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Abstract

Acid-Base properties of the raw mixed clay TOU from Burkina Faso, were study as well as the potential of the sample, in
removing of chromium(IIl). The interactions of chromium(IIl) cation with the natural mixed clay minerals were examined
using extended X-ray absorption fine structure (EXAFS) spectroscopy. Chemical elementary composition study of the
mixed clay revealed presence of Silicon, Aluminum and Iron as mains elements. Qualitative mineralogical characterization
of the clay by X-Ray diffraction, point out quartz and 7A Halloysite as the dominating component in the sample. pH,.. of
the clays, as determined by potentiometric titrations, was 8.21. Cr’* adsorption on clay started at pH below pHpzc
indicating inner-sphere complexes formation. More than 95% of chromium(Ill) is achieved at pH greater than 7.

Chromium(IIl) forms a tetramer hydrolysis complex on the mineral surface with Cr—O bond and Cr- -

-Cr distances of

2.487, 3.087 and 3.636 A, respectively, which is indicative of a chain structure with edge sharing CrOgs octahedra.
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Introduction

Studies conducted in Burkina Faso reveal high level of
particular heavy metal in streams and soil, mainly due to
anthropogenic activities such as mining society’s effluents,
agricultural activities, discharge from industrial plants and
sewage works"*>. Chromium(III) is among the most common
heavy metal pollutants found in Burkina Faso™ *, mainly from
tannery effluent”.

Investigations have been made worldwide on available and
environmental friendly material as adsorbent such as Chitosan >
6, Activated P. Lentiscus Leave ’, Acid Acrylic Resing, claysg.

Clays are known for their ability to effectively removed heavy
metal by specific adsorption and cation exchange’. Large
quantities of clay are available and are extracted and used in
Burkina Faso for traditional potters, ceramic and individual
brick'*".

Recently, some studies'"'*'®, investigated on the potential of
natural mixed clays used for heavy metal removal from aqueous
solutions. The most important parameters controlling heavy
metal adsorption and their distribution between clay and water
are clay type, metal speciation, metal concentration, soil pH,
solid:solution mass ratio, contact time”'®!7 181 - Of all these
factors, pH is considered the ‘master variable’ controlling ion
exchange, dissolution/precipitation, reduction/oxidation,
adsorption and complexation reactions™. Cations adsorption, are
more effective at high pH.
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In this study, natural clay from Burkina Faso, TOU, acidic and
basic properties were determined by potentiometric titration.
Elementary composition of elements of sodium or heavier of the
clay samples were investigated using the energy dispersive
spectrometer (EDS) detector of scanning electron microscopy
(SEM) instrument, Hitachi TM-1000, as well as qualitatively
characterization of the clay mineralogical composition by
powder X-ray diffraction. Dependence of chromium(III) uptake
on pH by the clay were study.

Investigations on the local structural environment of
chromium(IIl) sorbed on silica using EXAFS have been
reported”’. Their results showed formation of monodentate
chromium (IIT) surface complex on silica with Cr—Si distance of
3.39A for the sorbed chromium while formation of polynuclear
chromium hydroxide octahedra was discerned on the surface. It
has been found that on the natural mixed alkaline clay,
chromium(IIl) forms a polynuclear hydrolysis complex on the
mineral surface with Cr—O bond and Cr- -Cr distances of 2.00
and 3.03 A respectively >,

In this work, EXAFS (extended X-ray absorption fine structure)
spectroscopy was applied to characterize sorbed chromium (III)
on the clay surfaces without any pre-treatment, at pH 3.3. The
main advantages of EXAFS are that the nearest neighbour
distances around the absorbing element are observed and all
states of aggregation can be studied with high precision in the
distances even in very dilute samples with metals sorbed on
mineral or clay surfaces™.
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Material and Methods

Clay’s samples: Clay’s sample used in this study was collected
from Tougan village, located in the North-Western part of
Burkina Faso. Chromium(IIl) sorption was performed on the
raw sample. The clay was grounded in pounder and fractionated
by sifting with an automatic sieve (Retsch Vibro) yielding five
fraction sizes, f,: f; < 0.032 mm, 0.032 < f5 < 0.045 mm, 0.045 <
f3<0.063 mm, 0.063 < f; < 0.125 mm, and 0.125 mm < fs. The
f; fraction was used in this investigation. Cation exchange
capacity (CEC) values were determined by adsorption of copper
ethylenediamine complex as describe by Bergaya and Vayer.
The CEC values were 33.33 + 1.11 cmol/kg for TOU. These
natural mixed clays have high CEC values, but similar to CEC
found in previous study on Burkina Faso mixed clay of 42.38
cmol/kg'" .

Mineralogical analyses: Two different techniques were used in
order to investigate the mineralogical composition of the clays:
scanning electron microscopy and X-ray powder diffraction.
The intention of this investigation was to obtain an approximate
indication of the mineralogical composition of the clay sample
and to account for the clay’s heavy metal cation adsorption
properties based on this knowledge.

Scanning electron microscopy: Elementary composition of
elements of sodium or heavier of the clay samples were
determined using the EDS detector of a SEM, Hitachi TM-1000.
A small amount of the sample (fraction f7) was attached to a
piece of carbon rich sticky tape, and placed in the instrument.
The obtained data were interpreted by the software program
SwiftED-TM. The acquisition conditions were as follows: time,
120.0 s; process time, 4; accelerating voltage, 15.0 kV;
quantification method of all elements was normalized.

Powder X-ray diffraction: X-ray powder diffraction (XRD)
analysis was performed on the two samples. Samples was
packed into 1 mm glass capillary tubes and analyzed in a Bruker
SMART CCD 1 K diffractometer at the Department of
Chemistry, SLU-Uppsala SWEDEN with monochromatic
MoKa (A = 0.7093 A) radiation. The XRD patterns were
integrated and converted to a 2D diffraction pattern with peaks
to be identified. The software program EVA was used to
identify the “fingerprint” and give suggestions on possible
minerals together with diffraction profiles obtained from
standards of clay minerals as reported in literature '* > 2% 2> 2,
The final plot of the powder pattern was created using Microsoft
Excel software on raw data text files.

Potentiometric titration: Potentiometric pH titrations were
performed on suspensions containing 6.0 g sample/L as
previously described'*". In brief, 50 mL of the clay suspension,
containing 0.1 mol-dm™ NaNO; as supporting electrolyte, was
titrated with 0.0218 mol-dm™ nitric acid with increments of 0.1
mL to total of 20.0 mL using a Metrohm 665 Dosimat titrator.
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The pH values were read after equilibration of each addition and
recorded by a Ross Sure Flow combination electrode Orion No.
8172 using an Orion 940 pH meter. The suspensions were kept
homogenous using magnetic stirring, and the titration vessel
was covered with parafilm to avoid up-take of carbon dioxide,
which is especially important at pH values > 6. A similar
titration on a new suspension was made with an aqueous
solution of 0.0200 mol-dm™ NaOH.

In contact with water, the total concentration of binding
positions in the surface of the clay, denoted = SOH,, , which
can act as both acid and base giving negatively and positively
charged surface sites, = SO or = SOH,", respectively. The acid-
base processes are fast on these hydrated oxide surfaces and
equilibrium is normally reached within minutes in acidic
solution, and somewhat slower in alkaline solutions. The total
concentration of active acid-base sites is expressed by:
{= SOH}= (= SOH,"}+{= SOH}+{= SO’}
=SOH," is considered to be a two-protonic acid with the
following dissociation steps:

.
=SOH,"+H,0 ~—— =SOH + H;0" K*

al,app

_{eson fu,0"|

Eson;}

=SOH+H,0 ~— =50 +H0" . _ES0Ju,07]
a?2,app {E SOH}
[0] = {=SOH,"}- (=507} , _ [o]
= soH 1},

The volume, V., corresponds to the total volume of acid in the
titration equivalent to the number of binding sites in the surface,
{= SOH,,} and was calculated from a pH vs. V, plot, where V, is
the total volume of added acid. The concentration of surface
charge, [Q], which is the difference between positive and
negative surface sites at every titration point and the mean
number of protons per surface site (Z) can be calculated.

Plots of apparent pK,, pK,,,, values vs. Z for both the base and
acid titrations were made to determine the intrinsic pK®,, pK®,jinr
and pK’ ;. values, and the point of zero charge, pHy,., values
were calculated as:

_ Pk,

alint r

pze 7

+ pK

alint r

pH

Preparation of solutions and adsorption experiments:
Aqueous solutions of 2.00 mmol-dm™ of chromium(III), were
prepared from the nitrate salt Cr(NO3);-9H,0, analytical grade
reagents, with a declared elemental impurity of less than 0.5%.
Milli-Pore filtered deionized water was used at the preparation
of all solutions. A set of 10 solutions of chromium(IIl) with
pH 2-11 were prepared by pipetting into centrifuge tube 7.5
cm™ of 0.1 mol-dm™ NaNOs;, 2.5 cm™ of clay suspension (6
g/dm™) and 0.5 cm™ of the metal stock solution. The pH was
adjusted to the predetermined values with appropriate amounts
of acid, 0.0218 mol-dm™ nitric acid, or base, 0.0200 mol-dm™
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NaOH. The mixture was shaken for 48 h followed by
centrifugation for 15 min at 3 000 r/min using a KUBOTA
KS-5200C centrifuge. 3-4 cm™ of the supernatant was taken
off, acidified with a drop of concentrated nitric acid, to avoid
hydrolysis, and analyzed for metal concentration on an atomic
absorption spectrophotometer (Perkin-Elmer AAnalyst 800).
The pH in the remaining supernatant in the centrifuge tubes
was recorded as the equilibrium pH of the solution. Percentage
metal uptake (%E) was calculated by use of following
equation:

(C, —C)x100

Co
where C, and C are the initial and final concentrations of the
metal ion in solution, respectively.

DE =

Metal sorption and EXAFS - data collection: A 20 mmol
dm™ of chromium (IIT) solutions were obtained from
dissolution of the nitrate salts AR grade reagent Cr
(NO3);79H,0 (with a declared impurity of less than 0.5%) in
deionized water. 25 cm’® of the 20 mmol dm™ of the metal
solution was added to 1.0 g of the clay and the pH was
adjusted by dropwise addition of 1.0 mmol dm™ NaOH for the
suspensions. The clay suspensions were stirred for 48 h at
room temperature and then centrifuged to separate the rich
adsorbed clay samples which were dried in air before the
EXAFS measurements. pH values were adjusted to 3.3.

Chromium K-edge spectra were collected at beam-line 1811,
MAX-Ilab, Lund University, Sweden, which was operated at
1.5 GeV and a maximum current of 200 mA. Data collection
was performed in transmission and fluorescence mode
simultaneously. The fluorescence measurements were
performed with a PIPS (passivated implanted planar silicon)
detector  (Canberra, http://hasylab.desy.de/e70/e207/e674
/e6092/e30091/-detectors/pips_detector/index_eng.html?
preview = preview). The EXAFS station was equipped with a
Si[111] double crystal monochromator. In order to remove
higher order harmonics, the beam intensity was detuned to 30,
50, and 50% at the end of the scans. Internal energy calibration
was made with chromium metal foil. The treatment of the
EXAFS data was carried out by means of the EXAFSPAK
program package, using standard procedures for pre-edge
subtraction and spline removal.

EXAFS—data analysis: The program package EXAFSPAK
was used for data treatment and refinement of structure
parameters. The EXAFS functions were obtained after
performing standard procedures for pre-edge subtraction, and
spline removal. The k’-weighted model functions were
calculated using ab initio calculated phase and amplitude
parameters using the FEFF7 program™. The standard
deviations are obtained from k’-weighted least squares
refinements of the EXAFS function y(k), and do not include
systematic errors of the measurements. These statistical error
estimates provide a measure of the precision of the results and
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allow reasonable comparisons, e.g. of the significance of
relative shifts in the distances. However, the variations in the
refined parameters, including the shift in the E, value (for
which k = 0), using different models and data ranges, indicate
that the absolute accuracy of the distances given for the
separate complexes is within +0.01-0.02 A for well-defined
interactions.

Results and Discussion

Clay’s Mineralogy: The intention of this investigation aimed
to give an approximate indication of mineralogical
composition of two clays samples, and to account for heavy
metal removal from it.

The elemental analyses of the raw clay TOU shows that the
dominating element in the samples is silicon (table 1), with
total among of 52.8%, follow by aluminum (25.3%) and iron.
The EDS used in this study only detects sodium and heavier
elements. Hence, the method does not detect oxygen, even
oxygen is assumed to be the dominating element of Burkina
Faso clay mineral ''. With wt% of 17.6%, iron content is much
lower than silicon and aluminum since the measurement is
done by weight percentage, and iron molecular weight is
greater than silicon and aluminum molecular weight. There is
also small fraction of calcium and potassium in the sample.

The enlarged images produced by SEM at 1000 times
magnification shows that the studied material are not uniform
(figure. 1). Most particles have sharp edges typical for a
crystalline structure in the raw sample. There is a few bigger
“clumps” sized that can either be small aggregated particles
that are crystalline or one big amorphous “clump”. Some
particles have a rough surface that most likely is even smaller
particles attached to the surface. The particle sizes are bigger
and not compact.

Table-1
Weight percentage of detectable elements in
the samples at 1000 time magnification spot

Element | Silicon | Aluminum | Iron | Calcium | Potassium

Weight % | 52.8 25.3 17.6 1.1 3.2

The diffraction patterns from the analyses with the X-ray
powder diffractometer prove that the studied material is at
least partly crystalline. Still, the broad peaks (Fig. 2) show that
the crystallinity is low, and that some of the material doubtless
is amorphous. When comparing the patterns with reference
patterns, the clay sample shows different profiles, but consists
of some type of quartz and the 7A Halloysite.

The intention of this investigation, aimed to give an
approximate indication of mineralogical of the TOU clay.
Hence, the percentage list in the legend is that of the pure
reference and not necessarily the sample as whole, but gives at




International Research Journal of Environment Sciences

ISSN 2319-1414

Vol. 2(2), 30-37, February (2013)

least an indication of the ratio between the different
constituents. In summary, the mineral characterization point out
quartz and 7A Halloysite as the dominating component in the
sample, and probably some amorphous iron compounds, as iron
could not be detected through the X-Ray diffraction.

Figure-1
SEM image of the sample at 1000 times magnification
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Figure-2
X-ray powder diffraction pattern of the raw clay sample

Potentiometric titration: The TOU natural mixed clay is
alkaline as indicated by initial pH values of greater than 8 in
Figs. 3. The {= SOHtot} (Table 2) calculated from the equi-
librium volume obtained in Figs. 3 is 5.11x10™* M (8.52 x107
mole/g). The initial alkaline pH value of TOU could be
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attributable to some carbonate contribution in the raw sample.
This initial pH drops rapidly while adding concentrated acid. No
evidence buffering properties is visible in the titration curve.
However, the clay titration curve is not as smooth as it would
have been in the case of the absolute absence of any water-

soluble acids. The pK® . and pK values (Table 2), the

alint r alint r
PKapp pK app value at Z (surface charge) = 0, are obtained in the

titrations with strong acid and base, respectively, Figs. 3 and 4.
pHpze, which is an average of ,’s1ine- and pK’ 5in and is found
to be 8.21 for TOU clay (Fig. 4).

Adsorption of chromium(IIl): Figure 5 shows per cent
chromium adsorbed at varying suspension pH. The solubility
product constant (Ks) for Cr(OH); at 25°C is 6.3 x 107", This
implies that precipitation of Cr(OH); is expected to start at pH
5.27 at the prevailing conditions, total chromium(III)
concentration of 0.096 mmol-dm™ ( 5.0 mg.L™"). At this pH,
more than 85% of the chromium(IIl) is already removed. This
removal is attributable to adsorption on the clay. Chromium(III)
is also strongly adsorbed on iron oxides as well as OM °. These
specific surface complexation to iron oxides, organic
complexation as well as adsorption to carbonates may also
occur and contribute to the removal of chromium(III) in the raw
sample. The removal of the remaining 15% at higher pH could
thus be due to combination of adsorption on clay minerals and
precipitation of Cr(OH);. The adsorption starts at pH < pH,,. for
all samples, hence formation of inner-sphere complexes are
expected. In order to understand the mechanism governing the
adsorption at low pH, EXAFS was used.

Fits of the EXAFS spectra and FT of Cr’* clay samples are
shown in figure 6 with quantitative fitting results listed in table
3. The FT shows that the Cr(III) has a nearest neighboring atom,
certainly oxygen, at mean bond distance of 1.988 A, with a
coordination number of 6 (table 3). Three Cr:--Cr bonds have
been refined from the FT: The light back-scatterer with bond
distance of 2.487 10%, and two heavier back-scatterers, with bond
distance of 3.087 A and 3.636 A, respectively. Very weak
contribution from multiple scattering within the CrO4 core were
also detected at 3.986 A. One indefinite hydrolysis complexes
have been identified in aqueous solution EO-Cr4(OH)5(OH1+X)(6'
Y* present in aqueous chromium(IIl) solution in acidic
condition. From the identified indefinite form, Cr(III) is present
at tetramer form in the complex. The Cr...Cr bond distance
found are different to previous finding in the structure of
tetramer hydrolysed chromium(III) complexes
[Crs(OH)s(H,0)1,]'** in aqueous solution of 3.585 and 3.599 A
% Authors ¥ have suggested tetramer [Cr4O(OH)5]5+ resulting
from intermolecular deprotonation and condensation of
[Cr4(OH)6]6+. This deprotonation creates an oxo bond, reducing
the angle and thereafter some Cr...Cr distance in the octahedral
structure. Hence, one suggestion of Cr(III) in the solution could
be the binding of Cr(IIl) to an oxygen on the clay surface, and
five oxygen from hydroxyl/water group.

(98]
w
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Table-2
PK s PK i, s PH,..s Veand {=soH TO,} value for the TOU clays
PK G PK i, pH . | VemD) {=SOH,,,, } x10" (mol-am™) {=S0H ., }x10° (moterg)
6.72 9.71 8.21 1.2 5.11 8.52

8 =

12 - e
a [

T b ’!/f,——"’
1 L~

6 v
iG :‘fl

% 5 I i x.
44 ) 7‘5{
i
34 8-
2 T T T 1 7 T T T
0 5 10 15 2
Vol. 0.0218M HNO, added (ml) Vol. 0.020M NaOH added (ml)
Figure-3

Titration of the clay sample with strong acid (a) and strong base (b)
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Figure 4
Apparent acidity constants ( pK pp ) Plotted against charge density (Z) both calculated from

the acidic and alkalimetric titration data (Figures 3) for the clay sample
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Removal of chromium(III) in percent (%) as function pH for the studied clay
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(a) k>-weghted Cr K-edge EXAFS y spectra for Cr-clay samples treated at different pH compared with the theoretical

signals (bold lines); (b) phase shifted Fourier transforms of the EXAFS data

Table-3

Number of distances, N, mean bond distances, R/A, and Debye-Waller factor coefficients, A %/A? in the EXAFS studies of the
KOR and SIT clays treated with chromium (III) nitrate, lead(II) nitrate and copper(Il) nitrate in

aqueous suspension at ambient room temperature
Species Interaction N R(A) | A%(A?)
TOU treated at pH=3.3

=0-Cr,(OH)s(OH,,, )" Cr-O 6 1.988(2) 0.0119(2)
MS (CrOg) 3x6 3.986(6) 0.012(1)
Cr---Cr 2 2.487(2) 0.0104(3)
Cr---Cr 1 3.087(3) 0.0070(3)
Cr---Cr 2 3.636(7) 0.0073(4)
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Conclusion

The work has demonstrated the successful application of
Tougan natural mixed clays for chromium(IIl) removal from
aqueous solution as a cheap and environmentally friendly
method. The TOU clay is alkaline with pHpzc value of 8.21.
Chromium(III) sorbed on the natural mixed clay were studied
using EXAFS spectroscopy at low pH (3.3), are showed to be
sorbed as hydrolysed tetrahedral polynuclear complexes.
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