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Characterization of Clays of the Sillon South Rif (Morocco)

LAILA MESRAR AND RAOUF JABRANE

Department of Earth Sciences, Laboratory of Georesources and Environment,
Faculty of Science and Technology of Fez, BP.2202, Route d’Imouzzer, Fez (Morocco).

Abstract: In view of increasing exploitation of clays for the ceramic industry and for the
purpose of the value addition of the national natural resource, a study was conducted to
characterize the Miocene clay occurring in the Sillon South Rif area of Morocco through
geochemical, mineralogical, submicroscopic (scanning electron microscope) and
thermogravimetrical analyses. The mineralogical analysis indicated the presence of kaolinite
and illite. The geochemical analysis indicated that the major elements of clay samples are
mainly composed of silica and alumina alongwith minor amounts of  the alkaline oxide and
alkaline earth metals. Scanning electron microscopic observations show that the clay matrix is

made up of several clay minerals

Keywords : Morocco Clays, Miocene marls, XRD, SEM and Thermal studies,

Clays and clay minerals as very
important industrial minerals, used in
various application areas such as ceramic,
paper, paint, constructions, adsorbent,
catalyst are among the most important
industrial raw materials (Mesrar, 2012). The
suitability of a clay for a specific application
is based on its mineralogical and chemical
composition. Generally, clays contain
different non clay minerals as impurities
besides major and minor clay minerals
(Mesrar, 2013). Clays containing clay
minerals with plate like and fibrous
morphology are rare (Harvey, 1996).

These clays are widely used by local

people in the diverse needs of pottery and
construction, using traditional
manufacturing techniques. The importance
of clay-based materials in the ceramic
industry is resulting from the knowledge
of their physical and chemical properties.
In this study, we present the characteristics
physical, chemical properties of the
Miocene clay, which extends over a large
area (Fig .1).

A major problem encountered by users
of these materials lies in the optimization
of the composition of ceramic bodies to
improve the yield and quality in
manufacturing, enhancement of local

*Corresponding Author Email : lailamesrar@yahoo.fr.
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resources in the region of Fez (Morocco
Centre). In view of the present scenario,
the present study was aimed at examining
natural clay in the region southern Rif
groove (Morocco) as no concrete
information hitherto not available.

Materials and Methods

Materials

This study was aimed to characterize
three marl samples of Miocene age
(Fig. 2) which outcrop in the eastern area

Tanger  Meduerranean Ses
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of Sillon South Rif (Fig. 1) at the quarry.
These three samples M1, M2 and M3 are
located in the lower, middle and upper
stratigraphic series of Miocene marls,
respectively (Fig. 2). These samples ( Mi1,
M2 and M3) are gray-black in colour. These
clays are used for brickyard and pottery
in a traditional way.

Because of their plastic properties these
clays are used in ceramic industry.
However, the complexity of the changes in
shape after firing

depends on their

580000 620000
Marne (Miocéne Inf) Massif primaire de Tazekka -
S e ! Calcaire (Lias) - Argile rouge (Trias) -
K e ca
Calcaire lacustre (Quaternaire) | Marne (Miocéne Sup)

Marne (Miocéne Moy)

Fig. 1. Geological map of Fez area (Morocco).
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Fig. 2. Geological cross section of South Rif.

mineralogical composition and the nature
and quantity of impurities. To get a
complete knowledge on the characteristic
of these clays several analytical techniques
were used in the present study.

Chemical analysis

The chemical composition of the clays
was determined by X-ray fluorescence
spectrometry (Axios, ELE03-PROT -wv01)
using pressed powder pellets.

X ray Diffraction study was carried out
in a Philips diffractometer XPERT-PRO”
PW 3064, using aNi-filtered Cu Ko
radiation operated with 40 kV and 20maA.
The diffratograms were obtained from
samples treated with ethylene glycol and
heated at 550 ° C for 2 h.),

Scanning electron microscope (SEM)
examination on the microstructure of the
clay samples was observed using SUTW-
Sapphire, Resolution: 129.09.

Differential Thermal Analysis (TGA)
was performed on all samples at the
CNRST, with the appareil type Setaram
TGA 24 Setsys series with a temperature

ranging from 20 to 950 ° with a heating
rate of 10 deg.C min'.

The mechanical behaviour of briquettes
was determined by the elastic limits and
breaking effort. The transition from elastic
to plastic state is reflected in the appearance
of irreversible deformation. This threshold
corresponds to the balance limit of a

briquette according to the standard (EN
772-1).
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Results and Discusion
Chemical analysis

The chemical composition of clays
(Table 1) obtained by chemical analysis of
clays (M1, M2 and M3) showed a certain
homogeneity of the contents of major
elements with a slight variation, and are
comparable to those of the raw material
used in the manufacture of European clay
products.

These clays are composed primarily of
Si0, (44.6 to 47.5%) and alumina (13.3 to
14.3%), which comprised of 70%, by
weight total clay fractions.

The high content of CaO and MgO is
related to the abundance of carbonate.

Alkalis levels vary between 0.7, 0.8%
Na,O and K O between 1 and 1.10%. The
samples are relatively rich in iron oxide (5
to 6.20%), which may be due to the
presence of either sulphide in the form of
free iron oxides such as pyrite. It is likely
that the presence of iron responsible for
colouring, affecting the color of ceramic
tile. In addition, the presence of CaO, MgO,
MnO and TiO, also affects the colour of
the finished product (Mesrar, 2013).

Table 1. Chemical composition of clay samples (%)

[Vol. 33

X-ray diffraction (XRD) analysis

The figure 3 shows the clays are
composed mainly of clay minerals such as
kaolinite and illite, and the non-clay
minerals namely quartz and calcite (Mesrar,
2014).

Typically, these minerals are important
in the composition of clay for terracotta
(bricks, tiles and pottery), because they
favour the low temperature sintering, and
the quartz to an effect of melting in relation
to other minerals (Karfa, 2007).

Kaolinite is particularly sought after
because of its fairly well known refractory
properties and considerable plasticity
(Ferarri, 2006), low drying shrinkage,
absence of interlayer swelling and its
ability to provide some colourful shards.
The mineralogical composition of the clay
samples cortege is similar (Fig. 3), which
shows a vertical homogeneity of the

samples as confirmed by geochemical
analysis.

SEM studies

The clay samples under SEM study
showed a similarity in microstructure,
which is formed by a relatively homoge-

Nom SiO, ALO, CaO FeO, MgO KO NaO TiO, PF%
M1 4760100138 ¢ 690,57 1298 70198, Y084’ 0133 10 19a
M2 440 M43, T8 L 64 BVl 087 Log, nee
M3 47 1353 7637603 271 09274092 ) “08F Hbn?
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Fig. 3. X-ray diffractograms of three sample; powdered oriented; EG:
glycol, F: heated at 550 ° C for 2 h, N: Natural. K = kaolinite, Q = quartz,

neous clay matrix (Fig.4.A) and the grains
are of variable sizes and tabular form, the
pores observed (spaces between clusters and
in contact with clay-grain clays) are
elongated, their width is generally, less than
Sum (Fig. 4. A), the presence of silica
microzone primarily as a structure made of
sponge or honeycomb (Fig.4. B), the latter
consist of assembling chips apparently
linked by silica particles.

treated with ethylene
I = illite, C = calcite.

Grains of opal are present by their
characteristic spherical shape (Fig. 4.E).
The opal may prevent alteration of primary
components (cristobalite or glass-very
siliceous volcanic or biogenic silica)
(Mesrar, 2014). The presence of calcite was
also noted (Fig.4.C) in significant quantity,
which is the result of evaporation of
carbonate-rich solution (Claudia, 1999).
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Fig. 4. The SEM micrograph of clay samples.




2014]

The carbonates consist of an ordered
assembly of rods limestone 1 to 2um in
diameter. They are welded by rhombohedral
calcite microcrystal that grows in epitaxial
growth on calcareous rods (Fig.4.F). The

presence of sheets of kaolinite (Fig.4.D)
was also noticed.

Thermogravimetric analysis

The thermogravimetric analysis TGA
spectra of samples (Fig. 5) shows a

- First-grade between 50°C and 150°C
corresponds to a weight loss of 2%,
corresponding to the evaporation of water
absorbed and zeolitic water (Hellal, 2006).

The second slope appears in the
temperature range 350°C and ends at 600°C
of significant intensity, which corresponds
to a thermal decomposition area with active

CHARACTERIZATION OF CLAYS OF THE SILLON SOUTH RIF
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mass loss of 14% for M2 and 15% for M1
and M3. The decomposition of organic
matter to 350°C, and dehydroxylation of
the OH groups of silicate layers and
hydroxides took place in two stages at
500°C and 640°C. This behaviour can be
possibly reported the presence of two types
of layer minerals with 1:1 and 2:1 (Baccour,
2011), which is consistent with the
mineralogical results. The total mass loss
during the heating period, for a temperature
not exceeding 800°C, is 16.59% for M3,
17.30% for M1 and 17.83% for M2, . The

heating at 800 °C represents the ideal
temperature for firing.

Mechanical behaviour

The figure 6 shows the bending strength
of clay samples at different temperatures.
It was observed that the clay behaviour

‘Wabr absorbld

weight loss %

Dehydroxylation phyliosilicate
°j (Kaolinite,IluIe)‘release carbonates

v v
200 400

Temperature °C

T T
800 soo

Fig. 5. Thermogravimetric curve of clay samples.
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remains fragile but greatly improved by
cooking.

The explanation for the increase in
resistance with temperature up to 900 ° C,
is related to the change of crystal structure
in the clay material. Indeed, at about 900
°C the cooking destroys all components in
clays including organic matter, water,
carbonates, oxides, silica, and illite, and

that at this temperature the porosity is
minimal.

It was noticed that the flexural strength
decreased between 1000 ° C and 1100 ° C,
and this can be explained by the pheno-
menon of pocketed structure (Jouenne,
1984). It can be concluded that 900 ° C is
the best cooking temperature, or there was
a maximum strength.

CLAY RESEARCH
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Conclusions

This study confirms the chemical,
mineralogical and mechanical homogeneity
in the vertical section of the Miocene clays
in the Sillon South Rif, which is consisted
of clay minerals such as kaolinite and illite,

and the non-clay minerals like quartz and
calcite.

Such mineralogical composition of
clays broadened their use in ceramic
industry (bricks, tiles, floor tiles or wall)
and also for the manufacture of ceramic

products with high added value such as
porcelains.
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Fig. 6. The flexural strength of the clays.




2014]

References

Mesrar. L, Akhrif, I. and Jabrane, R. 2014.
Technological characterization of the
Miocene Marl in the Region of Taza
(Morocco), International Journal of

Research in Sciences (IASTER), 2: 8-
13.

Mesrar, L., Akhrif, I, and Jabrane, R. 2014
Study of Fe,O, doping effect on the
Miocene  clays in the region of Taza
(Morocco). Journal of Engineering

and Interdisciplinary Research
(JEIR), 1: 18-23.

Baccour, Z et al., 2011. Caractérisation
physicochimique et mécanique de
matériaux céramiques obtenus 2 partir
des argiles tunisiennes, Verres,
Céramiques “ Composites, 1: 25-33.

Claudia, H., 1999. Nano clays organization
and forms of silica in tepetates type
fragipan (Valley Mixico), Journal of
structure and ultrastructure soil.

Ferrari, S., 2006. The use of illitic clays in
the production of stoneware tile ceram-
ics. Applied Clay Science, 32: 73-81.

Harvey, C.C. 1996. Halloysite for high qual-
ity ceramics. Chapter in Industrial
Clays, 2nd Edition. Industrial Miner-
als Info. Ltd., London, England, pp.

CHARACTERIZATION OF CLAYS OF THE SILLON SOUTH RIF 73

11-73.

Hellal, R. 2006. Study and characterization
of a kaolinite refractory to tamazert;
PhD thesis. University Physical Sci-
ence Department, 119p.

Jouenne, C.A. 1984. Traité de céramiques
et de matériaux minéraux. Ed. Septima,
Paris, 620p.

Karfa, T., 2007. Caractérisation physico-
chimique et mécanique de matériaux
céramiques obtenus a partir d’une
argile kaolinitique du Burkina Faso, C.
R. Chimie 10 : 511- 517

Mesrar, L. 2012. Characterization of Mi-
ocene Marl of Fez Regions of Morocco

after doping with MnO,. Clay Re-
search, 31: 79-83.

Mesrar. L. 2013. Technologycal valorization
of Miocene marls in the region of fez
(morocco): possibility of exploitation,
Present Environment and Sustainable
Development, 7: 295-309.

Mesrar, L., Mesrar, H, and J abrane, R.2014.
Preparation and characterization of
Miocene clay powders in the region of
Fez (Morocco) after doping with metal
oxides Al,O,. Journal of Computer

Science and Engineering Research
(JCSER), 2: 1-4.

(Received December 2014 Accepted April 2015)



Clay Research, Vol. 33, No. 2, pp. 74-82 (2014)

KaolinMaze in Clay-Deposits of North-West India

DEEPIKA, KIRAN JEET AND SIDDHARTHA S. MUKHOPADHYAY*

Department of Soil Science, Punjab Agricultural University, Ludhiana 141004, India

Abstract: Kaolin clays are used as a precursor and raw-material in manufacturing industry.
They are abundant in mines spread across the country. They consist of kaolinite and its poly-
morphs, and halloysite, each species having its characteristics crystallite and charge proper-
ties, and surface morphology, and thereby each one of them performs unique tasks. They are in-
rerum-natura of novel nanofabrication technology. For example, halloysite might be a substi-
tute of carbon nanotube, especially for farming applications.Similarly,nano-kaolinite and its
polymorphs might be useful receptacles for holding anionic plant nutrients. Despite numerous
attempts, their precise identification remains inconclusive. We, therefore, attempted to charac-
terize kaolin clays in some of the Indian deposits. They were sampled from five mines of north-
west India, and characterized byX-ray diffraction, Fourier Transform Infrared Spectroscopy,
and thermal analysis.The simultaneous occurrence of first order X-ray diffraction peaks at
1.01 and 0.93 nm, and absence of 0.7 nm peaks in S1 (Jodhpur), S2 (Delhi), S3 (Udaipur), and
S5 (Ahmedabad) samples indicated presence of halloysite. Samples S1 and S2 followed by §4
(Varoda) and S5 showed substantial loss of weight, which could be attributed to the loss of
water from their hydration state. Infra-red absorption frequency at 3695, 3676, 3647 and 3620
cmin all samples confirmed hydroxyl stretching, but appearance of characteristics bands at
1629 and 1648 cm™ that represent water bending arising from structural and coordinated wa-
ter in halloysite were observed only in sample S1. Our data confirmed fully hydrated halloysite
in sample S1, and partially hydrated halloysite in samples S3 and S4, and samples S2and S5
contain kaolinite or, its polymorphs.

Key words : Kaolin deposits, North-west India, Characterisation

Since the Neolithic civilization kaolin

clays have been used for pottery, and its
use as materials spread across various
industries since the Industrial Revolution.
Clays have been recognized as one of the
four prime materials with the advent of
nanotechnology (US-EPA, 2007; Johnston,

2010). Kaolin clays occupy a central
position in such schemes, and especially
perceived to be a wonderful material in
nanofabrication and nano-precursor
technologies (Mukhopadhyay, 2014). One
of its hydrated species, halloysiteis likely
to replace carbon nano tube (CNT),

#Corresponding Author Email : ssmukho@pau.edu; siddharthasm1 @ gmail.com
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especially for farm applications as CNT is
toxic to biological systems (Schroeder and
Erickson, 2014). In halloysite interlayer
water (OH,) sheet could be stitched together
to form nano-tube. Kaolinite; another
species in kaolin group that has no
interlayer water sheet, on the other hand
can be an effective receptacle for retaining
anionic plant-nutrient ions like phosphates
on octahedral surfaces because of origin of
positive charge in octahedral sheet
(tetrahedral sheet is negatively charged)
(Mukhopadhyay, 2014; Mukhopadhyay and
Kalia, 2014a,b). Such distinct structural
features, especially crystallite and charge
characteristics and interface properties give
rise to characteristics bonds that are crucial
for nanofabrication (Hall, 2006). The
diversity of material properties within
kaolin group of clays highlights the
necessity of exact characterization.

Attempts have been made to use X-ray
diffraction (Dixon, 1989), infrared
spectroscopy (Frost et al, 2010), Raman
Spectroscopy (Frost, 1995), and use of non-
crystallite materials (e.g., amides;
Churchman and Theng, 1984) to distinguish
species of kaolin group of minerals, but
they remained inconclusive (Jousseiner al.,
2005). Some of the challenges originate
from crystalline properties as halloysite: (i)
stays in strongly to weakly hydrated states
at 1.0 and 0.7 nm basal spacing, (ii) its
interlayer (ab) face is occupied by only 4
molecules of water instead of 6, (iii) its
interlayer water-sheet has hydrogen bond

KAOLINMAZE IN CLAY-DEPOSITS OF NORTH-WEST INDIA 75

within themselves, but weaker bonds
between interlayer water-sheet and
neighboring alumino silicate sheets, and (iv)
water sheet occupies 0.1144 nm? on each
of aluminosilicate surfaces, but as two
surfaces are adjacent to one H,O, the
aluminosilicate surface in contact with H,O
is 0.2290 nm? area; twice of its surface
(Newman, 1987). Some other challenges
come from sample preparation and at
instrumental analytical stages as air-drying
of sample is essential during which
desiccation of halloysite may occur.
Similarly because of its structural
vulnerability halloysite often gets
dehydrated due to generation of heat in the
chamber of the instruments (Newman,
1987). India has large reserve of kaolin
spread across the country, but it is at the
bottom of global utilization of the material.
In the absence of precise characterization
of the indigenous materials,Indian industries
have little options, but to depend on import
of kaolin (U.S. Geological Survey
Commodity Summary, 2011).

In view of the above scenario, we
attempted to use X-ray diffraction in
conjunction with thermal and infrared
spectroscopy to characterize kaolin clay
deposits of north-west India so that they
could be utilized for various nanofabri-
cations and other sophisticated industrial
manufacturing processes.

Materials and Methods

Naturally occurring kaolin clay samples
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were obtained from five firms viz. (1) M/s
Neelkanth  Mineral and Chemical
Manufacturers, Jodhpur, (ii) M/s Surya Min
Chem, Delhi, (iii) M/s Kamlesh Minerals,
Udaipur, (iv) M/s Koat Manufacturing
Company, Vadodara, and (v) M/s Futura
Ceramics Private Limited, Ahmedabad. The
samples were analyzed by X-ray Diffraction
techniques (XRD), thermal analysis, and
Infrared Spectroscopy (Fourier Transformed
IR).

Preparation and purification of homoionic
form of kaolin: Kaolin clay was washed
repeatedly with distilled water to remove
impurities. It was then washed fourtimes
with 1IN Ammonium Chloride (AR),
followed by washing with 90% ethanol till
excess NH, *was removed. The yield
wasNH,* saturation (homocationic) on
cation exchange sites, and Clsaturation
(homoanionic) on anion exchange sites. The
removal of excessions was confirmed
through AgNO, test.

X-ray Diffraction:Magnesium saturated
oriented (along the 001 plane) clays were
mounted on glass slides and air dried.
Copper-Ko X-ray diffraction was obtained
at 40 kV voltage with 20 mA current in the
Phillips Diffractometer PW1710. The
samples were scanned from 2°-30° (20)
with step size of 0.5° (20) at scanning speed
of 1°26 min™.

Thermal analysis: Ten gram sample was
heated in the temperature range of 80-200°
C by 20° C interval steps. At every 20° C
increase in temperature, clay was weighed.

[Vol. 33

The thermogravimetric curve was obtained
by plotting the weight (w)against
temperature (T in © C).

Fourier Transform Infrared Spectroscopy
(FTIR): One mg of air-dry clay was mixed
with 100 mg of spectroscopic grade KBr,
and ground with mortar and pestle. The
mixture was placed into the die set and
pressed with the hydraulic pressure for the
stroke of at least 10 cm that created pressure
at 125 kg cm™ on the confined sample. This
yielded about 1 mm thick and 13 mm
diameter pellets.Then the pellets were
placed in the sample holder and samples
were analyzed in the frequency range of
400-4000 cm™ using Thermo Nicolet 6700
Fourier Transform Infrared Spectrometer.

Results and Discussion

X-ray Diffraction: The X-ray diffraction
obtained from basally oriented samples
occurred at 26=8.8°, which corresponds to
d-spacing of 1.0119 nm (Fig. 1). The
simultaneous occurrence of distinct first
order peaks at 1.01 and 0.93 nm, and
absence of 0.7 nm peaks confirmed the
presence of halloysite in S1, S2, S3, and
S5 samples (Table 1). They were also
indicative of state of moderate hydration
in halloysite. Thel.01 nm peak is broader
towards lower angle and weaker than the
neighbouring 0.93 nm peak, alongside
blurring of 002 and 003 basal reflections,
which are reflective of structural disorder
in halloysite. Such disorder due to
displacement of octahedral vacant site was
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also reported by Dixon (1989). In S1, S2,
and S3 samples, the XRD basal reflections
(Fig.1) show strong sharp peaks at 0.93,
0.46 and 0.33 nm, indicating that the
samples also contained illite (fine-grained
mica). Occurrence of illite along with
halloysite had been reported from Georgia
earlier (Lee er al., 1975). In the S4 sample,
occurrence of high intensity sharp peaks at

350
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0.71 and 0.35 nm confirmed the presence
of kaolinite.Although the exact reason of
structural disorder in halloysite is difficult
to discern, it could be perceived to be due
to prolonged lattice stress.

Thermal analysis : Sample S1 lost weight
all through the temperature range of 80-
200° C (Fig. 2). It indicates that the material
was free from transition elements like Fe
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Fig. 1. X-ray Diffractograms of Clay Deposits of North-West India
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Fig. 2. Thermogravimetriccurves of kaolin
clay deposits of north-west India

and Cr, and fully hydrated, whose interlayer
water was bound with different tenacity.
Overall there was loss of weight in all
samples, but at different stages, samples
S2, S3, S4 and S5 gained weight. Sample

[Vol. 33

S3 gained weight at 100° C, sample S5 at
120° C; and samples S2 and S4 at 160° C.
Gain of weight was indicative of oxidation
of lower valence state metals like Fe and
Mn to their higher valance state. The initial
loss of weight between 80 and 110°C was
due to loss of hygroscopic water. There was
sharp fall of weight around 150° C in S1
followed by S2, while it was modest in S4,
and S5. The sharp loss of weight in S1,
and S2 showed that the samples contained
halloysite, and the magnitude of differences
in loss of water indicated hydration state
of the mineral. Hydrated halloysite were
reported to show sharp loss of weight due
to the loss of 2H.O at around 150°C (Ralph
and Rowland, 1942).

Fourier Transform Infrared Spectroscopy
(FTIR): Sample S1 showed stretching and

Table 1.X-ray diffraction peaks (d-spacing in nm)of kaolin clay deposits of north-west India

Sample
1(Jodhpur) 2(Delhi) 3(Udaipur) 4(Vadora) S(Ahmedabad)

1.02 1.01 1.01 - 1.01
0.93 0.93 0.93 = 2

d & 0.72 0.71 0.71
0.50 0.50 0.50 0.50
0.46 0.46 - - =

g : 0.43 0.43 0.42

. - - 0.41 .

> - - 0.38 a

L - 0.35 0.35 S
0.33 0.34 0.33 0.33 0.33
0.30 0.33 - - E

- 0.30 0.30 L
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bending of water at 3450, 1648 and 1629
cm™ (Fig. 3) coupled with stretching,
vibration and translation of OH (Table 2).
Both absorption bands at 1648 and 1629
cm' were observed in this sample. Frost
(2010) opined that peak at 1648 cm™ was
due to water with strong hydrogen bonding,
and peak at 1629 cm™' was for water in
bending mode without hydrogen bond.
These observations confirmed presence of
hydrogen bond in the interlayer water sheet,
which is an ideal structural moiety in
halloysite. Absorption peak at 3450 cm! in
this sample indicates the presence of water
in the ditrigonal cavity formed by the
tetrahedral oxygens in lattice structure. The
peaks in the regions of 3050-3600 cm™! and
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1600-1700 cm™ suggest presence of two
types of water in the structure that
distinguishes halloysite from kaolinite.
These data showed that sample S1 consisted
of fully hydrated halloysite.

In general, IR bands were observed at
3695, 3676, 3647 and 3620 cm™ frequency
in all samples, which were reflective of
hydroxyl stretching. Absence of diagnostic
absorption peaks in conjunction with
appearance of absorption peaks Si-O-Si and
Si-O-Al bonds signifies kaolinite rather than
halloysite in samples S2 and S5. Samples
S3 and S4 showed absorption bands at 796
and 746 cm™, which are indicative of OH
translation vibrations; characteristics of
halloysite.

TR R
W, i

%T

.................

................

Wavenurrbers (cm-1)

Fig. 3. Fourier Transform Infra Red (FT-IR) spectra of kaolin clay deposits




80 CLAY RESEARCH [Vol. 33
Table 2. Infra-red absorptionpeaks (in cm™) of kaolin clay deposits of north-west India

St Wave Identification of Peak S1 S2 S3 S4 S5
No. No.

1 3695 Inner OH Stretching * absent = 4 absent
2 3676 Out of phase inner OH vibration  absent * absent  absent .

3 3647 Out of phase inner OH vibration ® absent  absent  absent absent
4 3620 Inner OH Stretching * absent ¥ " absent
S 3450 H,O stretching * absent  absent  absent  absent
6 1648 HOH Bending 2 absent i * absent
7 1629 HOH Bending * absent  absent  absent absent
8 1119 Si-O absent s, absent  absent ¥

9 1029 Si-O-Si i * absent . =
10 998 Si-O-Si absent absent - * absent absent
11 939 Al-OH Deformation absent  absent  absent  absent 2
12.- 912 Inner OH e absent  absent k3 absent
13 791 OH Translation * absent * % absent
14 747 OH Translation * absent * % absent
15 538 Al-O-Si * @ * * =
16 470 SI-O-Si = * * i i

17 436 * s * s *
Conclusions awaits further research attempts.

X-ray Diffraction, thermogravimetry,
and Fourier Transform Infrared
Spectroscopy (FTIR) analysis identify
halloysite in sample S1 and also in S3.
However, the XRD and thermogravimetry
analyses suggest halloysite, IR analysis did
not confirm it in samples S2. Similarly,
XRD and thermogravimetry analyses
recognize kaolinite, and there was no such
confirmation by IR analysis in sample S4.
In the sample S5, the XRD and
thermogravimetry analyses point out
towards the halloysite, but the IR data are
inclined to kaolinite. Our data suggest that
exact characterization of kaolin group of
minerals remains a still a challenge and
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Potential of Bentonite Clay for Heavy Metal Immobilization in

Soil
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Abstract-A montmorillonite rich bentonite clay was evaluated for heavy metals (Cu and Zn)
removal from aqueous system and its immobilization efficiency of the metals in soil by batch
adsorption experiment. The effect of adsorbent amount, pH and initial concentration of metals
on the extent of adsorption was investigated. The adsorption data were fitted with Langmuir,
Freundlich and Dubinin-Radushkevich adsorption isotherms. The maximum monolayer ad-
sorption capacity of bentonite was obtained from Langmuir adsorption isotherm and its values
are 13.95 mg g'and 11.41 mg g’ for Cu (1) and Zn (II), respectively. The maximum monolayer
adsorption capacity of the soil increased from 1.39 mg g’ to 11.76 mg g”' and 0.42 mg g’ to
10.50 mg g for Cu (II) and Zn (1), respectively, on addition of bentonite. The study demon-
strates that bentonite has potential to remove Cu (II) and Ni (II) ions from aqueous solution and

also from heavy metal polluted soil.

Key words : Bentonite, Heavy metal, Adsorption, Soil

Heavy metal pollution is one of the
most serious environmental problems facing
modern society and it has received a great
deal of attention due to their toxic effect to
the ecosystem, agriculture, and human
health. Heavy metal contamination in the
surface- and ground water environment
prevents any beneficial use of the water
bodies as well as makes the soil as barren.
Therefore, control of heavy metals in waste

effluents before its disposal into the
environment is essential. Conventional
technologies in heavy metal removal
include precipitation, ion exchange, reverse
osmosis, and filtration (Kurniawan et al.,
2006). However, these methods have
several disadvantages/limitations such as
being expensive, generating secondary
pollutants like sludge, and ineffective in
treating effluents with low metal

*Corresponding Author : K.M.Manjaiah, manjaiah @iari.res.in
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concentrations etc. Among the physico-
chemical treatments, adsorption process is
¢asy to operate and can treat waste effluents
with high loadings and at very low
concentrations (Bhattacharya and Gupta,
2006a). Continuous application of poor
quality irrigation water results in soil as
sink and makes it barren. To avoid the
transfer of metal from soil to human food
chain in-situ immobilization of heavy
metals is a promising alternative to the
expensive and disruptive conventional ex-
situ remediation techniques for the
contaminated soil.

Use of clays as adsorbents to remove
contaminants has been increasingly paid
attention because of their mechanical
stability, low cost, availability and presence
of metal chelating functional groups and
negative charge on surface (Fu and Wang,
2011). In this study bentonite clay was
evaluated for their potential heavy metal
removal from aqueous system as well as
metal sorption capacity of a contaminated
soil.

Materials and Methods

Instrumentation

The X-ray diffraction patterns of the
bentonite clay was obtained with a
diffractometer (Philips PW1710) using Cu
K o radiation and scanning from 3° to 15°
at a step angle 0.1°, 5 s/step. The specific
surface area (SSA) of clays was determined
by ethylene glycol monoethyl ether method
(Carter et al., 1965) and cation exchange

[Vol. 33

capacity (CEC) by magnesium- calcium
replacement method. The SSA and CEC
values for normal bentonite were 399 m’g’
! and 83.3 cmol (p*) kg, respectively. The
concentration of metal ions was determined
by the AAS.

Materials and reagents

Bentonite clay mineral was purchased
from Minerals limited, New Delhi, India.
Stock solutions of metals (Zn, and Cu)
containing 1000 mg L' metal ion was
prepared by dissolving appropriate amount
of AR grade sulphate [Cu(SO,),.5H, 0O;
Zn(S0,),.7TH O] salts of heavy metals
separately in double distilled water. The
working standard solutions of metals were
prepared from the stock solution by
appropriate dilution using double distilled
water. The soil (Aridisol) used in batch
adsorption study was collected from Pali,
Rajasthan, India. The physico-chemical
properties of the contaminated soil used for

adsorption study were determined by
standard methods.

Adsorption and desorption experiments

All the adsorption equilibrium
experiments were conducted by batch
method. A known volume (50 mL) of metal
solutions of varying initial concentrations
(0 to 50 ppm), in polypropylene bottle was
shaken with a desired dose of adsorbent
for a specified contact time in an end to
end shaker. After the pre-determined
adsorption time, solution was filtered
through Whatman No. 42 filter paper. The
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initial and equilibrium concentrations of
metal in the aqueous solutions were
analysed by atomic adsorption spectroscopy
(AAS). The amount of metal adsorbed (Q
in mg g') was determined as follows:

Q=[(C,C)m] V

Where, Q is the amount of metal ions
adsorbed onto unit amount of the adsorbent
(mg g'), C, and C, are the initial and
terminal concentrations of metal in solution
(mg L), V is the volume of solution (L)
and m is the mass of the adsorbent (g),
respectively. The percentage removal of
metal ion was calculated by following
equation:

Removal (%) = [(C,C)E T 100

where C0 and Ct are the initial and

terminal concentrations of metal in solution
(mg L7).

To study the effect of bentonite clay on
heavy metal sorption by soils, one gram
soil and 0.1 g of bentonite were taken in
30 ml polypropylene centrifuge tube and
shaken for 24 hours in an end to end shaker
with 30 ml of metal solution of varying
concentration (0-50 ppm). At the end of
shaking hour, centrifugation was done at
8000 rpm for 10 minutes and 15 ml of
supernatant was withdrawn. To study the
desorption 15 ml of 0.01M Ca (NO,), was
added to the contents of centrifuge tube
and shaken for 24 hours.

The distribution coefficient of an
adsorbent is defined as the ratio of the metal

ion adsorbed to the amount in the liquid
phase. The distribution coefficient was
calculated according to the following
equation:

Distribution coefficient (K, L/g) = [(C,
~CJFCF*V /m

where, C, and C, are the initial and
terminal concentrations of metal in solution
(mg L), V is the volume of the solution
(L) taken and m is the mass of adsorbent
(g) taken.

Effect of adsorbent level: To examine the
effect of adsorbent level on metal
adsorption, 50 ml of 25 ppm metal solution
with different amount of bentonite (0.01,
0.025, 0.05, 0.1, and 0.2 g) in polypropylene

- bottle was shaken for a specified contact

time (4 hrs) in an end to end shaker. After
the pre-determined adsorption time,
solution was filtered with Whatman No.42
filter paper. The initial and equilibrium
concentrations of metal in the aqueous
solutions were analysed by the AAS.

Effect of pH: To examine the effect of pH
on metal adsorption, 50 mL of 25 ppm
metal solution with different pH values (1,
2,3,4,5,6,7 and 8) and 0.1 g of adsorbent
in polypropylene bottle was shaken for a
specified contact time in an end to end
shaker. After the predetermined adsorption
time, solution was filtered with Whatman
No.42 filter paper. The initial and equilibrium
concentrations of metal in the aqueous
solutions were analysed by the AAS.
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Results and Discussion

Characterisation of bentonite

Figure. 1 represents the random
oriented XRD pattern of the bentonite clay
which shows a strong peak at 20 = 7.0°
(d=spacing of 12.2A) corresponds to
smectite mineral. Bentonite sample is
mainly composed of montmorillonite with
minor amounts of quartz and feldspar.
Hazem and Masry (2011) reported the basal
spacing of commercial bentonite at 12.1A.
Kloprogge et al. (2002) reported 11.5A to
15A as basal spacing of bentonite clay
depending on the different extent of
interlayer water molecules possibility

related to the differences in interlayer cation
composition.

The scanning electron microscopy

3000 |
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| 500 |
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(SEM) (Fig. 2) shows that the bent.onite
with closely associated layers forming a
relatively compact lamellar structure and
the particles are observed to have layered
structure with majority of the platelets have
hexagonal and subhedral lamella shapes.

Effect of adsorbent level

Amount of adsorbent is an important
parameter which determines adsorption
capacity. The data (Fig. 3 a & b) indicate
that in all the cases percentage removal of
metal increased from 60% to 95%, and 35%
to 95%, for Cu (II) and Zn (II), respectively.
The increase in percentage of removal as
dosage was increased due to the increase
in surface area of adsorbent. A higher
adsorbent dosage also reflects a greater
number of available adsorption sites (Vidal

0 5 10 15

[ Diffraction angle (2 )

20 25 30 39 40

Fig. 1. Random oriented powder XRD of bentonite clay
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et al., 2009), indicating more metal ions
were able to be adsorbed. However
reduction in adsorption capacity of
bentonite clay with increase in dose of
adsorbent was observed for both the metals.
As the dosage increased, the ratio of
number of adsorption sites to the number
of metal ions would increase because fixed
amount of metal ions results in more
number of unadsorbed sites. At higher
adsorbent dose particle aggregation may
decrease the total surface area of the
adsorbent and leads to lower efficiency of
adsorbent. ’

Effect of pH

The pH of the solution strongly affects
the adsorption capacity of bentonite clay.

9~

lz . | 4 850-006 mbar

EHT = 10.00kv Mag= 1303 KX WD = 10.56 mm \ B

The data (Fig. 4 a & b) indicate that
adsorption of metals increases with
increasing pH of the solution and maximum
adsorption of Cu (II) and Zn (II) occurs at
pH 6 and 7, respectively. Lower adsorption
of metals at acidic pH is attributed to higher
concentration of H* and hydronium (H,O)
ions and their competition with metal ions
for adsorption sites (Newton et al., 1976)
and diminution of the cation exchange
capacity (CEC) of the sorbent (bentonite).
At pH above isoelectric point the surface
becomes negatively charged and the
functional groups such as hydroxyl, silanol
and aluminol attract metal cation there by
resulting in electrostatic interaction. At
higher pH metal adsorption increases due
to reduced inhibitory effect of H*. Cu (II)

Fig. 2. Scanning electron micrograph of bentonite clay
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Fig. 4. Effect of pH on percentage removal (a) and adsorption capacity ( mg/g) of bentonite

clay (b)

and Zn (IT) get precipitated at pH above 6
and 7, respectively resulted in lower
adsorption.

Effect of initial metal concentration

Percentage removal of metal decreased
with increase in initial concentration and

the reverse trend observed in case of
sorption capacity per unit amount of
adsorbent (Fig. 5 a & b). At low metal
concentration, the adsorption capacity
significantly increased with increasine
metal concentration because of increaseccl
level of metal ions in the solution enhanced
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the interactions between metal ions and the
active sites of the adsorbent. The initial
concentration of metal ions act as an
important driving force to overcome all
mass transfer resistance of metal ions
between the solid and solution phase.

Adsorption isotherms

An adsorption isotherm indicates the
mathematical relationship between the
adsorption capacity and equilibrium
concentration of an adsorbent at a constant
temperature. The adsorption data were
analysed with the Langmuir, Freundlich and
Dubinin-Radushkevich (DR) isotherm
models. The Langmuir and Freundlich
models are often used to describe the
adsorption isotherm. DR isotherm gives the
idea about the nature of adsorption i.e.
whether it is chemisorption or physi-
sorption based on the free energy of

adsorption.

The Langmuir equation suggests that
the sorption occurs at the solid surface that
is made up of elementary sites, each of
which can adsorb one sorbate molecule,
i.e., monolayer sorption (Langmuir, 1918).
The Langmuir equation is given below:

Q, = (Q°bC)/( 1+bC)

The linear version of Langmuir
equationis: C_/q =1/Q°b + C/Q° + 1

Where, Q° is the maximum adsorption
at monolayer (mg g'), C_is the equilibrium
concentration of metal (mg L), q, is the
amount of metal adsorbed per unit weight
of composite, b is the Langmuir constant
related to affinity of binding site (L mg")
and is a measure of energy of adsorption.
A linearized plot of C_/ q_ against C_ gives
Q°and K.

100
S 80
g 60
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Fig. 5. Effect of initial concentration on metal adsorption capacity (a) and percentage reomoval

of metals (b) by bentonite clay




90 CLAY RESEARCH

Langmuir constant Q, represent the
maximum monolayer adsorption capacity
of the composite. The values are 14.0 mg
g'and 11.4 mg g for Cu (II) and Zn (II),
respectively (Table 1). Based on the
maximum adsorption capacity values the
sequence of metal sorption was found to
be Cu (II) > Zn (II). This result is in
consistent with Ayala et al., (2009) and they
reported that the sequence of metal sorption
for Peruvian bentonite was Cu (II) > Zn
(IT) > Ni (IT) > Co (II). The high adsorption
of Cu (I) ions is due to its paramagneticity,
high electronegativity, coordination
geometry and Jahn-Teller distortion (Vidal
et al., 2009). The sequence of Q° was
consistent with the first hydrolysis constants
(K,) of the metals studied i.e., Cu 10 k)
and Zn (10°?). Metals with larger K, (lower
pK, values) form surface hydroxy species

Table 1. Isotherm constants for metal sorption on
bentonite in aqueous system and correla-
tion coefficients

Parameters Zn Cu

Langmuir Isotherm

Qm (mg/g) 11.4 14.0
K (L7g) 0.64 0.29
R? 0.97 0.97
Freundlich isotherm

K, (mg/g) (L/g)" 4.50 5l
1/n 0.23 0.26
R? 0.92 0.94
Dubinin-Radushkevich isotherm

g, (mmol/g) 1.99 13.6
K, (mmol*/kJ?) 0.14 0.46
E (kJ/mol) 0.54 0.96
R? 0.94 0.89
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within given pH range and are chemisorbed
to the surface to a greater extent. Greater
adsorption of Cu than that Zn might be
due to precipitate phase formation by Cu
on the clay surfaces (Hui et al., 2005). The
sequence of Q° was positively correlated
with the hardness of metals (5.55 and 5.40
for Cu and Zn, respectively). Degree of
hardness shows the polarizability of the
metal cation and its affinity for ligands.
Higher the hardness, more the affinity to
surface functional groups such as mineral
— OH groups resulted in higher adsorption
of Cu (Sparks, 2003).

The Freundlich (1906) isotherm is an
empirical equation and is one of the most
widely used isotherms for the description
of multi-site adsorption where the adsorbent
surface is heterogeneous in nature.
Mathematically, it is expressed as

q =K 'x €

where q_ is the amount of metal ion
adsorbed (mg g') onto bentonite clay. K,
and n are the parameters of Freundlich
isotherm, indicating the sorption capacity
and intensity, respectively. Linear plots of
log q_ versus log C, (log q_ = log K.+ 1/n
log C) for the different initia] metal ion
concentrations provides K, and n. The
Freundlich constant n value indicates the
favourability of the adsorption process with
values < 1 for poor adsorption, 1-2 for
moderately good and 2-10 represent the
beneficial adsorption (Sparks, 2003). Cu (I1)
has the larger K and n valyes over Zn (1)

(Table 1). Cu (II) with the highest n value
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means it has highest affinity towards the
functional groups of the composite and
stronger bond results in higher K.
According to Freundlich adsorption theory,
the n values between 1 and 10 indicate
beneficial adsorption, and in this study the
n values are more than unity for both the
metals which demonstrates the beneficial
adsorption. The correlation values (Table
1) of adsorption isotherms indicate that
Langmuir isotherm fits better than
Freundlich. The Freundlich adsorption
isotherm  considers the surface
heterogeneity of surface and the exponential
distribution of the active sites, as well as
their energies. On the other hand, Langmuir
adsorption model is based on the
assumption of a sorption on homogeneous
surface by monolayer adsorption, while
considering no interaction between
adsorbed species. Moreover, Langmuir
model assumes that the adsorptive forces
are similar to the forces of the chemical
interaction. Consequently, the Langmuir
isotherm is a better applicable model for
adsorption of metal on bentonite clays
(Bhattacharya and Gupta, 2006).

Dubinin and Radushkevich (1947)
isothermal model is rarely applied onto
liquid phase biosorption due to its complex
nature. It assumes heterogeneous surface
with Gaussian energy distribution. It defines
an important parameter namely mean free
energy which is used to differentiate the
physical and chemical adsorption as
follows:

q, = qpeexp(k, €7)

where, k, (mol>kJ?) is the constant
related to the calculated average sorption
energy E, and g, (mol.g") is the maximum
adsorption capacity which can be calculated
respectively from the slope and intercept
of following linearized equation:

Inq, = Inq, “k, €

The polyanic potential & can be
calculated by the following expression:

e=RT In (1+ 1/C)

where, k; represents adsorption energy
and g, is the maximum adsorption capacity
of adsorbent. As an index of consumed
energy in adsorption, E represents the free
energy per mol of metal ion transferring
from infinity in solution to the adsorbent
surface k, is used to estimate mean free
energy by the following expression:

E=1/(2k)*

Value of E less than 1 to 8 KJ/mol
corresponds to the physical while 8 to 16
KJ/mol corresponds to chemisorption. In
order to estimate the constants of Dubinin-
Radushkevic (DR) model a plot between
In (q,) and €* was obtained at 303K. Mean
free energy for adsorption of both Zn and
Cu was found to be less than 1 KJ/mol
implies that adsorption process is physical
mechanism.

The arid soil used for the adsorption

study was alkaline in reaction (pH | ,-8.95),
sandy in texture with organic carbon
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content of 2.43 g/kg and CEC of 9.2
(cmol(p*) kg™') (Table 2). Effect of bentonite
addition on soil metal sorption was
described by the most commonly used
isotherms such as Langmuir and Freundlich.
Both Langmuir and Freundlich models
described the sorption data best for both
the metals on soil based on the correlation
coefficient (Table 3). Langmuir constant Q°,
represent the maximum monolayer
adsorption capacity of soils. The values are
1.08 mg g and 1.39 mg g"! for Zn (II) and
Cu (1), respectively for arid soil. Based on
values of the maximum adsorption capacity
calculated from the fitted Langmuir
equations the sequence of metal sorption
was greater for Cu (II) than Zn (II). The
maximum monolayer adsorption capacity
of the soil treated with the bentonite clay

Table 2. Basic physical and chemical properties of
the soil used in adsorption study

Mechanical composition

Sand (%) 67.1
Silt (%) 221
Clay (%) 10.9
Soil Texture Sandy
pH (1:2) 8.95
EC (1:2) (dSm™) 1.09
CEC (cmol(p*) kg?) 9.2
Soil organic carbon (g kg?) 243
Available soil N (mg kg™) 85
Available soil P (mg kg™) 3.8
Available soil K (mg kg™) 102
DTPA extractable

Zinc (mg kg”) 0.5
Copper (mg kg”) 0.2
Nickel (mg kg™) Nd

[Vol. 33

Table 3. Isotherm constants for metal sorption on
soil in presence and absence of bentonite

and correlation coefficients

Parameters Zn Cu

Langmuir Isotherm

Arid soil

K, (L/g) 0.11 0.15

R? 0.95 0.99

Arid soil + Bentonite

Qm (mg/g) 10.5 11.76

K (L/g) 0.62 0.52

R? 0.95 0.99
Freundlich isotherm

Arid soil

K, (mg/g) (L/g)"™ 0.12 0.18

1/n 0.43 0.7

R& 0.96 0.97

Arid soil + Bentonite

K. (mg/g) (L/g)"™ 555 221

1/n 0.63 0.64

R? 0.95 0.99

was 10.5 mg g'and 11.76 mg g for Zn
(D) and Cu (II), respectively. The higher
adsorption of Cu than that of Zn might be
due to its higher relative binding strength,
electronegativity and hydrolysis constant
and lower ionization potential. The
maximum adsorption capacity of soil for
Zn (II) and Cu (1I) increased in presence of
the bentonite than that of untreated soil.
This might be due to the increased
adsorption sites available for the metals in
presence of the bentonite. Application of
bentonite increased the monolayer
maximum adsorption capacity of soil by
8.5 fold and 9.7 fold for Cu and Zn,
respectively. Similar findings are reported
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by authors that application of clay minerals
(including vermiculite also) enhances the
metal sorption capacity of the soils (Xiong
et al., 2005; Xiong et al., 2005).

The Freundlich parameter K, and n
values are 0.12, 0.18 for Zn and Cu,
respectively and 3.72, 2.27 respectively for
soil unamended and amended soil. The n
value for both the metals studied was

greater than 1, reflecting a favourable
adsorption.

The distribution coefficient (K) is a
useful index for comparing the sorptive
capacities of materials for a particular ion
under the same experimental conditions
(Alloway, 2008). Therefore, a further
analysis of the data based on the distribution
coefficients was done. The distribution
coefficient (K,) has been calculated over
all the initial concentrations of heavy metals

(Fig. 6). It is defined as the ratio of the
metal concentration in the solid phase to
that in the equilibrium solution after a
specified reaction time. A high K, value
indicates a higher‘ metal retention by the
adsorbent through sorption and chemical
reactions. However, a low K, value
indicates a high amount of the metal
remains in the solution. Over all initial
concentrations of heavy metals, the highest
K, values were found for Cu and followed
by those of Zn (Fig. 6). The results also
indicated that the K, value decreased with
increasing the initial metal concentration.
This indicates that changes occur in the
nature of the sites that are involved in the
sorption process, depending upon the metal
concentration. The higher K, value that was
obtained in the experiment with lower metal
concentrations is associated with the
sorption sites of high selectivity, which have

30 ~
28 1

20
15
10
5 =
0

N g

=>¢=Cu

-—7n

Kd (mg/L)

515 20° 40

Initial concentration (ing

210~ (b)
=k
S« to o
— Al
M 05 -
-—Zn
0.0
5 20 40

Initial concentration (m%

Fig. 6. Distribution coefficients of Cu and Zn in soil (a) with bentonite and without (b) bentonite

clay
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relatively strong bonding energies.
Otherwise, heavy metal sorption becomes
unspecific at higher metal concentrations,
when the specific bonding sites become
increasingly occupied, resulting in lower
K, values (Abidin and Kahan, 2005).
Higher the K, value for Cu indicate large
affinity of soil with and without the
bentonite. From the study it is clear that
application of bentonite had positive impact
on the metal adsorption capacity of the soil.
The higher K, value in the amended soil
indicate that application of bentonite
provide additional adsorption sites for the

metals in the form of chelating functional
groups.

The desorption rate can be used to
characterize the degree of metal binding to
the adsorbent. Higher the percentage of
desorption, the more the loose binding. The
desorption of the metals were decreased in

CLAY RESEARCH
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presence of bentonite clay frqm th.e soil
compared to non-treated soil (Fig. 7)
indicating the amended soil has more
potential to retain the metals than that of
untreated soil. This might be due to the
strong binding of metals by the functiopal
groups of the bentonite clay. The desorption
percentage was higher at higher metgl
loading for both the metals from the S.Oll
both in presence and absence of bentonite.
The desorption percentage at all initial
concentration was lower for strongly
adsorbed metal Cu (0.02% at 5 ppm to
0.27% at 50 ppm) than that of Zn (0.07%
at 5 ppm to 3.03% at 50 ppm) in treated
soil. The percentage desorption sequence
followed the same trend in non-treated soil.
The lower percentage of desorption of Cu
might be formation of strong complexes
with the bentonite clay and at higher
loading the desorption might be due to

5 10

=#—Cu Soil + Clay ~#~Cu soil =#%=Zn Soil+ Clay ==Zn Soil

Fig. 7. Percentage desorption of Cu and Zn from soil (a) with bentonite

nite clay

20

40

Initial concentration (mg/L)

30

and without (b ) bento-
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sorption at edges of composite. For the
loosely bound metals the mechanism might
be of ion exchange which resulted in higher
desorption percentage.

Conclusion

The effect of adsorbent level, initial
metal concentration and pH on metal
sorption capacity of bentonite clay showed
maximum sorption of Cu and Zn at pH 6
and 7, respectively. The percentage removal
of metal decreased with increase in initial
concentration and the reverse trend
observed in case of sorption capacity per
unit amount of adsorbent. Amongst the
adsorption isotherms, Langmuir equation
fitted well and the study demonstrated the
usefulness of bentonite in removal of metals
from aqueous solution by adsorption
mechanism. Freundlich sorption model
fitted well the sorption data of bentonite
clay treated soil. Amendment of soil with
bentonite clay enhanced the sorption
intensity of metals as well as decreased the
desorption of metals and could be used as
a potential immobilising agent for metals
in soil.
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Geotechnical and Mineralogical Studies on Edaphic Stresses of
the Deccan Trap Formations at NIASM Site, Malegaon,

Baramati, Maharashtra

U.K. MAURYA*

National Institute of Abiotic Stress Management (NIASM), Baramati, Pune, Maharashtra - 413115

Abstract: Geotechnical study on 17 Bore Logs with depth up to 5m were conducted at Upper
reaches of watershed using rotary drilling rig at NITASM Site, Malegaon, Baramati to under-
stand the nature of lithological / mineralogical compatibility, hydrothermal/ secondary mineral
crystallization of individual drill core by measuring the rock strength and assessing their feasi-
bility for the foundation of different building blocks as well as for evaluating the possible role of
edaphic stresses. Study indicated two phases of volcanic activity with variable thickness of
vesicular and non-vesicular flows and most variable physical parameters are the saturated crushing
strength and water absorption due to the inhomogeneous and fractured / altered nature of rocks
in different horizons and at variable depths at logging site. Net safe bearing capacity is low in
the vesicular flow due to presence of amygdales whereas it is high in non-vesicular flow due to
compactness indicating that with diverse lithology the different treatment for the foundations

. are required to set up a strong base of different blocks.

Assessment of the subsoil strata from
safe bearing capacity point of view,
geotechnical investigation of soils and rocks
using core samples up to depth of Sm were
carried out to measure the rock strength of
different flow activity, their mineralogical
make up and the edaphic stresses if any.
Study on the textural and mineralogical
composition of Basalts and associated rocks
of the region was studied by Kanegaonkar

and Powar (1978), Kale and Rajaguru
(1987), Kale, et. al. (1993), Godbole, et al.
(1996), Geological Survey of India (1998)
and Duraiswami (2009).

Site is located between 18°09” 18.86™
N to 74°30°01.33” at Malegaon Khurd,
Baramati in Pune District of Maharashtra
State in the semi-arid tract of the plains of
the Western Ghats with the elevation
varying from 547 to 565m MSL. (Fig.1).

*Present address: Division of Soil Science and Agronomy, Central Soil & Water Conservation Re-
search & Training Institute, 218-Kaulagarh Road, Dehradun, Uttarkhand- 248 195

E-mail: uk_maurya63 @yahoo.co.in
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Fig. 1. Google Map of the NIASM site show-
ing the location of the Bore Hole (BH1-17)

Material and Methods

Drilling and sampling of seventeen
boreholes in soil and rock was carried out
on the Upper reaches of NIASM watershed.
Borehole in soil was advanced using rotary
drilling method, while NX size double tube
core barrel with diamond bit was used to
drill in rock. Water was circulated to cool
the drilling bit. Ground water table was
recorded after 24 hours of completion of
drilling. On completion of drilling, soil
samples were packed in plastic containers
with proper identification tags. Rock cores
were numbered and kept in core boxes.
Representative soil and rock samples of
Bore Logs were analysed for their various
geotechnical properties using standard
procedures of Terzaghi et al., (1996) and
Coduto, et al., (2011). Chemical analysis
of soil and water of few representative
samples were carried out as per established
laboratory techniques.

Thin section of representative core
samples was prepared and studied using

[Vol. 33

petrographic microscope (Nikon, M(?del NO
ECLIPSE E200POL) at Pune University
using NIS-Element F3.0 and Coral
PHOTO-PAINT X3 software to know the
textural and mineralogical composition as
well as alterations / transformation effects
in basalts. Minerals were identified
following standard procedure of Read
(1963) and Ker (1977). Nature of Bore Logs
with mineralogical composition were
studied and described as per with standard
norms.

Results
Field Study
Bore Hole Observations

The details of each location, its depth
and other relevant information are given in
the table 1, which indicate that coring depth
varies as per with geological formations of
the site and bore hole location.

Subsoil Profile

Four types of strata are encountered at
the most of the sites as given below.

Stratum I: Silty / Loamy sand.

Stratum II: Highly disintegrated rock

recovered as gravely loamy sand mixed
with boulders (hard muram).

Stratum III: Highly to moderately
weathered hydro-thermally altered (HTA),
fine grained amygdaloidal basalt / with

some zeolitic cavities, highly to moderately
fractured weathered basalt,
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Table 1. Location of Bore Hole, depth of coring
in soil and rock

Bore Depth in Coring in
Hole No. soil (m) rock (m)
BHI 0.20 4.80
BH2 0.00 5.00
BH3 0.00 5.00
BH4 0.15 4.85
BHS 0.20 4.80
BHG6 0.15 4.85
BH7 0.20 4.80
BHS 0.00 5.00
BH9 0.15 4.85
BHI10 0.00 5.00
BHI11 0.10 4.90
BHI12 0.15 4.85
BHI13 0.00 5.00
BHI14 0.00 5.00
BHI15 0.00 5.00
BHI16 0.15 4.85
BH17 0.15 4.85

Stratum IV: Fresh to moderately
weathered hydro-thermally altered (HTA)
fine grained compact basalt / fine grained
grayish compact Dbasalt/ grayish
amygdaloidal basalt/ HTA amygdaloidal
basalt with some zeolitic cavities.

Thickness of each layer encountered
along with RQD (Rock Quality
Designation) range as the case may be at
the locations is given in table 2. It shall be
noted that the stratum listed below may
not be encountered in the same order as
listed.

The lithological / mineralogical details
of individual drill core have been described
and a representative of each type i.e.
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vesicular and non-vesicular flow have been
shown in figures 2 and 3 and the details of
core recovery (CR), RQD and other

parameters are given in the bore logs (Figs.
4-5).

The observed Bore Holes were
correlated with respect to their contour
height and flow type (Table 3). From the
table it is observed that contour height of
different Bore Hole differ from 98 to 107m
indicating that they have different phases
of flow with variable lithological make up.
With the above lithological information on
the individual drill core, all the seventeen
bore logs were correlated to understand the
nature of flow, their compatibility and
mineralogical composition.

Water Level

During the boring water level was
encountered in some of the boreholes as
stated below in table 4. This may be for a
shorter period. The correct method to
determine ground water table is to install
standpipe piezometer and monitor over a
long period of time.

Laboratory Study

Representative Drill Core samples were
selected and classified for the different
laboratory testing / investigations as stated
below:

Rock samples

Rock samples were tested for different
geotechnical parameters to assess their
feasibility for the foundation of different
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Table 2. Thickness of each layer with RQD

BH No Layer I Layer II Layer III Layer IV

Thick (m) Thick (m) Thick (m) RQD % Thick (m) RQD %
BH-1 0.20 . ‘ . 4.80 77-96
BH-2 . % i * 5.00 73-85
BH-3 . 3 g : 5.00 58-99
BH-4 0.15 L P # 4.85 87-89
BH-5 0.20 - : @ 4.80 48-83
BH-6 0.15 < 4 % 4.85 42-81
BH-7* 0.20 % : > 4.50 50-79
BH-8 - 0.50 0.30 0 4.20 54-93
BH-9 0.15 1.35 1.00 0 2.50 32-95
BH-10 - 1.50 2.00 0-54 1.50 85
BH-11 0.10 1.40 1.50 0 2.00 56-74
BH-12 0.15 0.85 - > 4.00 46-70
BH-13 . s : . 5.00 39-58
BH-14 - 1.00 3.00 0-28 1.0 66
BH-15 £ 5 2.00 0-23 3.00 45-87
BH-16 0.15 0.10 4.85 0-54 - -
BH-17 0.15 0.70 1.70 0-39 2.50 59-72

*Layer III encountered below layer IV from 2.2m to 5m

HTA: Hydio - theymally
Alered ;

-y

T SO S O SO L I A SO T 0 S I S (oL ok 08 Ot S0 o S (I )

Fig. 2. Core samples from Bore Log 8 showing moderately weathered hydrothermally altered vesicular
basalt of 4.2m thick. The core is characterized by an enriched zone of 0.3m thick wel] crystallized zeolite

just below the gravel and boulder horizon. The upper most layer is the soil horizon of 0.5m thick.

s e—
st




2014] GEOTECHNICAL AND MINERALOGICAL STUDIES ON EDAPHIC 101

Symbol Deseniption

S18E 58y 1rd
By oy gy
l ,41 ihard mvwpni wanns
it bendimy
Mgty 1o mod smgh
i”l MiaFre gowed
by

bl

BR| [Hophio med seah
;ta HTA basel withy
ol covbe
coay [Frethio mod wesh
b:’! wih fre gsrad
compact Byl
Frathto mod westh
PE | Groyets Ao

g [Fieehio mod weith
P 1A Ay bas/
b secinty Cpotm:
*
&

HTA hughly 0 modt
]
basat
o # [Feshio sod westh
ﬁa IH!A frw gared
Basal
HTA Hydvo - theraslly
altered

i

Fig. 3. Core samples from Bore Log 2 showing moderately weathered fine grained compact basalt from
non-vesicular flow of 5m thick.
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Table 3. Bore Log with contour hei ght
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Bore Log No.

Contour height (m) Flow type
BH1 105.00 Nonvesicular
BH2 0575
BH4 105.70
BHS 103.50
BHS 102.30 Vesicular
BHI0 100.00
BHI11 100.50
BHI14 99.70
BH3 106.75 Nonvesicular - Vesicular
BH6 103.50
BH7 105.00
BHI16 104.00
BH17 104.00
BH9 99.00 Vesicular - Nonvesicular- Vesicular
BHI12 100.00
BHI13 98.00
BH15 98.50

building blocks. The most common are 1)
dry and wet density, ii) percentage
absorption and iii) saturated crushing
strength. The results of these parameters
are given in table 5. From the table it can
be observed that most variable physical
parameters are the saturated crushing
strength.

Soil samples

Geotechnical properties on a limited
number of soil samples were carried out
with respect to their mechanical analysis
and moisture content. The results of the
analysis are given in table 6. From the table
it can be observed that soils are dominantly
gravely in nature (gravel upto 97%). Their
moisture content varies with location of
logging core.

Table 4. Bore hole number with water level

Bore Hole No.

Water level (m)

BH1
BH2
BH3
BH4
BHS5
BH6
BH7
BH8
BHO9
BH10
BHI1
BH12
BHI13
BHI14
BHI5
BHI16
BH17

2.95

2915

Water loss from 4.5m
33

3.45

Water loss from 4m
Water loss from 2m
Water loss from 4m
Water loss from 4.5m
Water loss from 3.25m
Water loss from 4.5m
Water loss from 4m
Water loss from 4m
Water loss from 3m

Water loss from 5m
2.85m
29m
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Table 5. Summary of rock test results

BH Piece Depth Diameter Height  Dry Dry Saturated Saturated Absorp- Specific Saturated
No No below mass Density Mass Density tion  Gravity Crushing

GL Strength

(m) (cm) (cm) (gm) gm/cc  (gm) (gm/cc) ? kg/cm?
1 4 0.2-1.5 54 11.2 741.0 2.89 749.0 2.92 1.08 2.85 588.93
1 15 3.0-4.5 5.4 11.2 728.0 2.84 7340 2.86 0.82 2.80 679.51
2 3 0.0-1.5 5.4 i 735.0 2.87 740.5 2.89 0.75 2.83 815.43
2 3 3.0-4.5 5.4 112 i) 2.78 724.5 2.83 1.83 2.74 135.92
3 4 0.7-1.5 5.4 112 729.0 2.84 735.0 2.87 0.82 2.80 679.51
3 19 3.0-4.5 5.4 112 709.0 2 715.0 2.79 0.85 pATLC 362.42
4 6 0.15-1.5 5.4 1152 TS 2.78 720.5 2.81 1.26 2.74 498.3
4 17 3.0-4.5 54 11.2 726.0 2.83 733.0 2.86 0.96 2.79 498.3
5 7 0.2-1.5 54 1152 525 2.86 740.5 2.89 1.09 2.82 724.8
5 19 3.0-4.5 54 1152 724.5 2.83 731.0 2.85 0.90 2.79 447.48
6 4 0.15-1.5 5.4 1152 72245 2182 ¢ 736.0 2.87 1.87 2.78 362.42
6 20 3.0-4.0 5.4 1153 709.5 204 57210 2.79 1.62 2.63 447.48
7 9 0.9-1.5 54 113l 702.0 276 #5120 2.80 1.42 2.70 407.72
(/ 24 2.5-4.0 54 11.1 611.0 240  628.0 2.47 2.78 2.35 181.21
8 6 0.8-2.0 54 1511 609.0 240  636.0 2.50 4.43 2.34 135.92
8 18 3.5-4.0 54 12152 632.0 247 665.0 2.59 522 243 135.92
9 5 1.5-2.5 53 7.4 391.0 240  412.0 292 5.37 237 88.68
9 15 2.5-4.0 5.4 14e2 687.0 2.68 699.0 273 175 2.64 271.8
9 23

4.5-5.0 5.4 T2k 20108 2581 728.0 2.84 1511 2.78 200.4

10 12 2.0-325 54 L2 6089163 691.5 2.70 2.60 259 407.72
10 14 2,0-3.258 154 7.4 3780, & 223 386.0 2.28 212 2.45 40.08
10 17 3.5-5.0 5.4 11.3 563.0 2.18 617.5 2.39 7.90 2.16 45.29
11 - 2.0-3.0 5.5 9.0  526.5 2465 £ 5455 255 3.61 239 71.46
11 20 4.5-5.0 3 97 40RI0E =2 6 S06:0 2.20 1.61 242 107.32
11 12 3.0-4.5 54 il 578100 225 604.0 2.36 4.50 2.18 135.92
12 8 1.0-2.5 5.4 9.0 48875 2837 504.0 2.45 3.17 2.33 75.49
12 11 1.0-2.5 5.4 10:6* 252575 250l 536.0 22 2.00 2.12 111.33
12 16 2.5-4.0 5.4 10.3 5941052235 583.0 2.47 523 291 87.03
13 16 1.5-3.0 54 12 708.5 200 L) 2.80 1.20 272 543.59
13 / 0.0-0.8 54 11°2 618.5 2.41 624.0 243 0.89 2.36 187.04
13 25 3.0-4.0 5.4 11.2 610.0 2,3 8F 637710 248 4.43 235 90.58
14 4 2.0-3.0 S:3 7.8 383.5 223 409 2.38 6.65 219 34.6

14 19 3.0-4.0 5.4 S 291.0 2223 309 237 6.19 2.22 116.6

14 22 4.0-5.0 5.4 1152 653.5 2:95 668 2.61 2:22 251 447.48
15 9 1.0-2.0 54 94  540.5 2.51 558 2.59 3.24 2.46 39.42
15 14 2.6-3.5 5.4 1151 67210 "2:64 689 2i71 2.53 2.58 181.21
15 29 3.5-5.0 5.4 11.1 605.0 2.38 633.5 2.49 4.71 2.32 135.92
16 5 0.25-1.0 53 8.1 455.5 2.58 462 2.59 1.43 2.53 486.14
16 41 3.0-4.5 54 11171 605.0 2.38 636 2.5 512 2.33 90.58
16 51 4.5-5.0 5.4 11.2 590.0 2:30% .. 618.5 241 4.83 2.27 90.58
17 7 1.0-2.5 54 11.2 711%% 2.78 719 2.8 1.05 2.68 860.72
17 21 2.5-4.0 5.4 1512 627.0.. 245 651 2.54 3.83 241 181.21

17 25 4.0-5.0 54 11.1 628.5 247 647 2.55 2.94 242 181.21
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Chemical Analysis of Soil & Water

Chemical test was conducted to
determine the sulphate (SO,) content,
chloride (Cl) content and pH on selected
number of disturbed soil sample and water
collected from borehole. Results (Table 7)
indicated that the values are within limit,
hence no special treatment is required.

Engineering Properties

Engineering analysis of the subsoil was
performed to determine net safe bearing
capacity. Parameters obtained are based on
various field and laboratory tests. Rock is
encountered at shallow depth. It is
considered that isolated pad foundation
shall be used. Open foundation - Reference
to IS 12070 “Design and construction of

Table 6. Summary of soil test results
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shallow foundation on rocks” and IS 13365
(part I) “Quantitative classification system
of rock mass”. RMR (rock mass rating) of
the stratum at foundation depth is
determined.

Water loss was noticed in few
boreholes. Safe Bearing Capacity was
calculated using six parameters for BH-1
for Im and 2m depth. The value and rating
are given in table 8.

Net safe bearing capacity was adopted
for pad foundations calculated using above
parameters placed at different depth below
the ground surface at the time of
investigation (Table 9). For foundations
placed on rock, it was ensured that there
are no loose pockets on rock surface. In

BH No. Depth Moisture content Mechanical Analysis
below GL

(m) % % G % S % F
9 1.00 2.34 97.0 3.0 0.00
10 1.00 3.65 87.0 9.0 4.00
12 0.75 96 83.0 14.0 3.00
Table 7. Chemical analysis of soil and water
S. No. Location / Depth SO, (mg/kg) Cl (mg/kg) pH
1 BH2* 15.47 18.65 7.80
2 BH-5 12.42 20.71 7.36
3 BH-8 /.5m 10.70 12.21 8.05
4 BH-9 /Im 11.24 16.88 7.59
5 BH-11/ 1m 15.65 13.78 7.42
6 BH-16 10.2 12.68 7.89

*Water sample
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Table 8. Parameters for calculating safe bearing capacity from BH-1 at depth1&2m

Parameter

Value Rating
Depth — Im
Strength of intact rock (MPa) 59-68% T
Rock quality Designation 77- 96% 17
Spacing of discontinuities Wide to very wide 17
Conditions of discontinuities (< 1 mm) - 23
Ground water condition Wet 7
Adjustment for joint orientation Fair -7
Total 64
Depth — 2m
Strength of intact rock (MPa) 68 7
Rock quality Designation 91- 96% 20
Spacing of discontinuities very wide 20
Conditions of discontinuities (< 1 mm) - 25
Ground water condition Wet 7
Adjustment for joint orientation Fair ol
Total 72
According to IS 12070 (table 3) classification of rock is II
BORE LOG
(As per IS : 1892 - 1979, 4453 - 1980, & 4464 - 1967)
Location : Admin. Block building Bore Hole No., : 2
Dia. of Borehole : 100 /Nx m Depth of Bore Hole - Sm
Depth of GWT : 275 m
ScaleD P S ampl Depth(m) | CR RAO Remarkss
m e:h Log Descipion No. Type From To xXlx 0‘;::‘1" :ﬂ*
= [===1] Fresh to mod. weath. with
— =223 fine grained compact basalt
, 3 19 |lpR1| o | 15 |se3|7e
a4 F
E T 1w18|oR2| 15 | 3 |92|73
= i = Gwr
R i bt
4 —5 2027 |oR3| 3 | a5 |99 |es
e ';g- s 00 |2 (5.00m) |2829 |OR4a | a5 | 5 [B4 [sa
= The Bore Hole is Teminated
3 at 5.00 m depth
68 I
‘ DR : Dnill Run CR : Core Recovery
GWT : Ground Water Table ROD : Rock Qualty Designation

Fig. 5. Bore log characteristics indicating %RQD and %CR of layer I - IV with depth in non-vesicular
flow of Bore Hole No. 2
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case of loose pockets or over excavation, it
was filled by plain cement concrete. For
foundations placed on gravelly silty sand
(muram), prior to placement of PCC,
compact bottom of excavation to 95% was
filled up with modified proctor density
using heavy vibratory roller.

The contour height of the bore hole
shows a considerable gap of 9m with
variable flow and rock composition which
is apparent from the table 3. Study on net
safe bearing capacity of different bore holes
for the foundation indicated that bore holes
with rocks dominant of vesicular flow has
very low value (35-45 T/m?> and 45-55 T/
m? for 1 and 2 m depth respectively)
whereas, bore holes with rocks dominant
of nonvesicular flow and or association of
nonvesicular-vesicular flow, vesicular-
nonvesicular flow or vesicular-
nonvesicular-vesicular flow has
comparatively higher value (60 T/m? and
75-80 T/m?%i.for #lyand 2 sm; depth
respectively) (Table 9).

Mineralogical Properties

Mineralogical composition and the
textural arrangement of minerals of the core
samples were correlated with the rock
strength. Study indicated the dominant
presence of porphyritic texture in non-
vesicular basalts is due to calcic feldspar
(labradorite) and pyroxene (augite) as
phenocrysts with Albite, Carlsbad and
Lamellar twinning. The groundmass of
theses basalts are mostly dominated by the
fine-grained minerals consisting of

Table 9. Net safe bearing capacity for different
bore holes
Borehole No Depth of Net §afe
foundation bearn.lg
(m) capacity
(T/m?)
BH1, BH2, BH3, 1.0 60
BH4, BH5 2.0 80
BH6, BH7 1.0 60
2 73
BHS 1.0 60
2.0 7S
BH9 1.0 30
2.0 50
2.0 50
BHI11 1.0 35
2.0 50
BH12 ES 60
2.0 80
BH13 1.0 60
2.0 80
BH14 1.0 45
2.0 55
BH15 1.0 i
2.0 0
BH16 1.0 =
2.0 45
BH17 10 o
2.0 100

plagioclase feldspar, olivine, pyroxenes,
glass and iron oxides (Figs. 6-8).

On the other hand vesicular basalt have
more intergranular pore spaces with larger
crystal and zeolites as secondary mineral
in the vesicles as shown in the figures 2, 9
and 10, and most of these zeolites are
showing dissolution and etching effects
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Fig. 6. Plagioclase feldspar (labradorite) with al-
bite twining in the matrix of pyroxene and olivine
in non-vesicular basalt (BH2/8 )

Fig. 7. Plagioclase feldspar ( labradorite) as phe-
nocrysts with Carlsbad and albite twining in the

matrix of fine grained plagioclase, pyroxene and
olivine in non-vesicular basalt (BH2/8 )

Fig. 8. Porphyritic texture showing the phenoc-
rysts of plagioclase feldspar and pyroxene as well
in the groundmass of non-vesicular basalt. (BH2/

8)
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Fig. 9. Plagioclase feldspar (labradorite) in the
matrix of altered pyroxene and olivine in vesicular
basalt(BH 10/9)

Fig. 10. Association of stilbite crystal showing
perfect cleavage with cyclic twinning (BH8/2)

along the boundary wall as well as effects
of tectonic stresses (Fig.11).

Different zeolite forms and their growth
in the cavities is indicative of multifacets
origin of traps (i.e. vesicular and non-
vesicular) and its hydrous nature may be

responsible for lowering the shearing
strength of rock.

Discussion

Field observations shows two phases
of volcanic activity/magmatic eruption
which are indicated by vesicular
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Fig. 11. Stilbite minerals are showing dissolution
and etching effects along the boundary wall as well
as effects of tectonic stress (BH 8/23)

(amygdular), non-vesicular (ordinary) and
combination of these flows that occurred
in the area during the Upper Cretaceous
period (68.5 million years). Due to low
viscosity of magmatic fluids, vesicular flow
are widely distributed on the ground, vis-
3-vis higher viscous magmatic fluids of
non-vesicular flow are normally below the
ground and are exposed in the area
whereas the upper horizon of vesicular
flows has been removed / eroded due

different weathering agencies.

Results on geotechnical analysis
indicated most variable physical parameters
are the saturated crushing strength followed
by the water absorption. The reasons for
this variation are due to the inhomogeneous
and fractured / altered nature of rocks in
different horizons and at variable depths at
logging site. Based on the RMR, IS 12070
recommended safe bearing capacity value.
According to IS 12070, allowable pressure
will result (in raft up to 6 m thickness) 10
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settlement less than 12 mm. In some of the

boreholes higher bearing capacity 18
possible, lower value is recommended due
to presence of alternate layers with low

RQD.

Results on mineralogical associations
with different rock units shows that due to
presence of more intergranular pore spaces
(amygdales/cavity) with larger crystal of
feldspars and secondary dissoluted zeolites
the rock strength is lowered which lowers
the net safe bearing capacity therefore
foundation will be weak. Contrary to this,
in the non-vesicular flow the intergranular
pore spaces between mineral grains of
feldspars, olivine and pyroxenes as well as
zeolites are highly compact and therefore
rock strength is high resulting higher net
safe bearing capacity and therefore
foundation will be strong. This indicates
that due to varying flow with diverse
lithology the different treatment for the
foundations are required to set up a strong
base of different blocks.

Conclusions

The high net safe bearing capacity and
shearing strength of non-vesicular basalt is
due to compactness of rock with least
weathered fine grained primary silicate
minerals and lower net safe bearing
capacity of vesicular basalt is due to
presence of coarse mineral grains with
larger intergranular pore spaces and
weathered mineral grains.
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Weathering of Silicate Minerals by Humic Acids : I1L. Nature of
Cation Solubilisation from Epidote and Microcline and
Characteristics of the Residual Products

SRUTI DAS, KUNAL GHOSH AND CHANDRIKA VARADACHARI

Raman Centre for Applied and Interdisciplinary Sciences, 16A Jheel Road, Kolkata 700 075

Abstract-This study aims to understand the alteration of the primary minerals, epidote
(sorosilicate) and microcline (tectosilicate ) by humic acids (HAs) of diverse origin (extracted
Jrom Entisol, Alfisol and Mollisol). Kinetics of dissolution as well as nature of residues formed
after weathering, were investigated. The solubilisation process represents a cycle of alternate
dissolution and precipitation as seen from the recurring crests and troughs in the kinetic curves.
The release of cations from the minerals is determined by its position in the crystal lattice, its
strength of chelation with HA, accessibility of HA to the ion and the how the neighbouring ions
are affected by its removal. Analysis of the residual products further illustrates the contrasting
stabilities of the minerals. The composition of epidote showed significant reduction in Si**,
Fe*”* and Ca?* and enrichment in AP* with all the HAs; microcline showed only slight reduc-
tion in Si**, Fe*”* and K* and enrichment in AF*. The major XRD bands of microcline were
unchanged in the residues and no new phases were observed. Epidote residue showed signifi-
cant changes in many XRD bands and the formation of new phases. The IR spectra of both the

minerals showed absorptions due to HA indicating the precipitation of metal-HA complex on
mineral surface.

Key words : Weathering, silicates, epidote, microcline, humic acids, cation, solubilisation.

Of the six groups of primary silicate

minerals, two earlier publications (Das et
al., 2013, 2014) described the weathering
of olivine (nesosilicate), tourmaline
(cyclosilicate), hornblende (inosilicate) and
biotite (phyllosilicate) by humic acids
(HAs) particularly the nature of cation
solubilisation and characteristics of the
residual products. Here, we are extending

such studies to the remaining two groups,

viz., epidote (sorosilicate) and microcline
(tectosilicate).

The kinetics of reactions involving solid
phases in solutions is complex due to
formation of surface coats, etchi

. ng and
fragmentation. Studies on silicate
dissolution by organic acids have beep

mostly confined to simple organic acids:

*Corresponding Author Email : kghoshcu @ gmail.com
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humic acid dissolutions of silicates have
been rather limited. In studies of organic
acid dissolution of primary silicates,
Barman er al. (1992) concluded that organic
acids dissolved minerals by a combined
action of complexation and acid attack. The
solubilities of the cations depend on their
positions within the crystal. At the initial
stages, the rate determining step was surface
detachment of cation-ligand complexes.
Subsequently, the creation of fresh surfaces
by fragmentation and etching were rate-
limiting (Barman et al., 1992). Olivine and
biotite showed fragmentation to small
particles whereas microcline and tourmaline
showed dissolution of ultrafine particles
(Varadachari er al., 1994). Biotite also had
reduction in size of flakes, tearing of edges
and reduction in thickness of the layers.

Earlier workers studying mineral
dissolution had inferred that mechanism of
dissolution proceeds by a surface-controlled
reaction (Hansley and Briggs, 1994).
Organic acids significantly enhance feldspar
dissolution rates (Hees et al., 2000 ; Welch
and Ullman, 1996). The organic promoted
dissolution of silicates increased at
moderately acidic to near neutral pH
(Knauss and Copenhaven, 1995). Organic
dissolution, whichwas roughly pH
independent (Wogelius and Walther, 1992),
was weak and enhanced only in neutral pH
(Golubev and Pokrovsky, 2006). However,
Drever (1997) found that HAs do not
increase feldspar dissolution rates
significantly. Organic acids can directly
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enhance dissolution by proton/ligand-
mediated mechanism (Furrer and Sticher,
1999) with rate being proportional to the
concentration of adsorbed ligand or
indirectly by complex formation with
reaction products (Bennett, 1991) thereby
increasing the chemical affinity for
dissolution. The adsorption of ligands in
feldspar occurs primarily at Al sites on the
surface (Welch and Ullman, 1996) forming
Al-organic complexes (Wit et al., 2001)
and this weakens the Al-O bonds of
feldspar, resulting in leaching Al into
solution and enriching the surface with
strongly bonded Si-OH in place of the
weakly bonded Al-OH (Drever, 1997).

A series of studies on weathering of
various primary silicate minerals by HAs
was conducted by Das et al. (2013, 2014).
These two previous investigations reported
the changes to olivine, tourmaline,
hornblende and biotite covering the mineral
groups belonging to the nesosilicate,
cyclosilicate, inosilicate and phyllosilicate.
Das et al. (2013) observed that weathering
of minerals by HAs showed marked
differences from weathering by low
molecular weight organic acids. Dissolution
did not show a regular increase but a series
of peaks and troughs indicating
precipitation (Das et al., 2013). There were
significant alterations in crystallinity as seen
from XRD. Similar kinetic patterns of peaks
and troughs were also observed with
hornblende and biotite dissolution by HAs
(Das et al., 2014). XRD bands of biotite
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were minimally altered whereas major
XRD bands of hornblende either
disappeared from the diffractogram or were
much reduced in intensity (Das et al.,
2014).

This work, which is an extension of
the two previous investigations by Das et
al. (2013, 2014), completes the study of
the weathering of the major silicate groups.,
The sorosilicates and tectosilicates
represented by epidote and microcline were
weathered by HAs obtained from diverse
agro-climatic origins. Investigations on the
kinetics of dissolution of cations from
epidote and microcline by HAs extracted
from an Entisol, Alfisol and Mollisol were
carried out at varying pH. The residual
products of the reactions were studied for
compositional changes and also changes in
their XRD and IR spectra.

Materials and Methods
Characterisation of minerals

Epidote (sorosilicate) and microcline
(tectosilicate) provided by the Geological
Survey of India, Kolkata were used in this
study. The minerals were powdered and
dry-sieved to the 80-150 mesh B.S. size
fraction, then washed and dried at 80°C.
X-ray diffraction (XRD), infrared
spectroscopy (IR) and chemical analysis of
the minerals and their weathered products
were done as described by Das et al. (2013,
2014).

Extraction and characterisation of

humic acids

The HAs were extracted from surface
soils (0-15 cm) of an Entisol (Fine loamy,
mixed, hyperthermic, Aeric Fluvaquent:
deltaic new alluvium; Baruipur, W. Bengal),
Alfisol (Fine loamy, kaolinitic,
hyperthermic, Ultic Paleustalf; ferruginous
soil; Vishnupur, W. Bengal) and Mollisol
(Coarse loamy, mixed, cryic, Typic
Hapludoll; mountain soil; Auli,
Uttarakhand). The method of extraction,
fractionation, purification and
characterisation of HAs was carried out as
described by Das et al. (2013).

Elimination of interference by humic ac-
ids in the chemical analysis of cations

Spectrophotometric methods for the
determination of cations in solution in the
presence of HA had to be slightly modified
because HA interferes in colour
development procedures. Modifications
adopted herein were described by Das et
al..(2013).

Kinetics studies

Kinetics of solubilisation of cations
from the minerals by HAs were studied in
the following the procedure described in
earlier studies (Das et al., 2013, 2014).
To 200 mg of mineral sample in plastic
bottles, 20 ml of 1000 ppm HA was pipetted
in. The pH of HA was varied from 6-9.
The suspensions were shaken intermittently
(8h/day) up to 49 days. At the end of the
reaction period, which was 7, 14, 21, 28,
35, 42 and 49 days, the solutions Wer®
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filtered, washed, made to volume and
analyzed for the major cations.

Studies on residual products

Weathered products of reaction were
prepared as followed in earlier studies (Das
et al., 2013, 2014). To 2 g mineral sample
in a plastic bottle, 50 ml of 1000 ppm HA

was added and the solutions agitated on a

shaker intermittently (5h/day) for three
consecutive months. The residues were then
filtered, washed and dried in an oven at
80°C. These were analyzed for the major
cations as described for untreated minerals.

Results and Discussion

The mineral epidote belongs to the
epidote group of the epidote series and the
feldspar is a microcline (Tables 1 and 4)
(Deer et al., 1985).

Elemental analysis data of the humic
acids on dry ash-free basis were 55.20%
C, 5.05% H, 4.36% N and 35.39% O for

Table 1. Chemical composition of the silicate min-
erals

% Oxide Epidote Microcline
SiO, 44.46 1125
FeO+Fe,0, 11.11 0.11
AlLO, 21.79 16.83
TiO, 0.57 N.D.
CaO 21.30 N.D.
MgO 1.54 N.D.
Na,0 N.D. 0.66
K,0 N.D. 11.32
HO 0.02 N.D.
H,0* 0.79 N.D.
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Entisol HA, 54.90% C, 6.51% H, 5.64% N
and 32.95% O for Alfisol HA, 57.47 % C,
591% H, 4.83% N and 31.79% O for
Mollisol HA (Das et al., 2013, 2014). The
E /E ratios of the HA samples were 4.29,
3.27 and 4.23 for Entisol, Alfisol and
Mollisol Has, respectively (Das et al., 2013,
2014), suggesting that aromacity
(Kononova, 1966) or particle size (Ghosh
and Schnitzer, 1979) follows the order like
Alfisol HA > Mollisol HA > Entisol HA.
The NaOH titratable acidity values were
2.50, 2.60 and 3.50 meq/g and total acidities
were 5.90, 6.66 and 8.50 meq/g for Entisol,
Alfisol and Mollisol Has, respectively (Das
etal., 2013, 2014). IR spectra of the humic
acids show absorptions at 3750, 3400, 2900
2370, 1600, 1200, 1000, 660 cm™ (Das et
al.; 2013).

Order of cation solubilisation from the min-
erals

Cation release from epidote and
microcline (Fig. 1) shows alternate cycles
of rise and fall with all HAs at all pH. This
cyclic pattern has been attributed to
solubilisation and precipitation after
complexation with HA (Das et al., 2013,
2014). Variation in pH has little effect on
cation solubilisation.

The order of release of cations from
epidote shows that Fe****is most solubilised
(Figs. 1) and is followed by Al**; Ca* and
Si* are least solublised with both Entisol
and Mollisol HAs. Alfisol HA solubilises
more Ca** compared to Al*, the order of
release being Fe** > Ca? > Al* > Si*.
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Fig. 1. (A) Release of cations from (a) Epidote by Entisol HA and (b) Epidote by Alfisol HA
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Highest dissolution of Fe?*** from primary
silicates was also observed with organic
acid weathering and is attributed to the
chelating ability of Fe?*”* (Barman et al.,
1992). Moreover, once Fe?*** is leached out,
it would create access zones for the
chelation and subsequent solubilisation of
other cations like AI**. The observation that
much less Ca** is solubilised compared to
Fe**?, further affirms the importance of

chelating ability of cations in HA
weathering.

AT** release from microcline far exceeds
that of Si**with all HAs and at any pH. It is
highest with Entisol HA followed by
Mollisol and Alfisol HAs. Si* release is
low at all conditions and is roughly linear
with minor rise and fall at times. K* release
is insignificant with all the HAs.

Relative stabilities of the ions in minerals

Epidote has double chains of silica
tetrahedra, which link aluminium octahedra
chains with iron and calcium ions placed
between the chains. This structure makes
release of iron relatively easy compared to
silicon, which is firmly tied to aluminium
octahedra. Ca? ions, which are in the inter-
chain spaces, would be expected to be
equally susceptible to dissolution; however,
it is not dissolved to the same extent
probably due to its relatively lower
complexation affinity with HA.

In microcline, the silica and alumina
tetrahedra are arranged in rings, which form
continuous chains resulting into a compact
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3D framework structure enclosing K* ions
within the interstices of the network that
greatly limits the accessibility of the
complexants to the interior. Therefore, HAs
are unable to penetrate into this intricate
structure to bring about significant

alterations and only attack the ions at the
surface.

Congruency of dissolution

As observed earlier with olivine and
tourmaline (Das et al., 2013) as well as
with biotite and hornblende (Das et al.,
2014), dissolution of both epidote and
microcline are incongruent. Mole ratios of
Fe**?*/ Si** dissolved from epidote are
greater than 1 with all the three HAs (Table
2). Thus, moles of Fe**** removed from
the crystal exceeds the moles of Si** which
was removed — unlike in congruent
dissolution where the number of moles of
ions dissolved would be in the same ratio
as that in the crystal. As a result, the surface
of the mineral gets depleted of Fe>*** and
but enriched in Si*. Mole ratios of Al**/
Si* dissolved vary with different HAs. The
relative solubility of Ca? over Si** is
highest with Alfisol HA followed by
Mollisol and Entisol HAs; however, the
solubility of Ca* drops below Si* at times
with the last two HAs. In microcline,
solubilisation of AI’* is much greater than
that of Si*. In general, molar ratios of the
ions in solution vary with time. Such
variation is probably due to differential
precipitation of the ions. There is also a
variation with pH, which could be due to
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Table 2. Continued

Microcline

Epidote
Days

pH

HA

Mole ratio

Days

49

42

35

28

21

14

49

42

39

28

21

14
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6.13
3.16
3:32
3.88
0.84
0.24
0.93
1.86

3.43
557
2.82
214
S
2471
1.45
3.10

299
4.51
4.24
451
2.16
4.17
ST/
3.18

3.76
3.47
3.10

3.11

She
6.33
3.98
6.96
7310
2.95
1.92
0.93

4.10
2429
229
4.12
0.77
0.77

6.30
4.42
5.24
5.87
1.45
0.93
1.29
0.53

Alfisol

15/5
5.89
0.50
0.54

6

Mollisol

1.00
0.93

the dual factors of influence of pH on
dissolution rate as well as precipitation.

Kinetics of dissolution

The pattern of dissolution of epidote
and microcline is different from the known
pathways of dissolution of silicates in water,
inorganic and low-molecular weight organic
acids (Barman et al., 1992). An alternate
cycle of peaks and troughs,which may be
due to successive dissolution and
precipitation, is observed and it is not a
usual linear kinetics. The ions are
complexed and brought into solution by HA
and once it exceeds a critical concentration,
precipitation occurs leading to further
dissolution. The solubilisation pattern did
not change with time or with pH. Chelation
seems to be the dominant mechanism of
cation release (Schalscha et al., 1967) by
HA; specific adsorption on the mineral
surfaces (Stumm and Furrer, 1987; Stumm
and Wieland, 1990) also plays a part.

Study of residues
Chemical analysis

Epidote residue after weathering by
HA, showed substantial changes in
chemical composition (Table 3); there was
a reduction in Si*, Fe*”* and Ca** and
enrichment in AI**. The decrease in Fe*"*
content wass highest with Alfisol HA and
Ca®* with both Entisol and Mollisol HA.
The reduction in Si** was largest with both
Alfisol and Mollisol HA.

Microcline residue showed only minor
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reduction in Si**, Fe?*”* and K* contents & |88 %S £ 898 E€
but a substantial increases in Al** (Table T R R g T
3). Alfisol HA caused largest changes. . s b et
) A & g =8 S & & % 28 8 &
. . . — @ &
Both the minerals showed increase in - '3 T o
adsorbed water (H,O") as well as structural o, et R
v S & | I 1 - I
water (H,0*), which may be due to ot R
deposition of HA on the mineral surface. &
. M I 1 [ 1 g = 8 N
XRD studies S &, ol &9 7
The diffraction patterns of epidote after % © »n O
. 3 e & 1 1 1 !
weathering by HAs weakened considerably ) B & < A
(Table 4). The main characteristic band of
id di <| 8 8 8K
epidote disappeared and many other = Sews = e
diffraction bands either vanished or were O 2
much reduced. The strongest band of & =& & 15 23 28
1 R.3 s R g P W @ @D
epidote at 3.15 A is absent in all the < Pl b L ]
weathered residues; this is also true of the -
o (S A= L8 Q2 o &
second strongest band at 4.28 A (Table 3). = i & o B
Instead, the weathered residues show the - ~
emergence of new reflections with the ) 160 Y n o 2| g
° IS = (ot T N — N %D
strongest band at 2.03 A. The new 5 B S 28 R
reflections suggest the formation of & & -
E : N7 K SR @SSO -1 R
compounds like calcium aluminium silicate £ | < RS 2 S22 =S
hydrate, calcium aluminium silicate, §
5 e o0 . o <
calcium aluminium silicate hydroxide and ~ § | ¢ & s a2 o a X §
calcium aluminium carbonate hydroxide § S L B S e
Bvdisie (JCPDS 1980, 19837198420€PDS, - &l . | iasS s taa o ol F
e : 2| 2 RS EE a2 28
1987). This indicates that the Ca* is §| & S @ ® © SR
. . . . Ty g s o« Q
dissolved and then precipitated in some 8 =
£ o
other forms. = on BB o r.n B
The XRD bands of microcline showed §° o
changes (Table 4). The main band of $| § _*ué - =
microcline at 3.50 A was absent in the § § & 5 é
Entisol and Mollisol HA weathered E = =
- = £
products. The second strongest band at 3.73 : o = 8 e
A was nearly absent in all weathered Z| 573 g & g 2 2 3|°
y alg2gl 893 g4 2|5
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Table 4. Continued...

ro

Microcline

Epidote

Weathered

Weathered
by Mollisol

Weathered

by Alfisol

Weathered

Weathered

Weathered

by Entisol

by Mollisol

by Alfisol

by Entisol

HA

Original

d (A%

HA

HA

HA

Original

d (A% I d (A% I d (A% I

|

d (A% I d (A% I d (A% I

|

d (A%

)
2.16
2.09
2.04
1.97
1298
1.89
1.87
1.8

1L7/7/
1572
1.66
1.61

1.43
1.41
1.28

13

31

67
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residues. The 3.26 A band was,
however, retained. Overall, the
impression gained from XRD is
that although there were changes
to the crystal structure, yet new
crystalline phases are not formed
as with epidote. Probably the extent
of dissolution was not sufficient
to form new phases.

IR spectroscopic studies

The residues formed after
treatment of epidote are
characterised by the presence of all
the bands characteristic of epidote
(Farmer and Russel, 1964) as well
as those of HAs. Strong vibrations
around 1000 cm™ due to 6_ Si-O-
Si are observed along with
vibrations around 950, 650 and 520
cm™ (below 1000 cm™) assigned
to 6_Si-O-Si and Si-O, as well as
those due to linking cations in
epidote and its weathered products.
Vibrations around 720 cm™ and 450
cm’ observed in some of the
residues may be attributed to the
0, modes of Si-O-Si and lattice
vibrations. Absorptions around
3754, 3360, 2370 cm in the
spectrum of the weathered residues
could also be contributions from
OH groups of HA precipitated on
the surface of the residue.

Weathered microcline residues
also show overlapping of
microcline absorptions with those
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of HAs. Vibrations around 1000 cm™ (5,
Si-O-Si) and 770-420 cm™ (8, Si-O-Si and
Si-O) of the microcline specfra were also
present in the residues. Bands around 3754
cm’ in the Alfisol and Mollisol weathered
residues and that around 2370 cm™ in all
three residues originate from the respective
HAs. These confirm the precipitation of
HAs on the surface of the mineral.

Conclusions

The alternate peak-trough nature of
cation dissolution from silicates is
indicative of successive dissolution —
precipitation cycles in contrast to the steady
increments observed with aqueous or acid
dissolution. Dissolution of epidote follows
the general order : Fe?*”* > Al* > Ca* >
Si** except with Mollisol HA where Ca* >
Al**. Entisol and Alfisol HAs seem to be
more effective dissolution agents than
Mollisol HA. With microcline, Al** release
far exceeded that of Si**. The general
pattern of dissolution is incongruent. No
significant effect of pH is observed.

The study of altered products of
mineral-HA reaction shows a marked
reduction in Si*, Fe?’3*, Ca?* but
enrichment of Al** with epidote residues
and slight reduction in Si*, Fe*”**, K* and
enrichment of Al** with microcline residues.
The XRD bands of the weathered residues
changed considerably with the formation
of new crystalline phases containing Ca*.
In contrast, the XRD bands of microcline
was less affected and no new crystalline

WEATHERING OF SILICATE MINERALS BY HUMIC ACIDS 123

phase was detected. The IR spectral bands
of both epidote and microcline were mostly
retained in their weathered residues.
However, there is an indication of HA
precipitation on the mineral surface.
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