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ABSTRACT ARTICLE HISTORY

The combined approach of specific surface area (SSA), porosity, microprobe analysis (EMPA), Received 1 August 2020

transmission electron microscopy (TEM), scanning electron microscopy (SEM) equipped with Accepted 10 May 2021

EDX and infrared spectroscopy (FTIR) provided the mica mineral physico-chemical and

morphological characterisation. The electrostatic surface properties were assessed through the Mica mineral: )
L2 . . L ica mineral; electrostatic

determination of the Point of Zero Charge (pHpzc) by the drift method and the electrokinetic properties; adsorption;

mica mineral features represented by the Isoelectric Point (pH,ep) which was carried out through Safranin Orange; Reactive

zeta potential measurements. Adsorption tests were performed to correlate the surface charge Black 5

behaviour of the mica mineral and its influence on the adsorption efficiency of two different

dyes, namely: Safranin Orange (SO), as a cationic dye and Reactive Black 5 (RB5), as an anionic

dye. The higher adsorption capacity SO dye was observed at pH 9 and achieved almost 83% of

removal, while RB5 dye adsorption on mica surface had the highest result, about 45% of

removal efficiency, on pH of 3. In both cases, the main mechanism identified that drove this

results is the electrostatic force of attraction between the adsorbent edge surface charge (pH-

dependent) and the ionic nature (anionic or cationic) of the pollutant dyes particles. The

preliminary adsorption experiments demonstrated that the raw grounded mica mineral has a

greater potential associated with its application on cationic dye removal in wastewater. The

present study aimed to detail the main characteristics of the mica mineral in order to evaluate

the potential use of such mineral residues in the removal efficiency of contaminated wastewater.

KEYWORDS

1. Introduction : . . .
untreated industrial effluents directly into nature has

During the last century, the water bodies have been been affecting the quality and safety of fresh and ground-
facing a huge negative pressure relationed with the  water ecosystems. Thus, in the last decades, the preser-
great scale industries development and the increasing vation of the water resources became a global concern
products and services demands. The disposal of and captured the scientific community’s attention [1,2].
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Pigments and dyes, in particular, are complex chemi-
cal substances that are widely used as colourising agents
in many industrialisation processes (textile, paper and
plastic). There are about 100,000 types of dyes commer-
cially available in the market and its production reaches
more than 7 x 10° tonnes per year, which 2% of them are
directly discharged into the water bodies. The release of
such massive amount of contaminated wastewater has
serious environmental consequences and human
health hazard due the non-biodegradable feature and
carcinogenic action, which causes allergies, dermatitis,
skin irritation and organs dysfunctions [2-4].

Briefly, dyes are classified in natural and synthetic
ones, which was developed in order to sustain the
global demand mainly in the fabrics and textile indus-
tries. The second group is also divided into ionic dyes
(cationic and anionic) and non-ionic dyes (vap and dis-
persive) [2].

Among all of the dyes removal techniques (coagu-
lation/precipitation, membrane filtration, electrochemi-
cal and ion exchange), the adsorption technology is
evaluated as the most attractive due its removal
efficiency achieved, low implementation cost and oper-
ation simplicity. Furthermore, non-conventional alterna-
tive adsorbents has been extensively explored by several
researchers diversifying the options and optimising the
adsorption applicability. Many natural materials such
as geomaterials (minerals, rocks and soils) and biomass
(agriculture wastes) have been successfully used on
this field [1-5].

According to the literature, the primary or secondary
(clay minerals, which can be found in the clay fraction of
the soil) phyllosilicate minerals have been investigated
for pollutants adsorption applications such as, pesti-
cides, an ample range of heavy metal and dyes [4-14].

The layered lattice structure of mica mineral is dis-
posed in a structure classified as 2:1, where an octa-
hedral sheet is in the middle linked by weak van der
Waal force to the other two tetrahedral units by
sharing its edges [15,16].

Its structure feature provides a large surface area
associated with high ion-exchange capacity, which
makes such minerals possess a huge potential appli-
cability on adsorption fields. Besides that, with clea-
vage, two reactive planes are formed: basal and
edges, with different chemical specifications which
need to be taken into account carefully, because it
requires different characterisation methods. The pH
is an intrinsic parameter related to the proton activity
in the suspension system of charged colloidal par-
ticles [6,8,13,17,18].

Some approaches also investigate chemical modifi-
cations on the mineral surface, such as pre-

treatment/activation or even its complete synthesis
named layered double hydroxides (LDHs), which
propose an improvement in the adsorption efficiency
[8,19-22].

Moreover, Meena et al. [23] and Basak and Biswas [24]
report a huge quantity of waste mica minerals (biotite
and mainly muscovite) originating from raw explored
mica mines in Jharkhand district in India, where the
largest mica deposit in the world is located. Mica is
used as a potassium source for plant needs in agricul-
ture, but about 75% of the mineral extraction is not
used for this purpose due to its low content of potass-
ium and it is dumped in the soil. These residues accumu-
late on the ground for long periods of time without
receiving any type of treatment, generating a huge
environmental impact for the surrounding community
of that area. From a more sustainable point of view,
such material could be addressed for study and posterior
use in adsorption.

Therefore, the evaluation of the potential use of mica
mineral residues in contaminant removal is a challenge,
as part of the incentive to promote a circular economy,
whose main premise is the valuation of eventually
waste materials (mica minerals) that, according to the
linear economy approach, are classified as residues. In
addition, there has been noted that few studies are
used to observe the mineral behaviour facing pollutants
with different ionic nature with variation of pH solution
on adsorption tests.

The present study aimed to realise a combined
approach of physical, chemical, morphological and elec-
trostatic surface properties characterisation of the mica
mineral. Adsorption tests were performed to correlate
the surface charge behaviour of the mica mineral in
range of pH (3, 5, 7 and 9) and its influence on the
adsorption efficiency of two different dyes, namely:
Safranin Orange (SO), as a cationic dye and Reactive
Black 5 (RB5), as an anionic dye.

2. Materials and methods

The mica mineral used in this study originated from LP
Minerais Company located in Sdo Paulo, Brazil. Figure
1 shows the mineral as it was acquired. The pieces
with an average dimension of 15 x 6 cm were used for
the electron microprobe analysis (EMPA).

The remaining mineral (~1 kg) was broken by hand
into chunks and crushed using a Retsch high-speed pla-
netary mill at 50 cycle/second during one hour. The frac-
tion lower than <250 um was separated using a 60 mesh
steel sieve as shown in Figure 2. The ground micaceous
mineral was used for all the characterisation analysis
described below.



Figure 1. Mica mineral pieces used for electron microprobe
analysis.

2.1 Physical and chemical characterisation

Electron microprobe analysis (EMPA)

The bulk chemical composition of the mica mineral
sheet was characterised by electron microprobe analysis
(EMPA, Jeol JXA-8200) using the average of 10 scanning
points. The lithium and hydrogen contents were not
measured, but they were calculated from the stoichi-
ometry of the mica. They lack, therefore, confirmation
by another technique, particularly in the case of
lithium whose value should be taken only as an
indicator.

Particle size distribution study

In order to promote the desegregation of the mica
mineral grain, a sample containing 5 mg of the
powder of the micaceous mineral was mixed with 30

Figure 2. Manual breaking (a), milling (b) and sieving (c) process
of mica mineral.
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ml of distilled water to be submitted to the ultrasonica-
tion process (Quimis ultrasonic bath) for two hours. This
process generates implosive forces that cause the com-
plete withdrawal of the particles, permitting them to
observe the size of a singular one in the dispersive
solution.

The sample was inserted into the electrophoretic light
scattering equipment (DLE) and analysed using particle
analyser software Delsa Nano Ul version 3.73. (function
Size 1203 AB).

Fourier transform infrared (FTIR) spectroscopy

The mica mineral powder was characterised by infrared
spectroscopy (FTIR) using a Varian 1000 FTIR spec-
trometer (Scimitar series) with spectra that cover the
region of 4000-350 cm™' at room temperature. The
sample was prepared in pellets in the ratio of 2% to
98% of potassium bromide (KBr).

Specific surface area (SSA) and porosity

The specific surface area and the porous structure of the
mica mineral were determined through the phenom-
enon of N, adsorption (Tristar Il 3020, Micromeritics
Instrument Co., USA), where the gas molecules occupy
both the external surface area and also penetrate into
capillaries. The mathematical equations used to inter-
pret such results are Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods for specific
surface area and porosity, respectively.

Wettability test

The wettability of the mica was performed by using the
static contact angle measuring equipment (Tantec,
model Cam-Micro) at room temperature. The adhesion
ability of the water drop on the mica surface was also
observed in two states: in a piece of raw mica sheet
and in a tablet made of grounded mica.

2.2 Morphological characterisation

Transmission electron microscopy (TEM)
The sample preparation involving a suspension contain-
ing 5 mg of micaceous mineral with 20 ml of ethyl
alcohol 96° was submitted to the ultrasonication
process for 1 h. Then, two drops of this solution were
deposited on the analysis grid Cu sample coated with
carbon film (CF200-Cu, EMS), and it was put into the
drying oven regulated at 60°C for 24 h.

The morphology was examined using a 120 kV JEOL
JEM-1400 transmission electron microscope (TEM).
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Scanning electron microscopy (SEM) equipped with
EDX

For the elemental chemical characterisation, the pow-
dered micaceous mineral was prepared by its deposition
on a double-sided carbon tape to be metallised with
gold.

After that, the sample was imaged using a field emis-
sion gun scanning electron microscope (JEOL 840-A) at
an acceleration voltage of 15 kV and equipped with
energy dispersive X-ray spectrometry (EDX) support soft-
ware (Oxford Instruments Nanotechnology Tools Ltd).

2.3 Electrostatic surface properties

Point of Zero Charge determination

The determination of the Point of Zero Charge was
realised by the drift method as previously described by
Balouch et al. [25] and Khan and Sarwar [26].

The NaCl electrolyte solution (0.01 M) pH was regis-
tered (4.67) and was adjusted to a value raging 2.0 to
10.0 using 0.5 M HCI with 37% of purity (pH=1.07)
and 0.5 M NaOH with 99% of purity (pH = 14.32).

Thus the samples were analysed, in triplicate mode,
by mixing 0.5 g of the ground micaceous mineral with
an aliquot of 20 ml of each pH solution. The 27
samples were shaken continuously at 150 rpm during
24 h at room temperature. At the end of the time, the
final pH in each vial was measured using a Thermo
Scientific meter (Orin 3-Star model). Before using the
equipment, the pH electrode was calibrated with
buffer solutions of pH 4.05, 7.04 and 10.05.

Zeta potential

The suspension was prepared using 10 mg of micaceous
mineral powder in 20 mL of distilled water, and the pH
adjustment was done using NaOH (0.1 and 1 M) and
HCI (0.1 and 1 M) solutions.

The zeta potential measurement was carried out, in
triplicate, using electrophoretic light scattering analysis
in order to observe the mobility of the micaceous
mineral charged particles when submitted into an elec-
tric field applied during 15 min from the Doppler shift of
scattered light in Beckman Coulter Delsa™ Nano Zeta

Potential software Delsa Nano Ul version 3.73 (function
Zeta 1203). The analysis contemplated the pH value vari-
ation from 2 to 12.

2.4 Batch adsorption experiments

In order to understand the electrical behaviour of the
mica mineral in adsorption processes, batch exper-
iments were carried out using 100 mL hermetic flasks
in a shaker (Tecnal, TE-4200) at 150 rpm. Briefly, 0.05 g
of grounded mica mineral was put in contact with 20
mL of 10 mg L™ of adsorbate solution, agitated for 24
h at 25°C. The adsorbates were cationic (Safranin
Orange, SO) and anionic (Reactive Black 5, RB5) dyes,
whose pH was adjusted to 3, 5, 7 and 9.

After the contact time, the samples were filtered
through a 0.45 mm cellulose acetate membrane (Unifil)
and the final concentration was determined in a UV-
visible spectrophotometer (Hach DR 5000).

The parameter analysed was the adsorption capacity,
calculated as Equation (1):

Ge = M (1)

m

where C; and C; are the initial and final adsorbate con-
centration, respectively (mg L_1), V represents the
volume solution (L) and m represents the mass of
grounded mica mineral (g).

3. Results and discussion
3.1 Physical and chemical characterisation

Electron microprobe analysis (EMPA)
The results of electron microprobe analysis of the micac-
eous material chemical composition are shown in
Tables 1 and 2. The results for the oxides are in mass per-
centages, and the results of the groups are in the
number of cations per unit of formula.

The mica group is composed of 37 different minerals,
and the physical appearance of the raw micaceous
mineral is predominantly composed of a mixture of
two colours such as greenish off-white and some
darker parts. The mineral surface also has a visible

Table 1. Results of electron microprobe analysis for the chemical components present in the mica mineral.

Compound Average (%) Standard deviation Compound Average (%) Standard deviation
SiO, 46.6653 0.3359 MgO 0.5861 0.0128
Al,03 31.3463 0.2034 F~ 0.3393 0.1058
K,0 10.7974 0.0468 Cr,03 0.0644 0.0235
FeO 3.6180 0.1842 MnO 0.0536 0.0261
Li,O 1.7681 0.5479 BaO 0.0184 0.0218
TiO, 0.7713 0.0248 Ca0 0.0076 0.0118
Na,0 0.6237 0.0222 a- 0.0067 0.0086
H,0 4.3347 0.0557




Table 2. Results of the microprobe analysis for the number of
cations and anions present in the micaceous mineral.

Group Compound Average (%) Standard deviation
T Si*t 3.1113 0.0289
APY 0.8887 0.0289
Total 4.0000 0.0000
M AP* 1.5745 0.0432
Fe?* 0.2017 0.0099
Mg?* 0.0583 0.0014
Lit 0.4734 0.1452
Total 2.3529 0.1070
I K* 0.9184 0.0028
Na* 0.0806 0.0026
Total 1.0000 0.0000
A OH™ 1.9277 0.0221
F~ 0.0716 0.0224
Total 2.0000 0.0000

shining lustre. The differentiation between them is due
to the variety of geological factors that are involved in
their formation. However, the most common are musco-
vite mica and biotite mica [27-29].

The chemical constitution of the mica mineral sample
analysed is dominated by SiO, (46.66%), Al,05 (31.35%)
and K,O (10.80%) and followed by smaller amounts of
FeO (3.62%) and Li,O (1.79%), which can be found in
Tables 1 and 2 as results of EMPA analysis and in the
EDX spectrum data shown in Figure 6(c), as well as in
many other mineralogical characterisation works in the
literature [13,27-30].

The chemical elements present in mica constitution
have been explored in different environmental appli-
cations. The potassium has to be extracted and used
as a nutrient source for agriculture, since the available
stock has become depleted in many parts of the world
due to the intense demand. The same happens for the
lithium recovery from mica minerals that has also
received considerable attention as a secondary and
economically feasible raw material source to sup-
plement the current industrial demand. The lamellar
and flat structure of mica minerals has been extensively
explored in the nanotechnology field as a base substrate
for graphene imaging, for instance [27,31,32].

Particle size distribution study
The particle size distribution study reveals, in Table 3,
that the average size of the mica grain is 750.4 nm
with standard deviation of 106 nm and the coefficient
of variation of 0.141.

The grain geometry plays a crucial role due to the
substantial increment that it can provide to the total

Table 3. Result of particle size distribution study.
Particle size (nm)

1 2 3

862.6 651.4 737.1 750.4

Average
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Figure 3. FTIR spectrum of grounded mica mineral.

surface area, in particular the edge surface, which is
strongly reactive [33].

FTIR analysis

The mineralogy of the mica samples was also investi-
gated by Fourier transform infrared (FTIR) spectroscopy,
and the results are presented in Figure 3.

This analysis is a very useful tool for acquiring the
most fundamental molecular vibration spectrum of the
mineral, since its mid-infrared absorbance bands of
each component are located in a range of 4000 and
400 cm™' [34,35].

The principal elements are arranged in bonds inside
the phyllosilicate structure, and Table 4 shows the
basic type of these bridging bonds [36].

According to the literature, the OH stretching vibration
is typically in the range of 3200-3750 cm™', and it is easily
noticed in Figure 4 through the medium intensity band
produced due to the Si-OH group. However, a second
but softer vibration on the 825 cm™' region is also
observed. This may be related to the silicate layer. The
spectrum peak seen in the absorption region of about

Table 4. Types of bridging ligations in phyllosilicate mineral.
Source: [36].

Element
(coordination) Si AI(T) AI(O) Mg(O) Fe(O)
Si(‘r) Si-0- Si—O—AI(T) Si—O—Al(o) Si—O—Mg(o) Si—O—Fe(O)
Si
Alm Alio) Mg(o) Fe)
Al Algy-OH- Al)=0-  Al-0-
Alo) Mg(o) Fe)
Mg(o) Mg-0-  Mg-O-
Mgio) Feo)
Fe) Fe)-0-

Fe(o)
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Figure 4. Pore size distribution of the mica mineral.

1025 cm™" is mainly related to the Si-O-Si stretching
vibration. This is because the stretching Si-O vibration
region is expected to be between 1600-700 cm™', and
the 600-300 cm™' range exhibits the Si-O bending
vibration, which also coincides with bending vibrations
of a cation-oxygen octahedron [30,34,35,37].

The infrared bands in the range of 748-471 cm™" cor-
respond to the Al-OH vibration. Singha and Singh [35]
showed detailed results for different Al ligand vibrations,
namely Al-OH, Al-O-Al and Al-O, which vary in a range
from 910 to 405 cm™".

Specific surface area (SSA) and porosity

The specific surface area of the mica mineral used in this
study was 541 m? g~'. Regarding the total porous
volume, the result found was 0.0087 cm® g~". This par-
ameters have a wide range of results found in literature
and varies a lot depending on the mineral nature,
however the results obtained are reasonably compar-
able to that described for micas minerals [8,38,39].

The porous size distribution graphic at Figure 4 shows
its gradual increase during the analysis. However the
average pore size is predominantly at 40 A, which is
classified in the mesopore group (20-500 A), according
to the IUPAC classification [40].

The surface area and porosity (pore structure and the
pore size distribution) are important parameters that
describe the mineral textural properties and they
directly influence the efficiency and selectivity extent
of the ionic species on adsorption process [39,41,42].

In order to enhance the adsorbent quality on this
matter and provide higher adsorption results, the chemi-
cal surface modification is quite used nowadays through
many techniques, such as: pillaring, acid activation,
thermal treatment, polymer addition and different
types of surfactants coating [4,43-45].

Gil et al. [41] demonstrated a significant increase of
the specific surface area and pore volume of natural
montmorillonite mineral through the pillaring process.
The intercalation of aluminium and zirconium hydroxy-
polycations into the mineral structure produced a
specific surface area almost thirty times and forty times
higher, respectively, than the natural mineral presented
before the treatment. Such improvements on these
physical parameters of the adsorbent were clearly
reflected on the dye adsorption capacities tested,
namely Orange Il and Methylene Blue dyes.

Wettability test

The water drop was completely and instantly spread by
the surface of the tablet of ground mica and any contact
angle was reproduced, which characterises the studied
mica as a hydrophilic material, as many authors in litera-
ture confirmed [2,46-50].

However, this behaviour was observed to be different
for the raw mica sheet, where the water drop was also
absorbed by the surface, but when the water drop was
placed on the darker spots on the surface, it showed a
contact angle that ranged from 30° to 48° which
reported a moderate hydrophobicity.

The relative oscillation of the observed results for the
raw mica sheet shall be due to many factors that influ-
ences the contact angle measurements, including irre-
gularities, roughness and surface heterogeneity of the
mineral surface [47,50].

The crystalline structure of the layered silicates min-
erals, its degrees of lattice substitution, morphology
and chemical distribution generally determines the
bulk wettability of them [50].

3.2 Morphological characterisation

The results of the morphology of the micaceous mineral
characterised by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) equipped with
EDX analysis are shown in Figure 5 and Figure 7,
respectively.

Among many of the very interesting properties of the
mica family (low dielectric loss, perfect cleavage, high
flexibility, physical-chemical stability at high voltages
and temperature), the most peculiar feature of the
mica group, which is shown in Figure 5 through the
TEM images and that demand further attention, is their
distinct layered or plate-like crystal structure. Such
special structure provides many possible applications
in the chemical field, such as being a suitable substrate
material for molecular studies or as a template to
produce the active layer for solar cells. Because of the
atomically flat surface, muscovite mica has been used



Figure 5. TEM micrographs of grounded mica mineral.

as a matrix for graphene image processing with success
[6,28,29,32,35].

The mica mineral sheets are initially electrically
neutral and held together by weak van der Waals
forces. However, when the sheet sparkles and
cleaves along the ab-plane (basal plane 0 0 1), the
charge development occurs, independent of the pH
of the solution, by lattice defects (vacancies or substi-
tution) or incongruent dissolution. The interlayer
cations eventually become exposed and can be
replaced by various monovalent or divalent cations,
which is called cation exchangeable capacity (CECQ).
Moreover, they are also surrounded by water mol-
ecules which define the hydration degree of the
mineral as a function of the partial vapour pressure.
While the edge surface of the mineral that suffered
rupture of covalent or ionic bonds exhibits a strong
pH dependence and H* and OH™ are potential deter-
mining ions [13,17,36,51,52].

In Figure 6, the muscovite crystal chemistry model
structure is shown.

o9& -9
9 :_)_
o--o-9 -9
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From the SEM images in Figure 7(a) and (b), it is poss-
ible to verify a structure with a rough surface. The irregu-
larities seen are derived from the ultrasonic process
applied as the preparation procedure for the scanning
process.

Micro-jets of tiny bubbles with a lifetime of about 0.1
ps produce a high impact force (about 110 m/s) on the
mineral surface. When the bubbles collide with the
surface, it produces a local high temperature and high
pressure making the interlayer space increase and the
mica crystallinity decrease, becoming rough. The inten-
sity of the surface modification depends on the fre-
quency applied to the ultrasonic waves [27,30].

Liu et al. [30] investigated the effect of ultrasonic pre-
treatment on mica powders in order to remove the
impurities and roughen the surface. The cavitation
mechanism increases the bonding strength of the
plating layer and the interlayer spacing for nano-nickel
activation and finally for copper plating.

3.3 Electrostatic surface properties

Once colloidal mineral particles are immersed in a sol-
ution, a series of chemical and complex mechanisms
start to simultaneously occur on the particle-water inter-
face namely: dissolution, precipitation, adsorption,
hydrolysis and cation/anion exchange reactions. Thus,
the distribution of ions surrounding the electrical
double layer of the minerals particles initiates the
surface charge formation process. This is well stated by
the DLVO theory created by Derjaguin and Landau [53]
and Verwey and Overbeek [54], where the van der
Waals attraction forces and electrostatic interactions
are the main mechanisms acting on the system. The
quantitative degree and rate at which the near-surface
chemistry of the particle is influenced by the release of
ionic species on the aqueous phase needs to be under-
stood [17,20,51,55].

To access and evaluate the electrical surface of silicate
and multi-oxide mineral particles in this context, such as

N A\ @ Silicon
d . ‘ J | ) Aluminum
5@ | ) Potassium
J ‘ ‘ « Oxygen
b . @ Hydroxyl
[ R '

Figure 6. Crystal chemistry of muscovite mineral. Adapted from: [36].
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Figure 7. SEM micrographs of grounded mica mineral (a) 1000x of magnitude, (b) 5000x of magnitude, (c) EDX analysis.

the mica family, the characterisation must include both
reactive surfaces: basal and edge, which have different
features as discussed above. The drift method may
infer the charge behaviour on the edge surface of the
mineral, since the basal plane charge requires AFM
measurements to determine. Precisely, the results
obtained from the drift method just may partially corre-
spond to the edge surface, if the initial protons quan-
tities were not measured in the beginning of the trial.
Having this in account, the interpretation of such data
is still an important tool to guide the complex investi-
gation journey about the mica mineral colloidal electri-
cal behaviour. However, it is reasonable to consider
that this definition may be ambiguous if the terms are
not described. [18,20,26,51,56].

Among many parameters that affect the charge prop-
erties on the surface, the pH of the solution is considered
a major interfacial variable that governs this whole scen-
ario in the background [18,20].

In order to help the prediction of the electrical behav-
iour of the colloidal surfaces in solution, the concept of
point of zero charge has become a fundamental key

indicator to improve the chemical adsorption models,
for example, since it was presented in 1952 until nowa-
days. The general definition of point of zero charge
(pHpzc) contemplates a reference state where the
surface charge and the electrokinetic properties of the
colloidal particles (phyllosilicate minerals) are totally
equilibrated and equal to zero.

Point of Zero Charge determination
The results of pH measurement in the pHpzc determi-
nation trials are presented in Table 5.

Table 5. Results of final pH values obtained from the drift
method trials.

Initial pH Final pH ApH

2.02 3.93 1.87
3.02 746 439
4.01 8.26 4.35
5.01 8.29 3.34
6.03 8.38 2.64
7.00 8.55 1.66
8.03 8.88 0.68
9.02 8.96 -0.25
10.00 9.19 —-0.93
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Figure 8. pH variation between final and initial pH measurements of the mica mineral.

The pHpzc value was obtained from the correlation of
the differences between the initial and final measured
pH, which was performed on ApH. Then, ApH was
plotted versus the initial pH, as observed in Figure 8.

After 24 h of shaking the samples, the final pH
measured showed a strong equilibrium tendency
between the range from 4 to 9. However, the observed
point where the edge surface exhibits no charge is
pHpzc = 8.6 for the mica mineral analysed.

According to the literature, such results may infer that
when pHsolution <8.6 (pHpzc) the mica edge surface
tends to exhibit a positively charged and when pHsolu-
tion >8.6 (pHpzc) the edge surface tends to present
negative charge.

The pHpzc corresponds to the charge stability of the
edge crystal plane of the surface, which suffered the
rupture of covalent or ionic bonds and exhibits a
strong pH dependence when charges can be formed
by direct H" and OH™ transfer from aqueous solution
to the mica surface.

As pointed out, such preliminary results may conduct
the departure point to reveal the complex electrical
behaviour of mica minerals. Further investigation,
should consider the ionic species dissolved during the
reaction and the basal electrical behaviour through the
AFM measurements [17,26,51,56,57] (Figure 9).

Even though the result obtained only from the pHpzc
requires more accuracy, it has on its own a substantial
value because it allows highlighting the pH range
where the surface becomes an anion exchanger or
cation exchanger. Such information is very pertinent
for many reasons, for instance to manipulate the favour-
able conditions for the adsorption process of some

pollutants or to understand the natural conditions
which influence the mineral dissolution rates and conse-
quently the contamination of the groundwater
[17,20,56].

The breakdown of weak chemical bonds, namely van
der Waals forces, exposes the aluminol, silanol and acid
hydroxide groups along the crystal edges. Hence, the
edge surfaces have been demonstrated to have
greater reactivity (300 times more) when compared to
the basal surface [8,13].

Zeta potential
The zeta potential measurement was realised from pH 2
to 12, and the results are represented in Figure 10.

The results show that at very acid conditions (pH ~ 2),
the zeta potential of the mica is positive. However,
shortly thereafter it meets the isoelectric point (pHgp)
around pH 3, where the zeta potential is zero. After
this point, the zeta potential is permanently negative,
reaching the maximum value between pH 8 and 10.

++ 4+ + + + + + I R R T
+++ o+ttt i I e
f:_. ~ O O DO @ (D ~ N o
—OH, — NN —oy KN — ¢
~ ~
(a) pH < pzc (b) pH = pzc (c) pH > pzc

Anion exchanger Neutral specie Cation exchanger

Figure 9. Representation of the mineral surface according to the
pHpzc reference value. Adapted from [26].
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Figure 10. Zeta potential measurements results of the mica
mineral.

Ideally, both approaches described should coincide
and portray the statement pHpzc = pHznpc = pHiep. None-
theless, according to the literature data, for some natural
minerals, such as the mica family, some factual details
will lead to different observation values (pHpzc #
pHiep) obtained from both experimental methods, such
as surface impurities, lattice structure and mineral dissol-
ution [6,17,20,56].

The anisotropic structure of mica minerals is another
important feature to consider because it gives them two
different electric surfaces. The cleavage performed on the
crystals produces two types of surfaces: the basal plane
(0 0 1), which is the result of parallel cleavage of the
layers conducting to a permanent negative charge, being
pH-independent; and the edge plane (h k 0), produced
by perpendicular cleavage to the basal surface, which
implies that the edge surface chemistry varies as a function
of the pH of the surrounding aqueous phase [8,13].

The electrophoretic technique does not take into con-
sideration that the mica mineral possesses two surface
types due to its anisotropic crystal structure, and that
is why the zeta potential value is an average of both
planes (basal and edge). On the other hand, atomic
force microscopy is one path to deepen into this
aspect because it allows to make measurements on iso-
lated planes [17].

As a rule, it is well known that the basal face has a per-
manent negative charge due to the isomorphic substi-
tutions of lattice elements, such as the replacement of
Si** for AIP* [6,13].

Moreover, Xian et al. [58] showed a method to quan-
tify the isomorphous substitution area by atomic force
microscopy (AFM) images on the mica surface because
cations can be adsorbed on the selectivity sites available
through electrostatic interactions.

Xu et al. [13] investigated muscovite mica for adsorp-
tion proposal, and through the electrophoretic tech-
nique obtained a pHgp of 1.3.

Britz [6] characterised some minerals including mus-
covite mica in a comprehensive approach to study the
interaction and interrelation of surface charge, surface
complexation and transport processes. The acid-base
titration result of muscovite found after 5 h of equili-
brium, independent of the initial pH, was around
~8.07, and after 7 days it was observed at ~7.9. The
zeta potential was low at pH 2.4, and it exhibited perma-
nent negative surface charge above this point [6].

Bray et al. [20] investigated the biotite surface chem-
istry as a function of aqueous fluid composition and per-
formed potentiometric titration trials associated with
electrokinetic measurements. The equilibrium plateau
was achieved at pH of 9.66, but this approach was com-
bined with a theoretical calculation that includes the net
number of protons consumed by the sum of other
exchange reactions, and the calculated pHznpc was
7.50. The electrokinetic measurements showed that the
pHiep was 3.02 where the zeta potential is zero.

Many authors have also successfully tested the micac-
eous mineral applicability as an adsorbent for water pol-
lutants, which requires an extensive characterisation of
the parameters involved in the adsorption reactions as
well as the electric surface charge properties of the
mica particles when it is immersed in the aqueous
phase. To improve the efficiency results about this appli-
cation, it is indispensable to construct an accurate chem-
istry surface model that includes its chemical, physical
and electrical characterisation [8].

Aiming towards improving the electrical surface
charge understanding of many mica minerals addressed
for adsorption purposes, the determination of the point
of zero charge is essential, even though the experimen-
tal methods provide the approximate behaviour of the
surface electrical charge of the micaceous minerals.
The combined approach of chemical and morphological
analyses, potentiometric titration trials and electroki-
netic measurements demonstrated in this study focus
on describing the chemical and electrical properties of
the mica mineral in order to provide an insight into
the interaction of protons on the edge surfaces of the
mica. Nonetheless, it is important to make clear that
complementary analyses are definitely required to
support the experimental potential shortcomings.

3.4 Batch adsorption experiments

Table 6 shows the results of the adsorption tests for both
studied dyes (SO and RB5) and includes its final



Table 6. Adsorption tests results of Safranin Orange (SO) and
Reactive Black 5 (RB5) on mica mineral.
Safranin Orange (SO) G; (0S) = Reactive Black 5 (RB5) C; (0S) =

10.02 mg L™ 1149 mg L™
G (0S) e (0S) % removal C¢(RB5) ge (RB5) % removal
pH mglL™" mgg™ (0S) mgLl™" mgg”’ (RB5)
3 7.275 1.10 27.40 6.30 2.08 45.17
5 2.925 284 70.81 10.68 0.32 7.01
7 271 292 72.95 11.07 0.17 3.66
9 1.715 332 82.88 9.49 0.44 9.49

concentration (C¢), adsorption capacity (g.) and removal
efficiency.

The SO adsorption capacity demonstrated to have a
much better performance on mica surface in opposition
with RB5 dye, especially in the pH range above 5. The
higher adsorption capacity of SO was observed at pH 9
and achieved almost 83% of removal. This behaviour
was expected since the zero net point charge (pHznpc)
predicted that on the pH range over 8.59, the mica
surface would be negatively charged. In this case, the
main mechanism identified that drove this result is the
electrostatic force of attraction between the adsorbent
surface (negative) and the pollutant dyes particles (posi-
tive). Adebowale et al. [59] also investigated the SO
adsorption by kaolinite clay mineral and observed a
removal result of 88,8% on the pH range of 9 and 10.

Moreover, the literature underlines that cationic dye,
which is the case of SO, has a comparatively higher
adsorption capacity than anionic dyes, like RB5, on clay
minerals. Another interesting point to highlight is that
even dyes with the same ionic charge, the adsorption
capacity cannot be the same because of the difference
of its molecular structure, triangular or linear molecular
structure for instance. [4,42,44].

Analogously, the RB5 dye adsorption on mica surface
had the highest result, about 45% of removal, on pH of
3. This is also may due to the attraction forces between
the positive charge of the mica surface and the negative
charge of the anionic dyes (RB5). In a comprehensive
review about different materials used in RB5 adsorption,
Sarvestani and Doroudi [60] also reported that acid sol-
utions usually are the best conditions to enhance the
adsorption capacity. The chitosan-based adsorbents
are the most used material for RB5 adsorption and
have shown the highest percentage removal of RB5
amongst the other ones, however, the material presents
low mechanical and structural stability in acid con-
ditions, which is a crucial feature for such anionic dye
removal.

Figure 11 shows the adsorption capacity of both dyes
according to the pH variation.

Clearly, the ionic nature of each dye had a huge
influence over the results. At acid conditions, the
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Figure 11. Adsorption tests results for Safranin Orange (SO) and
Reactive Black 5 (RB5).

presence of H ions in solution may lead to a compe-
tition for the adsorption site into the mineral surface
with the cationic dye (SO). Whilst, the lower adsorption
capacity of the anionic dye (RB5) at basic conditions
could be attributed to the excess of OH™ ions that
compete for the same adsorption sites [60,61].

4. Conclusion

The physical-chemical and morphological characteris-
ation through the transmission electron microscopy
images showed that the mica mineral has the major
chemical elements (oxygen, aluminium, potassium)
arranged in a layered structure with atomically flat
surface. However, the scanning electron microscopy
images demonstrated that the mica mineral surface
becomes rough after the ultrasonic pretreatment was
applied. Such physical modification is very interesting
from the adsorption point of view because it breaks
down some chemical bonds, increasing the interlayer
space, which may improve the adsorption probabilities.

As a preliminary study, we focus on the variation of
the pH parameter because it is the most important vari-
able that influences the electrostatic properties, since
both materials (adsorbent-mica mineral and adsorbate-
dye particles) are electrically charged. The results
showed promising adsorption efficiency especially for
Safranin Orange (SO) with around 82% of removal
from an aqueous solution with pH 9. While the Reactive
Black 5 (RB5) achieved its maximum efficiency removal
at 45% at pH 3. The assessment of the electrostatic
surface properties through the determination of the
Point of Zero Charge (pHpzc) and zeta potential
measurements were a useful tool on this research
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because we may indicate that the electrostatic inter-
actions mechanisms drove partially the adsorption
mechanisms and gave a great contribution to the poten-
tial of mica minerals on such field. Moreover, the mineral
surface chemistry can be activated through chemical or
physical pretreatments in order to improve the anionic
pollutants adsorption efficiency. And then, an interest-
ing point would be an adsorption experiment that
includes both anionic and cationic pollutants particles
in an aqueous solution.

The raw grounded mica mineral has a greater poten-
tial associated with its application on cationic dye
removal in wastewater, in this case Safranin Orange.

Studies about thermodynamic properties of the
system through isotherms adjustment, kinetics, acti-
vation energy, change of Gibbs free energy, enthalpy
and entropy of both dyes (SO and RB5) adsorption
experiments are also necessary in future studies
because they look for to modelling the occurring reac-
tions to achieve better results.

The surface chemical modifications are also an
alternative to boost the mica mineral adsorption
capacity. However, the great value shown in this study
is that the mica mineral used had passed through no
chemical pre-treatment, which is a huge gain for the
economical feasibility of this eco-friendly adsorbent.

The main characteristics of the mica mineral were pre-
sented, in order to highlight the complex electrical
behaviour, mainly of its edge surface, and demonstrate
its applicability as an eco-friendly pollutants adsorbent
for water contaminants and effluents.

For future works, deep analyses are expected, such as
aqueous analysis of the dissolved species present during
the drift methods trials and atomic force microscopy
(AFM) of the mica mineral. Granulometric studies are
also suggested in the literature, because the grain size
can contribute to increasing the surface area.
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