,
sheet shapes, charged networks and cation and anion exchange capacities [19]. In
order to have a material optimally exploited as an adsorbent, its various chemical,
physical and mineralogical properties must be known. The objective of this work
was to characterize two clay raw materials for cyanide removal. The physical, chem-
ical, thermal and mineralogical properties that may impact adsorption efficiency

were determined.

2. Materials and Methods
2.1. Preparation of Clays Materials

The clay called Koro was collected in Koro clay site (11.15°N, 04.18° W), located
at 15 km from Bobo Dioulasso city. The second clay named Kaya was collected at
Roumbila site (13.07887°N; 0.7842°W) located 36 km from Kaya as indicated in
Figure 1. During the sampling, Clays are taken from a depth of at least 30 cm from
the surface to avoid surface contamination. Both clay quarries are exploited by
potters for the manufacture of ceramic objects and for the construction of dwell-
ing houses. The raw clay soils were crushed in particles, washed several times with
distilled water to remove waste, and dried at 105°C. Samples were crushed and im-
mersed in distilled water for wet sieving to collect the finest fractions < 2 pm. The
fine fractions obtained in paste-like forms are dried at 105°C and sieved mechan-
ically with sieves of diameter 100; 90; 80 and 63 um. Fractions of dimensions less

than 63 pm were used for the characterization.
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Figure 1. Identification of location of clays sampling sites on Burkina Faso’s map.
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2.2. Characterization of Clays

2.2.1. Moisture Content

Measurement of moisture content (H) was carried out using the method proposed
by Callaud ef al [20]. It consisted of determining the mass of water removed by
drying a wet material until a constant mass is obtained at a temperature of 105°C +
5°C. The mass of material after drying is considered as the mass of solid particles
(ms). The determination of moisture content was calculated from the ratio of the

mass of water (112,.) to the mass of solid particles (111,).
(mt —m )

s

H=(m,,, /m,)*100 = ¥100 (1)

water

Mlyarer: Water mass (g).
my: dry sample mass (g).

my: wet sample mass.

2.2.2. Specific Surface Area
Specific surface area of clays was determined using Brunauer, Emet and Teller (BET)
method that consists of determining adsorption isotherm of nitrogen gas at a tem-
perature very close to its boiling point (77°K).

Specific surface area can be obtained from equation [21]:

Syer : total area of sample (m*/g).

N, : Avogadro’s number (6,0224 x 107> mol™).

o : area occupied by an adsorbate molecule at 77°K (m?).

V,, : volume of vapor required to completely coat surface of solid with a molec-
ular monolayer of the adsorbate (L).

2.2.3. Anion Exchange Capacity

Fixing an anion that can bind in an indiscriminate manner, like ClI~ or NOjJ, and
replacing it with another anion of the same ionic strength is known as Anion Ex-
change Capacity (AEC).

The method of AEC determination is the one developed from previous studies
[22]. Experimentally, 1 g of clay was introduced into a 50 ml centrifuge tube previ-
ously dried and weighed, containing 25 ml of a 0.1 M NH,CI solution used to
saturate the sites. The tube was manually agitated for 30 minutes and then left to
rest for 24 h then centrifugation at 2000 rpm is done for 10 minutes and clear solu-
tion carefully siphoned. Residual chloride ions concentration was quantified and
denoted as C,. The residue is stirred again with 50 ml of a 0.001 M NH,CI solution
for 30 minutes for washing and then left to rest for 24 hours. The concentration
of chloride ions is denoted C,. Chloride ion content is measured in both solutions
to quantify portion retained per gram of dry clay. Chloride ions are replaced by ni-
trate ions ( NOj ) by introducing 50 ml of a molar solution of sodium nitrate. Mix-
ture is stirred for 30 minutes and then left to rest for 24 hours, the supernatant is

siphoned off, the chloride ion content quantified and noted as C3.
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(0.1%0.025+0.001%0.05)—[ C, *(0.025-7; )+ C, *(0.05+7]) |

L= (3)
m
tz:C3*(0.05+V2)—C2*V2 @
m
AEC (&(_)J =t —t, (5)
kg

nz: clay mass (kg).

Vi: volume of NaCl of concentration G, trapped in the clay.
V2: volume of NaCl of concentration C, trapped in the clay.
4: content of the retained charges (—) per kilogram of clay.

: content of negative charges (—) exchanged.

2.2.4. Chemical Characterization

Soils were analyzed by Energy Dispersive X-Ray Fluorescence (EDXRF). Samples
were irradiated by X-rays generated by a 109 Cd ring source; the angle of incidence
was 49.76°. The detection of the characteristic X-ray radiation of the sample was
performed with a Si (Li) detector (Canberra) cooled with liquid nitrogen with the
following characteristics: detector size 30 mm?, thickness 3mm. Be window = 25
um, FWHM for 5.9 keV 55 Fe 165 eV. The emergent angle was 74.05° and the dis-
tance was 1.5 cm. Spectra were collected by the Genie-2000 software (Canberra,
Meriden, CT United States). Infrared (IR) spectroscopy relies on the absorption
of light by most molecules within a wavelength interval by converting the ad-
sorbed intensity into molecular vibration. This absorption corresponds specifi-
cally to the bonds present in molecule. It is a non-destructive method for deter-
mining surface chemical functions and predicting likely interactions with pollu-
tants. Infrared spectra of this clays were recorded in the mid-infrared (400 - 4000
cm™') where the fundamental vibration modes appear through a Shimadzu spec-
trometer equipped with FTIR ATR [14]. For structural morphology and surface
chemical composition determination, clays are analyzed using a Scanning Elec-
tron Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS, Mi-
crospec-WDX 600/OXFORD).

Thermogravimetry is a technique based on sample mass variation as a function
of speed of heating. The thermal behavior of clays was determined using the
TGA/DTG method. Approximately 10 mg of the sample was weighed into a ce-
ramic crucible and placed in a thermogravimetric analyzer (NETZSCH 209 F1
Libra, Exton, Pennsylvania, USA). The samples were then heated at a rate of 10°C
per minute between 30°C and 600°C.

2.2.5. Mineralogical Analysis

Clays with dimensions of less than 63 um are compacted on a glass slide in order
to have a flat surface. X-ray diffractogram recordings were made by Rigaku Min-
iflex 6G PXRD diffractometer, with pitch of 0.05°, a speed of 1.5°/min and an
angle of two theta between 5° and 65°. From the analysis of X-ray diffraction and

chemical composition, the semi-quantitative analysis of the different mineral
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phases has been carried out according to methods described in literatures [23]
[24].

Based on the following approximations, Equation (6) makes it possible to deter-
mine proportions of minerals in the different clays:
- Potassium oxide comes from illite;
- Calcium oxide comes only from anorthite;

- Iron oxide comes from goethite and hematite.
T(a)=%XM,*P(a) (6)

T(a): oxide “a” content in sample.
M mineral “7” percentage in sample.
« »

P{a): oxide “a” proportion in mineral “7’ (this proportion is deduced from ideal

formula assigned to the mineral “/”).

3. Results and Discussion

3.1. Physical Characteristics

At physical appearance, Kaya and Koro clays were respectively whitish and brown
in color (Figure 2), which could highlight that is rich in alumina and Koro in iron
oxide and or anorthite. Previous works showed that the pH at the zero point charge
(pH zpc) was 8.22 and 7.98 for Koro and Kaya, respectively [25]. All physical prop-
erties of clays are listed in Table 1. It was observed a high anionic exchange capacity
of two clays (126.68 cmol/kg for Koro and 125.13 cmol/kg for Kaya). Anionic clays
have a sheet structure that is very favorable to anionic exchange properties, trap-
ping of organic molecules or anions such as CN". Bulk densities were relatively
low compared to that reported Elsewhere [26], which could reflect a low heavy metal
content. The Loss on Ignition (LOI) was 8.36% and 7.21% for Koro and Kaya clays,
respectively. These clays have more or less the same bound water content and/or

hydroxide functions.

Figure 2. Images of crushed cays: (a) Koro; (b) Kaya.

Table 1. Physicochemical characteristics of Koro and Kaya.

pHzec Bulk density H (%) LOI (%) Color AEC (cmol/kg)
Koro 8.22 1.27 4.83 8.36 Brown 126.68
Kaya 7.98 1.24 22.5 7.21 Whitish 125.13
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Figure 3 shows that nitrogen adsorption isotherms on these clays are of type
IV, characteristic of mesoporous materials [27]. In Figure 4, Koro curve was bi-
modal [28], showing a pore concentration of 16.5 nm and 35.4 nm in diameter,
different particles size. The pore distribution of Kaya clay was homogeneous, more
than 85% of pores are less than 50 nm in diameter with more particles of same
size. The values of the specific BET surfaces (Table 2) are respectively 36.21m?/g
and 21.72 m?/g for the Koro and Kaya clays. Comparing these numbers to those
reported in [29], they are deemed large. Langmuir’s surface value was larger for
Koro (46.55 m*/g) comparatively to Kaya (27.33 m?/g), showing a more favored
physisorption. Because of the chosen particle size, the two clays have the same
porosity volume. Internal specific surface area of the micropores was 33.37 m*/g
and 22.17 m?/g respectively for Koro and Kaya. The significant mesopore content
in the Kaya clay is confirmed by the specific exterior surfaces of the Koro and Kaya
clays, which are 30.76 and 27.83 m?/g, respectively. Smectite and vermiculite may
be present in trace amounts or absent entirely in Koro and Kaya clays, which
can be identified by comparing their particular surfaces to those of clay minerals
[30]. These clays are thought to be composed of kaolinite, montmorillonite and

illite.
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Figure 3. Adsorption and desorption isotherm of nitrogen onto (a) Koro and (b) Kaya.
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Figure 4. Pore size distribution of (a) Koro and (b) Kaya.
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Table 2. Surface areas and pore dimensions of clays.

Ss BET Langmuir Ss  Pore volume  Pore radius Internal Ss External Ss Total Ss

(m*/g) (m?/g) (cm®/g) (um) (m?/g) (m?/g) (m?/g)
Koro 36.206 46.546 0.058 0.611 33.369 30.760 64.129
Kaya 21.716 27.325 0.067 0.745 22.165 27.834 50.000

Ss: Specific surface.

From thermal analysis (Figure 5), two endothermic peaks were observed on the
DTG curves of each clay. The first peak between 30°C and 100°C, with a mass loss
of 4.05% for Koro and between 30°C to 150°C, with a mass loss of 3.05% for Kaya
could be linked to the evaporation of water or carbonization of organic matters.
The second peak between 400°C and 500°C on both clay thermograms with mass
losses of 1.6% and 1.8% respectively for Koro and Kaya, are related to silicate de-
hydroxylation or quartz transformation. According to previous study [31], the fol-
lowing temperature ranges can be assigned: water bound to cations (0°C - 250°C),
hydroxides (250°C - 400°C), silicates (400°C - 750°C), carbonates (750°C -
850°C). Koro and Kaya clays can be heat-treated up to 400°C without structural

modification.
—DTG Koro ——DTG Kaya TGA Koro TGA Kaya
1 100
99
= 05 98
£ 97 <
S 0 ©
o 9% £
[ <
8 -05 95
94
-1 93
0 100 200 300 400 500 600 700
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Figure 5. TGA/DTG curves of Koro and Kaya clays.

3.2. Chemical Composition

EDXRE results in Table 3 indicate a major silica and alumina content in both clays.
The SiO,/Al,Os mass ratio was respectively 3.63 and 2.83 for Koro and Kaya, indi-
cating the presence of free silica [32] with a composition rich in clay minerals [33].
Iron content was 6.76% and 3.44%, respectively for Koro and Kaya, indicating a
low content of iron into the clays. According to [34], iron would be found in the
form of hydroxide, which is probably responsible of brown color of Koro. Iron is
a suitable element for cyanide removal through formation of strong Fe-CN bonds
or stable complexes Fe(CN)Zf , Fe(CN)zf [34]. Both clays would contain very
weak metals capable of stabilizing cyanide such as copper and zinc, which could

lead to a release adsorbed cyanide.
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Table 3. Chemical composition of Koro and Kaya (%, m/m).

Oxides

(% wt) SiO2 AlLOs Fe20s K20 CaO Na;O MgO TiO: ZnO CuO Total
Koro 53.00 24.60 6.76 3.42 1.21 1.33 1.31 0.80 0.01 0.01 92.45
Kaya 53.80 29.00 3.44 4.81 0.33 1.34 0.34 0.43 0.01 0.01 92.88

3.3. Mineral and Crystalline Phases

Koro
i M+Q
600000 A: Anorthite
500000 - I: llite
K: Kaolinite
400000 - M: Montmorillonite
5 0: Orthoclase
@ 300000 - M, 0o G: Goethite
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0 T T T T T 1
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29
Figure 6. XRD diffractogram of Koro.
Kaya
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Figure 7. XRD diffractogram of Kaya.

Figure 6 and Figure 7 show the X-ray diffraction patterns of Koro and Kaya, re-
spectively. The XRD patterns revealed the presence of quartz (SiO,), kaolinite
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(Al;S1,05(OH)4), montmorillonite (Al;e;Mgo.33)S14010(OH).Nay33), illite ((K,
H;0)AlLSi;AlO,0(OH),), orthosis (KAISizOs), anorthite (CaAl,Si,Os) and goethite
(FeO(OH)). Kaolinite and montmorillonite are minerals derived either from the
alteration of primary minerals (peridots, pyroxenes, feldspars) or from the trans-
formation of other secondary minerals such as illite and vermiculite [35]. Goethite
in a-FeOOH form is the most abundant and stable of all forms of iron oxides in
soil and its surface chemistry affects the distribution of soluble species in soil [36].
Results of XRD analysis of Koro are in agreement with those obtained by Sorgho
et al. [37]. Quantitative content given in Table 4, showed that the clays contained
mainly of illite, montmorillonite and kaolinite. Other phases such as quartz, an-
orthite, goethite and orthosis were moderately present. Previous studies have shown
that montmorillonite [38], illite, and goethite [39] have a better potential in cya-
nide removal by adsorption. Minerals content of Koro and Kaya clays, make them

good materials for cyanide removal from water.

Table 4. Mineralogical composition of Koro and Kaya clays.

Kaolinite Goethite Orthose Quartz Montmorillonite Illite Anorthite
Koro 17.12 6.76 9.40 12.02 23.83 24.68 6.01
Kaya 26.28 3.44 13.22 491 24.01 27.49 1.63

3.4. Chemical Functions

Spectrum of Koro and Kaya (Figure 8) indicated the same chemical functions with
slight differences in the intensity of absorption band. Based on previous studies,
absorption peaks are attributed to chemical functions likely to be absorbed at its
different positions. Adsorption bands of 1012 and 420 cm™ are linked to the Si-O
bond of kaolinite [40] [41], whereas those at 3697, 3624, and 522 cm™ are related
to the elongation vibration of the O-Al bond [42]. The -OH bond vibration of the
water molecule is represented by the bands at 3380 and 1633 cm™ [43]-[45]. The
bands at 1012, 1004, 909, and 612 cm™" are attributed to the vibration of the Fe-
OH bond of goethite [46] [47]. The O-Al-Al band at 909 cm™ and the Si-O-Al
bands at 620 and 466 cm™ can be used to identify montmorillonite [14] [41]. The
vibration bands of elongation attributed to the Si-O bond at 1120, 744, 684, and
466 cm™ indicate silica [32] [41]. Deformation vibrations of the AlOSi, AIMgOH
and Al-Fe bonds in smectite are responsible for the 840 and 522 cm™ bands [14]
[48]. The bands at 520 and 460 cm™ are attributable to the vibration of the Fe-O
bond of the hematite [49]. The X-ray diffraction study showed the existence of
goethite, quartz, montmorillonite, and kaolinite, but it did not report the presence
of hematite or smectite. A low crystallinity or very low grade could be the cause of
their lack in XRD. The intensity of the adsorption peaks of all functions increases
when the spectra of the crude clays and the cyanide-adsorbing clays are compared
(Figure 9 and Figure 10). Physical adsorption or complexation with all elements

would occur for cyanide.
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Figure 8. FT-IR spectra of Koro and Kaya.

——Koro ——Koro-CN

Si-O-Si

100 '-T=,
80 - \ \
Al-OH

60 - OH HOH

T%

40 -

20 A

O T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
cm?

Figure 9. FT-IR spectra of adsorbed and raw Koro clay.
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Figure 10. FT-IR spectra of adsorbed and raw Kaya clay.
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3.5. Microstructure and Morphology of Clays

SEM images of Koro and Kaya (Figure 11 and Figure 12), respectively show the
presence of macropores and reflective areas characteristic of heavy metals that can
be attributed to iron. The absence perceptible of micropore could be justified by
the small size of the grains which could limit the adsorption of cyanide by intra-
molecular diffusion. There are deformed platelets, irregularly arranged, probably
kaolinite. The presence of iron will promote cyanide removal through formation
Y, Fe(CN) [34],
The surface of Kaya is in aggregate form, which could be linked to the presence of

of strong Fe-CN bonds or stable complexes such as Fe(CN)

impurities and would justify its low value of specific surface compared to that of
Koro [20].

3

U T

¥,
Regulus 10.0kV 11.6mm x10.0k SE(L) 5.00pr & ﬁtéhm x5.00k SE(L) i 3 10:0Hm

Figure 11. SEM images of Koro clay.

-~

“!*

2

Regulus 10.0kV 11.9mm x10 0k SE(L) 5.00um ' Reguius 100KV ZOMM %5 00K SEL) T

Figure 12. SEM images of Kaya clay.

Cliches analysis by the EDS detector allowed recording of EDS spectra (Figure
13). Qualitatively, the presence of aluminum (Al), silicon (Si), iron (Fe), oxygen
(O) and carbon (C) was emerged. Quantitative analyses of these elements rec-
orded in Table 5 show that they are mainly composed of O (56% - 61%), Si (15% -
18%), Al (4% - 6%) and weakly Fe (1% - 2%). Elements are in oxide or hydroxylated

form [20], which is in agreement with FT-IR results.
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Figure 13. Energy dispersive spectroscopy spectra and SEM micrographs of snapshots of clays: (a)

Koro; (b) Kaya.

Table 5. Elemental composition of Koro and Kaya.

Chemical element

(0] C Si Al Fe K Ca M Na Ti
(% wt) g
Koro 55.75 18.86 15.11 5.68 2.49 0.84 0.11 0.90 0.23 0.04
Kaya 61.44 15.3 17.95 3.81 0.55 0.16 0.06 0.09 0.09 0.01

4. Conclusion

The use of clays as adsorbent deserved a good knowledge of their properties. Re-
sults of characterization showed two clays of different colors with higher iron con-
tent in Koro compared to Kaya. The two clays had very rich and similar miner-
alogical compositions. They contained mainly of illite, montmorillonite and kao-
linite, moderately quartz, goethite, anorthite and orthose. Although Koro had the

highest specific surface area, they both had the same anionic exchange capacity.
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The mixing of clay and cyanide caused cyanide fixing, which was manifested as a
change in surface morphology and an increase in chemical function intensities. It
would be fascinating to look at the cyanide fixation process, the resulting processes,

and the adsorption capacities.
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