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Three clay samples (E1, E2, and C1) extracted from different parts of Ghana have been purified by sedimentation. The samples
were further characterized by powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM), cation exchange capacity (CEC), and point of zero charge (pH,,,c). PXRD and FT-IR data revealed the
samples to be predominantly muscovite clay with percentages ranging from 82.71 to 91.33%. The surfaces were mostly cationic
with pH,,. ranging from 5.58 to 6.40. Morphological studies by SEM confirmed the crystalline nature of the surfaces which is
suitable for adsorption studies. Time-dependent adsorption studies show that C1 is a good candidate for the adsorption of
chlorophenols, methyl orange, and Eriochrome Black T.

1. Introduction

Phenolic compounds are classified among the main raw
materials used in industry and photochemical research
[1-4]. Phenols are widely used in the production of ma-
terials such as pharmaceuticals, dyes, cosmetics, epoxy
resins, and adhesives as well as photocells for various
applications [5, 6]. They are the main contaminants in
wastewater generated from petroleum refineries, dye- and
phenol-producing industries, and general households
which use phenol-based disinfectants [7]. Phenols also
enter the environment through the use of phenoxy her-
bicides such as 2,4-dichlorophenoxyacetic acid or 4-chloro-
2-methylphenoxyacetic acid and also phenolic biocides like
pentachlorophenol [8]. These compounds are classified as
noxious pollutants because of their toxicity even at low
concentrations. The toxicity of phenols and their de-
rivatives include histopathological changes, mutagenicity,
and carcinogenicity [9]. Stringent US Environmental
Protection Agency (USEPA) regulations have therefore
been called for the lowering of phenol content in waste-
water to less than 1 mg/L [10].

Several methods have been employed for the removal of
phenolics from aqueous solutions. These techniques can be
classified as biological, chemical, or physical [11]. Bio-
degradation methods, including microbial degradation,
fungal decolonization, and bioremediation systems, have
been employed in the treatment of industrial effluents, as
microorganisms such as yeast, bacteria, and fungi are able to
catalyze the breakdown of several organic pollutants into
harmless products. However, if not controlled, these mi-
croorganisms could contaminate other systems leading to
the outbreak of diseases [12] and emission of toxic products
[13]. On the other hand, chemical methods such as co-
agulation, precipitation, flocculation with iron(II)/calcium
hydroxide, electrokinetic coagulation, and conventional
oxidation methods involving oxidizing agents such as hy-
drogen peroxide, ozone, and KMnO, have also been ex-
plored for the degradation of phenolics in wastewater
[14-16]. Recently, advanced oxidation processes like the
Fenton process have also been used [17, 18]. The Fenton
process and related reactions usually involve reactions of
peroxides (particularly hydrogen peroxide) with Fe(II) ions
to form reactive oxygen species such as the hydroxyl radical
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(HO) which initiates a series of chain reactions that catalyze
the degradation of various organic compounds [19]. This
method has been effectively used in wastewater treatment
processes for the removal of hazardous organics from
wastewater [20]. These methods are not environmentally
friendly because the initiated free radical reactions are very
difficult to terminate and could affect aquatic life when the
effluents are discharged into water bodies. They are also
expensive and commercially unattractive.

Several physical methods such as membrane-filtration
processes and adsorption techniques are also used in the
treatment of wastewater [21]. Adsorption processes in-
volving solid adsorbents are widely used to remove certain
pollutants from industrial effluents before final disposal into
water bodies. Amongst the solid adsorbents used com-
mercially, activated carbon is widely employed for the re-
moval of a wide variety of phenolic compounds from
wastewater because of its large capacity to adsorb phenols
[22, 23]. This can be attributed to its structural character-
istics and high porosity which gives it a large surface area
[23]. However, there are several challenges which come with
the production and use of activated carbon. These include
the destruction of vegetation and the generation of harmful
gases such as carbon, CO, and NOx which are not envi-
ronmentally friendly. The regeneration of saturated carbon
is also expensive and results in the loss of adsorbent [11].

Natural clay mineral, an environmentally friendly and
relatively cheap adsorbent, has been explored for the re-
moval of phenols and dyes from water and wastewater [24];
however, industrial scale application is still limited as a result
of lack of specificity of the type of dye for a given clay. Some
dyes adsorb strongly onto certain clays, whereas others
adsorb poorly. According to Kurniawan et al., the use of
chemicals for the surface modification of clay materials
improves its adsorption characteristics [25], but these
chemicals usually pose serious problems to the environment
and usually require expensive waste treatment systems to
remove the excess chemicals. Untreated clay samples which
have been successfully applied in the adsorption of dyes
from wastewater include bentonite [26-29], kaolinite [30],
attapulgite [31], montmorillonite [32, 33], and alunite [34].
Extensive research have shown that the point of zero charge
(pHy,c) significantly influence the adsorption properties of
the type of clay [35]. It determines the surface charge as well
as the cation exchange capacity of the clay material. In this
work, we report the purification and characterization of
three muscovite clay samples extracted from the eastern and
central regions of Ghana for the adsorption of chloro-
substituted phenols and representative dyes from aqueous
solutions. Extensive review of related literature has shown
that there is no information available in this regard.

2. Materials and Methods

2.1. Sample Treatment. Raw clay samples E1 and E2 were
collected from the eastern region, while C1 was obtained
from the central region of Ghana. The samples were then
transferred to clean polyethylene bags in the laboratory for
further analyses. In the lab, foreign materials such as stones,
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roots, and dead insects were separated, and the samples were
ground using porcelain mortar and pestle. 1.00kg of each
clay sample was suspended in 10L of distilled water and
homogenized using a mechanical stirrer. The suspension was
then left to sediment for 24 hours after which the fine clay
particles settled due to gravitation. The clear supernatant and
the upper gritty layer were then discarded. The process was
repeated for three more times to obtain a pure clay sample
for the work. The purified clay samples were air dried and
subsequently oven dried at 105°C for 24 hours. They were
then calcined at 500°C for 4 hours to ensure the breakdown
of volatile organic compounds and carbonaceous materials.

2.2. Characterization. The cation exchange capacity (CEC)
of the clay samples was determined by the ammonium
acetate method [36]. The point of zero charge (PZC) was also
determined by the salt addition method [35, 37] in the pH
range 4-9.

Powder X-ray diffraction patterns of the samples were
obtained with a Panalytical Empyrean Powder X-ray Dif-
fractometer (CuKal=1.541 A, CuKa2=1.544 A,
CuKp =1.392 A, step scan size of 0.03° from 5.015° to 69.965°
at 25°C). The samples were prepared by pressing composite
samples with a flat surface down the sample cells. This
ensured that the samples were densely packed and randomly
oriented. The diffraction patterns were drawn from the data
using Spectragryph [38]. The composition of the samples
was determined using the MAUD software [39, 40].

The morphology of the samples was studied using images
generated by JEOL JSM-6390LV Scanning Electron Mi-
croscope (SEM). A single layer of each sample was mounted
on a stub using a double-sided adhesive carbon sheets. The
magnification used was 500 for samples C1, 250 for E2, and
1200 for EI.

Fourier transform infrared spectroscopy (FT-IR) was
carried out on a PerkinElmer UATR Two FT-IR spec-
trometer over a spectral region of 4000-400cm ™' with
a resolution of 1cm™". The samples were analyzed in the
form of powders without further dilutions.

2.3. Adsorption Experiment. Stock solutions of the re-
spective adsorbates were prepared in methanol (100 mg/L).
Working solutions were then prepared by appropriately
diluting the stock solution with distilled water to get the
adsorbates into aqueous solutions since the chlorophenols
are insoluble in water (but the methanolic solution is
soluble in water). For the batch adsorption studies, 0.5 g of
each clay sample was added to 50 mL of aqueous solution of
the adsorbate (5mg/L). The mixture was stirred with
a magnetic stirrer at 300 rpm. Exactly 5 mL of the samples
was withdrawn after two hours, filtered, and the absorbance
measured with a Shimadzu T70 UV-Vis spectrometer at
predetermined wavelengths of maximum absorption
(Amax)  (phenol=280nm, 2-chlorophenol=275nm, 3-
chlorophenol =300 nm, 4-chlorophenol =260 nm, methyl
orange =440 nm, and Eriochrome Black T =200nm). All
the experiments were carried out at 303 K in a temperature-
controlled water bath.
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FIGURE 1: Powder X-ray diffraction pattern of the clay samples. (a) C1, (b) E1, and (c) E2.

As shown in Table 1, muscovite was highest in all the
samples with proportions of 82.71, 89.84, and 91.33% for C1,
El, and E2, respectively, followed by kaolinite and silicon

3. Results and Discussion

Figure 1 shows the diffractograms of the X-ray diffraction

pattern as well as the curve fitting patterns of the clay  dioxide.
samples. This was done to elucidate the composition of the Typical kaolinite and muscovite vibrational frequencies

samples. All the patterns display the characteristic peak at ~ were observed in all the samples. These include conspicuous
20=26.57" associated with silicon dioxide. Other conspic-  sharp doublets at 3694 and 3622cm™" in CI. These peaks

uous peaks include 20 = 8.83" for muscovite and 260=12.37"  were however weaker in El and E2. These bands arise as
for kaolinite. a result of interlayer O-H stretches within the clay structure
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TaBLE 1: Peak position and percent composition of the clay samples.
Sample Peak position (26) Intensity (counts) (%) Muscovite (%) Kaolinite (%) Silicon dioxide
26.62 1136
C1 8.85 1058 82.71 14.18 3.11
12.34 1251
26.62 1654
El 8.58 1066 89.84 4.67 5.49
12.03 762
26.62 900
E2 8.94 1231 91.33 711 1.56
12.25 836

B 1335 se1 A

P

V' 13358EI

FiGure 2: SEM micrographs of the clay samples. (a) E1, (b) C1, and (c) E2.

[41-43]). Broad peaks at 3404cm™" in El and E2 can be
assigned to stretching of the hydroxyl group in adsorbed
water molecules [44]. Strong O-H deformation bands of
kaolinites were also observed at 912 and 911cm™' with
typical Si-O stretching vibrations around 1002-1029 cm ™" in
all the samples [41]. Si-O-Al stretching bands were also
identified at 550, 667, and 531 cm ™" in E2, E1, and ClI, re-
spectively. According to Vaculikova and Plevova, vibrational
peaks at 3622, 3436, 1026, 910, and 525cm ™" are charac-
teristic of muscovite clays with a confirmatory peak at 3698
attributable to kaolinites [42]. Therefore, the results of FT-IR
data are important in the characterization of clay minerals.
The surface topography of the samples was further studied
by scanning electron microscopy.

Figure 2 shows the crystalline structure and orientation
of the particle sizes making up the clay materials at X500

magnification for samples C1, X250 for E2, and X1200 for
El. These micrographs show some clay platelets of varying
sizes arranged in various patterns.

In the determination of the point of zero charge, NaNO;
was added to the clay suspensions to maintain a constant
ionic strength. The changes in pH at fixed ionic strength
were then measured as shown in Figure 3. The structural
properties of clay minerals make them suitable as charge
carriers and form the basis of cation exchange and the
swelling ability of these minerals. The charge usually exists as
structural or surface charge. The structural charge exists in-
between the octahedral sheets and is permanent while the
surface charge depends on the hydrolysis of Si-OH and Al-
OH bonds along the surface of the clay structure and is pH
dependent. Therefore, the net charge can either be positive
or negative. The point of zero charge (pH,,.) is the pH of the
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FIGURE 3: Point of zero charge (pHp,.) of the respective clay
samples.

clay suspension at which the net surface charge is zero. It
determines how easily a pollutant can be adsorbed onto the
surface of the clay. From Figure 3, the pHp,. of samples C1
and E2 was 5.6, whereas that of E1 was 6.4. According to
Mahmood et al., pH,,. values are often divergent and no
sample has a fixed pH,,. value [35]. Similar reports by
Schindler et al. [45] and Weiland and Stumm [46] show that
the pHy,. for kaolin varies from 4.0 to 7.5 and that for illite
clay from 2.5 to 8.0. These differences have been attributed to
the differences in the origin of the minerals and the methods
used [35]. Nonetheless, the surface charge gives an in-
dication of the type of pollutant that can be adsorbed onto
the surface of the clay mineral [47]. The values recorded in
Figure 3 show that the surface charge of the clay samples is
generally positive and can adsorb negative species.

Cation exchange capacity is a measure of the clay
mineral to substitute unfixed cations in the interlayer and
surface layers for cations in solution. It expresses the ability
of clay to adsorb pollutants such as heavy metals, phenols,
dyes, and biocides.

Most common cations found in exchangeable positions
include Ca®*, Mg**, Na*, and K*. From Table 2, Ca®* and
Mg** were the dominant exchangeable ions in all the clay
samples with K" being the least.

3.1. Adsorption Studies. The pHy,. is an important factor
that determines the surface active centers and the types of
adsorbates that a clay sample can adsorb. The pH,, values
shown in Figure 3 illustrate the cationic nature of the clay
surfaces. The lower the pHp,., the more cationic the surface
layer of the clay, making it susceptible to adsorb anionic
pollutants [48].

Figure 4 shows the time-dependent adsorption kinetics
of phenols on the different clay samples. Generally, the clay

TasLE 2: Concentration (cmol/kg) of exchangeable ions in the clay
samples.

. Sample
on

C1 El E2
Ca®* 0.880 13.204 2.600
Mg 0.480 2.841 1.560
Na* 0.314 0.377 0.377
K* 0.064 0.077 0.077

samples were very efficient in removing 4-chlorophenol. The
high adsorption capacity of C1 is attributable to the high
content (14.18%) of kaolinite as shown in Table 1. According
to Dogan et al. [49], the 1:1 aluminosilicate structure of
kaolinite clay carries a small negative charge as a result of the
isomorphous substitution of Si*" by AI’*, leaving a slight
negative charge for each substitution [49, 50]. The presence
of this slight negative charge increases the electron density
on the clay surface thereby facilitating the interaction be-
tween the clay surface and the phenolic hydrogen [51].
Phenols however appear to be amphoteric with the phenolic
-OH acting as a hydrogen bond donor/acceptor in its in-
teractions. This property of phenols makes the adsorption
complex under different experimental conditions [52]. The
slopes of the curves were however similar indicating that the
position of the chloro-substituent has little effect on the rate
of adsorption of the phenols onto the clay sample [53].

The adsorption kinetics of Eriochrome Black T (a
phenolic dye) and methyl orange (an anionic dye) are shown
in Figure 5.

It is evident that methyl orange is better adsorbed than
Eriochrome Black T. This can partly be attributed to the
cationic surface charge of the clay which has higher affinity
for the anionic methyl orange. Similar studies by Nishimura
et al. showed the adsorption propensity of dodecylammo-
nium amine surfactants at muscovite-water interfaces [54].

4. Conclusion

Three clay samples (E1, E2, and C1) extracted from different
parts of Ghana have been purified and characterized. Powder
X-ray diffraction data shows that the samples were pre-
dominantly muscovite with the following compositions: E1
(89.84% muscovite, 4.67% kaolinite, and 5.59% SiO,), E2
(91.33% muscovite, 7.11% kaolinite, and 1.56% SiO,), and
C1 (82.71% muscovite, 14.18% kaolinite, and 3.11% SiO,).
The composition was confirmed by comparing with char-
acteristic peaks in the FT-IR spectrum of standard clay
samples. Surface characterization by scanning electron
microscopy revealed crystalline morphology of the samples
which are suitable for adsorption studies. The cation ex-
change capacity was determined by the ammonium acetate
method, and Ca** and Mg”" were found as the most ex-
changeable cations. The surface was further characterized by
the salt addition method to determine the point of zero
charge (pHp,.). The surfaces were found to be slightly
cationic with pHy,. 5.58-6.40. Time-dependent adsorption
studies show that C1 is a good candidate for the adsorption
of chlorophenols, methyl orange, and Eriochrome Black T.
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