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Abstract

In geopolymer reactions, with lime rich compound addition, the strength parameter is dependent on the molar ratios of (Si/Al)
and (Ca/Si), such that (Si/Al) ratio contributes to short period and (Ca/Si) ratio contributes to long period strength development. In
the present study a mathematical model has been proposed to identify the role of each on compressive strength development
through exponential mathematical relationship, such that, N1 is an exponent of (Si/Al) ratio and N2 is an exponent of (Ca/Si) ratio
indicating short period and long period strength development parameter respectively, while C is the compressive strength
developed on keeping the samples for different extended time periods. The values of N1 and N2 can be found out by solving
linear equations relating (Si/Al) ratio, (Ca/Si) ratio, and compressive strength values of different experimental batch compositions.

Calculated and selected additions of sodium silicate, sodium hydroxide, lime and GGBS in iron ore mine tailing samples
indicated that the values of N1 and N2 merged with each other after 7 days reaction period, but after 28 days reaction line due to
N1 is found above that of N2. It is concluded that for long period strength development (Si/Al) ratio is more important in

comparison to (Ca/Si) ratio.
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1. Introduction

Numerous scientific studies are available on
mineral wastes, which are also defined as
‘residues, tailings and other non-valuable
products”, obtained after processing of minerals to
form mineral products. These waste materials have
caused havoc in the past by way of breaching the
tailing ponds on mine sites in Hungary and Brazil,
causing the destruction of human civilization, and
due to the rules and legislations of those countries
the mine owners were heavily penalized.
Moreover, these wastes are environmentally
hazardous and therefore scientific research
activities in various laboratories are trying to utilize
these wastes for mass civil application. The waste
generation from overburden and tailings in iron ore
mines is a challenge today, particularly in India,
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which exports iron ore. Therefore, the present work
was carried out in order to utilize the iron ore mines
waste from one specific mine in India by way of
manufacturing bricks for mass utilization in low cost
housing industry. To bring down the cost,
geopolymer technology was adopted, which is
environment friendly, since it does not require any
burning and therefore atmospheric pollution due to
carbon burning is also avoided. Geopolymers are
produced from the alkali activation of an
aluminosilicate source, e.g., fly ash, metakaolin
etc. Geopolymeric binders have similar chemical
composition as the natural zeolitic materials, but
without the extensive crystalline zeolitic structure
[1,2,3].

Geopolymers are formed by the polymerisation
of individual aluminate and silicate species, which
are dissolved from their original sources at high pH
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in the presence of alkali sources, and the products
exhibit high mechanical strengths having the
following general chemical formula [Eq. (1)].

Mn/-(Si-0, )2-AO Jn.wH,0 (1)

where M is the alkaline element, which indicates
the presence of a bond; z is 1, 2 or 3; n is degree
of polymerization; and w is crystallization of water.
Alkali and alkali earth cation (Ca, Mg) can be used
as a replacement of the alkaline element (M) in the
reaction. However, the majority of research was
focused on the effect of sodium (Na*) and
potassium (K*) ions [3] disregarding effect of
alkaline earth cations (Ca, Mg).

In geopolymer formulations it is common to
correlate strength parameter with formation of Si-
Al-H gel, Ca-Si-H gel, and Si-Al-Ca-H gel as well.
Identification of these species through analytical
studies like SEM, TEM, NMR, E-DAX, etc. are
more common. However, these are cost sensitive
and laborious. Modern day geopolymer scientists
express curiosity as these sophisticated analytical
tools were unavailable thousands of years ago, but
the marvel of geopolymer massive structures is still
intact even after hundreds of years. Theoretically,
there should be a direct correlation with
mechanical strength and silica content because
increasing the amount of silica increases the
amount of Si-O-Si bonds, which are stronger than
Si-O-Al and Al-O-Al bonds [2]. However, it was
found for metakaolin geopolymers that with a Si/Al
ratio lower than 1.40, the geopolymer had a very
porous matrix, which led to low compressive
strength results. But when the Si/Al ratio was
increased over 1.65 the geopolymer showed an
increase in strength. This increase was attributed
to a homogenous microstructure in the
geopolymer. However, it was shown for metakaolin
geopolymers that the optimum strength was at an
intermediate Si/Al ratio [4]. It was found that the
reduction in strength for high Si/Al ratio mixes was
the result of unreacted material, which was soft
and acted as a defect in the binder phase [5, 6].

Past research has also shown that the
addition of calcium into metakaolin geopolymers

has beneficial results for mechanical properties
although its exact role is yet unknown. It has been
observed that both geopolymer gel and calcium
silicate hydrate form during the reaction process [6,
7, 8]. For metakaolin geopolymers, it appears that
the alkali hydroxide concentration plays a vital role
in determining if CSH forms in the geopolymer. At
low alkali hydroxide concentration, the reaction
product favors the formation of CSH, while at
higher concentration (above 10 M) the reaction
favors the formation of the geopolymer gel. This
difference is due to the fact that the high hydroxyl
concentration hinders the [Ca?*] dissolution forcing
the dissolved silicates and aluminum species to
form geopolymer gel. On the other hand, when the
[OH] concentration is low, the amount of [CaZ]
dissolving increases and causes more CSH to form
[7]. Addition of calcium has been observed to
accelerate the hardening process and increase the
strength for fly ash based geopolymers [9]. It was
also observed that addition of calcium increases
strength for 14 geopolymers cured at ambient
conditions, while it reduces mechanical properties
of geopolymer cured at elevated temperatures
because the presence of calcium hinders the
development of the three-dimensional network
structure in the geopolymer gel [10]. The presence
of both CSH and geopolymer gel in a geopolymer
could have beneficial effects on strength because
the CSH phase act like micro-aggregates for the
geopolymer gel and forms a denser and more
uniform binder [10]. In a recent study by Xu-Chen
et al. [11], it was noted that calcium substantially
increased setting of geopolymers with external Si
addition, although formation of C-A-S-H gel was
not confirmed. These studies were based on the
extensive NMR studies. Pulgila and Mondal [12]
worked on slag-flyash geopolymer system and
proposed hardening due to precipitation of C-S-H,
and C-A-S-H geopolymer contributing to rapid
hardening. This is in contrary to the fly ash based
geopolymer where the formation of the above
geopolymer gel is relatively slow. Their work was
based on selective dissolution of the gel through
acid leaching. In a separate study Mucsi et al. [13]
made synergetic use of lignite based power plant
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fly ash and converter slag addition with water glass
(as Na/Si source) which was shown to give
geopolymer reaction with a compressive strength
as high as 20 MPa and this can be used as
concrete in civil construction. Moreover, the same
author [14] carried out mechanical activation of fly
ash and its enhanced effect on the
geopolymerisation was revealed. A relationship
was found between the geopolymer physical
properties (compressive strength, density) and fly
ash fineness (median particle size).

There is a lack of documented research
involving geopolymeric reaction mechanisms
occurring in natural systems like ore minerals
consisting of calcium and alkaline minerals and in
such systems, it is likely that both calcium silicate
hydrate (C-S-H gel) and conventional S-Al-H gel
geopolymeric  reactions could be forming
simultaneously. As a result, an investigation into
the role of calcium in dictating the chemical
mechanism will provide answers to the
fundamental question as to whether two separate
phases will be formed, or a new material will be
produced.

In the present work, research is conducted with
the addition of calcium (in the form of ground
granulated blast furnace, GGBS) and lime
(commercial variety) in iron ore mineral waste (iron
ore tailings) system with fixed amount of sodium
silicate (as constant source of sodium for
geopolymeric reactions). It is pointed out, that this
will lead to a number of reaction products,
depending on the form of calcium present. It is
anticipated that likely products to be formed will be
Si-Al-H gel, Ca-Si-H gel, and Ca-Al-Si-H gel.

Molar ratios of (Si/Al) and (Ca/Si), contribute to
strength development and it is presumed that
(Si/Al)  contributes to short period strength
development while (Ca/Si) ratio contributes to long
period strength development. In the present study
a mathematical model has therefore been
proposed to identify the role each of them has for
compressive strength development through the
following expression:

(Sira)V (cassiN?=c 2)

where N1 is an exponent of (Si/Al) ratio and N2 is
an exponent of (Ca/Si) ratio indicating short period
and long period strength  developments
respectively, while C is the compressive strength
developed on keeping the samples for different
extended time periods. Determination of values of
N1 and N2 will give the role of (Si/Al) and (Ca/Si) in
the strength development.

Another problem, for the comprehension of the
geopolymeric molecular structures in the high iron
containing compounds is the presence of
excessive iron which debars one to use Nuclear
Magnetic Resonance Spectroscopy (NMR) study.
Therefore, one has to be satisfied with the
mathematical relationship studies in the system.

In regard to the industrial application the
present research explores the possibility of utilising
iron ore mine waste for the production of eco-
friendly bricks. These bricks are produced by
mixing iron ore tailings (I0T), ground granulated
blast furnace slag (GGBS), sodium silicate
(Na2SiOs3), and lime hydroxide in definite
proportions and forming the brick in a hand
operated block making machine. The formed bricks
were kept at room temperature for extended time
periods after which their compressive strength was
tested in an isostatic press (ISOTEK). This
technology avoids firing procedure essential in
normal brick manufacture with naturally available
siliceous clay and is environment friendly.

2. Materials and methods
2.1. Materials

The materials used in this study include iron ore
tailings, sodium silicate solution (NaySiOs), lime,
ground granulated blast furnace slag (GGBS), and
potable water. The mine tailings were received in
sizes <150 um to 2 mm from the Bellary mining
area (BMM lIspat), Karnataka, India. The physical
properties of the mine tailings were determined as
per the standard (IS: 2720 part 3&7). Table 1
shows the various physical properties of iron
tailings. Ground granulated blast furnace slag
(GGBS) is a byproduct of steel industry. The
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chemical composition of iron ore tailings and
GGBS are given in Table below (Table 1).

Table 1. Chemical composition of the iron ore tailing
and GGBS (in percentage quantities)

Chemical composition Itrqq ore GGBS
ailings

Silica (SiO2) 9.02 34.16
Ferric Oxide (Fe203) 66.56 1.99
Alumina (Al203) 9.56 17.54
Calcium Oxide (Ca0) 1.96 37.10
Magnesium Oxide (MgO) 212

Manganese Oxide (MnO) 1.15
Titanium Oxide (TiO2) 0.66 1.00
Potash (K20) 0.31
Sodium Oxide (Na20) 0.57
Loss on ignition (LOI) 8.9 0.1

Fig. 1 and Fig. 2 give Scanning Electron
photographs of the iron ore tailings and GGBS,
respectively.

Figure 2. SEM photograph of GGBS

Fig. 3 and Fig. 4 give the x-ray diffraction
patterns of both 10T and GGBS. It can be
observed that in IOT, phases like kaolinite and
calcite were also present as impurities of natural
origin in addition to the main crystalline phase
material hematite. GGBS showed a highly
amorphous nature in XRD pattern and therefore it
can be seen as a highly reactive phase to control
the geopolymeric reaction.
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Figure 3. XRD pattern of iron ore tailings (10T)
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Figure 4. XRD pattern of GGBS

The lime used in this study was commercial
and slaked in nature and the purity was more than
96%. Sodium silicate used in this study was
procured from a local sodium silicate manufacturer
in liquid form (M/S Siltech) in concentration range
of 3:1.
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2.2. Preparation of brick samples

For this study standard sized bricks (230 mm x
115 mm x 75 mm) were made by hand pressing.
The variation of IOT was between 30% to 50% with
increments of 5%. While the amount of lime
solution was kept fixed at 5% and sodium silicate
concentration was fixed at 20%. The addition of
GGBS was proportionately decreased from 45% to
25% in a way that the total of IOT and GGBS for
each composition was fixed at 75%. Table 2 below
shows the details of each individual composition.

Table 2. Mix proportions

desil\gn:;tion Mix proportions (%)
IOT | GGBS | Na:SiOs | Lime
B1 30 45 20 5
B2 35 40 20 5
B3 40 35 20 5
B4 45 30 20 5
B5 50 25 20 5

3. Results and discussion

3.1. Compressive strength

The compressive strength test of the bricks was
performed as per the 1S:3495 standard. The

compressive strength is expressed as:

Maximum load at failure
Area of bed surface ()

Compressive strength =

25

20

15
Compression
Strength

W7 days
B 14 days
m 28days

5 -

0 -

Bl B2 B3 B4 BS
Figure 5. Compressive strength test data

Load was applied axially at a uniform rate of 14
N/mm?2 per minute until failure takes place. The
samples were placed between 3 mm plywood
sheets at the top and bottom of the surface of the
bricks to avoid non-uniform distribution of load. The
result of the compressive strength is given in Fig.6.

Figure 6. Compressive strength test of Brick Samples
3.2. Density

The density of the brick is an important
parameter and is expressed as:

Mass

Bulk Density = Volume (4)
2500
2000 -
1500 - B Dry density
1000 (Kg/ m3)
i B Wet density
>0 (Kg/ m3)
0 :
B1-30% B2 - 35% B3 - 40% B4 - 45% 85 - 50%
IoT 1T 10T loT 10T

Figure 7. Dry density and wet density of samples
3.3. Water absorption

Test refers to the ability of absorbing water
when materials are exposed to water. Water
absorption data was obtained by immersion of
samples in water for twenty four hours at room
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temperature and then they were wiped dry with a
cloth and weighed immediately. The increase in
weight is reported as the percentage gain in water.
As per the 1S:3495 good quality bricks should not
absorb more than 20% water. The expression for
water absorption 24 h is (in percentage):

Wet weight - Dried weight

Table 4. Percentage (Si/Al) and (Ca/Si) ratios with
compressive strength

(SifAl) (CalSi) 7 days 28 days
percentage | percentage | strength strength
(Y axis) (Y axis) (X axis) (X axis)
62 38 0.9 4.9
63 37 1 6.5
64 36.5 1.7 9.2
64.6 35.3 3 11.9
65.2 34.7 6.5 13.7

Water absorption= Dried weight 100 (5)
Table 3. Water absorption test of bricks
Brick designation Water absorption
B1 5.9
B2 75
B3 10.2
B4 12.7
B5 13.5

3.4. Hardness test, soundness test and
structure test - qualitative tests

The hardness test is required to detect the
quality of the brick. Under this test, the brick
surface is scratched with a solid and if the brick is
unaffected, then the quality of the brick is
considered good.

In soundness test two bricks are made to hit
against each other holding them in both hands. If
there is sharp metallic ringing sound, and the
bricks do not break, then the quality of bricks is
considered to be good.

In structure test a brick is visually inspected for
presence/absence of any flows, cracks, or holes on
the surface. The size, shape, and colour of the
brick should also be randomly checked. A superior
quality brick must poses sharp edges and corners
and bright and even colour throughout.

3.5. Relationship between (Si/Al) ratio and
(CalSi) ratio with compressive strength values

Table below gives the percentage of (Si/Al) and
(Ca/Si) ratio in each individual samples and their
relationship with strength parameters after 7 and
28 days.

Relationship of Si/Al & CA/Si Composition %
between Compressive Strength for 7 Days

o= -

oo 388883

SifAl & Cafsi Percentage

1 2

7 Days Compressive Strength

=—#—(Cafsi) percentage ( X axis) ~ =—@=Si/Al) percentage (X axis)

Figure 8. Relationship between (Si/Al) and (Ca/Si) ratio
with compressive strength after 7days

Relationship of Si/Al & Ca/Si Composition %
between Compressive Strength for 28 Days

Sifal & Ca/fsi Percentage

1 2 3 4 5 3
28 Days Compressive Strength

—— (Ca/Si) perc

Figure 9. Relationship between (Si/Al) ratio and (Ca/Si)
ratio with compressive strength after 28 days

entage ( X axis) =@ S5ifAl) percentage (X axis)

3.6. Finding out values of Si-Al-H, Ca-Si-H
and Ca-Si-Al-H

Considering molar quantities of each chemicals

present in the individual compounds the following
equations give contributions of each:

(X) Si-A-H = X SiO, + X Al,Os (6)
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(Y) C-S-H=Y Ca0 + Y SiO, (7) SiO2 mol, (2) (X+Z) = Total Al20s mol, and (3)

(Z) C-A-S-H=Z CaO + Z Al,0 + Z Si0, 8) (Y+Z) = Total CaO mol. -
Table below gives the molar composition and

This gives on simplification: (1) (X+Y+Z) = Total  their amount in each compositions.

Table 5. Values of X (Si-Al-H mol), Y (Ca-Si-H mol) and Z (Ca-Si-Al-H mol)

c . Total Mol Total Mol Total Mol Value Value | Value of
omposition . - . . . .
No sn!lca sn!lca alumina | alumina | calcia | calcia of X of Y zZ
(Si02) | (Si02) | (AlO3) | (AlOs) | (CaO) | (CaO) | (S-A-H) | (C-S-H) | (C-A-S-H)
B1 27.91 0.465 10.76 0.105 22.08 | 0.394 0.07 0.36 0.037
B2 26.65 | 0.444 10.37 0.101 20.33 0.36 0.08 0.343 0.021
B3 2539 | 0423 9.96 0.097 18.53 | 0.330 0.093 0.326 0.004
B4 241 0.401 9.57 0.093 16.76 | 0.299 0.102 0.308 (-)0.09
B5 2283 | 0.380 9.18 0.090 15.0 0.267 0.113 0.290 (-)0.02
3.7. Finding out values of N1 and N2 from
* linear equations with two variables N1 and N2

Table below gives the values of N1 and N2
after solving quadratic equations comprising of (1)
30 and 35 percentage iron ore compositions; (2) 30
and 40 percentage iron ore compositions; (3) 30
and 45 percentage iron ore compositions; and (4)
30 and 50 percentage iron ore compositions. The
individual values of N1 and N2 as calculated are
given in the table below.

Table 6. Values of N1 and N2 after solving different
quadratic equations formed from (30% and 35%), (30%

Figure10. Correlation between (Sl-A|-H) with and 40%)’ (30% and 45%) and (30% and 50%) iron
compressive strength (positive correlation 99.0%) oxide combinations

30% and 30% and 30% and 30% and
35% 40% 45% 50%
7 days strength data
-7.61 -8.49 -8.88 -9.55
-7.53 -8.28 -8.7 -9.43
30% and 30% and 30% and 30% and
35% 40% 45% 50%
28 days strength data
-2.55 -1.73 -3.03 -1.56
-9.33 -8.5 -9.91 -8.31
The figures 12 and 13 indicate that the
NE individual values of both N1 and N2 have little
% 72 e U 1 % e i influence on compressive strength after 7 days
Figure 11. Correlation between (Ca-Si-H) with while they exhibit a difference after 28 days such

compressive strength (negative correlation 99.0%) that N1 (Si/Al) is always above (Ca/Si) values.
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Relationship between |0T Combination w.r.t. Exponent Values for
7 Days
0
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Figure 12. Relationship between exponent values N1
and N2 with compressive strength values after 7 days

Relationship between IOT Combination w.r.t. Exponent Values for

28 Days
10T 30 & 35 10T 30 & 40 10T 30 & 45 10T 30 & 50
28 DAYS DATA

VALUES OF N1 AND N2

o /’\/
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Figure 13. Relationship between exponent values N1
and N2 with compressive strength values after 28 days

3.8. SEM Studies

Fig.14 shows the gel formation in some of the
samples soaked for 7 days and 28 days,
respectively.

Figure 14. SEM images of samples indicating gel
formation

Although formation of gel was evident in both
the figures, it was difficult to differentiate whether
they were formed from pure geopolymeric reaction
from Si-Al system or a product formed from C-S-H
system. Difficulties were encountered to identify
them individually because of diffuse nature of the
XRD pattern. Other sophisticated instrumentation
should be used in future for analysis of such
complex systems.

4. Conclusion

In iron ore tailing geopolymeric reaction, with
addition of industrial wastes like ground granulated
blast furnace slag, lime, and sodium silicate, a
pronounced increase in compressive strength with
increasing time period was observed. To explain
the reaction mechanism behavior more intensively,
individual relationship between (Si/Al) ratio and
(CalSi) ratio with compressive strength values
were plotted. It was observed that the compressive
strength due to (Si/Al) ratio is always higher than
that due to (Ca/Si) ratio. Subsequently, a
mathematical  relationship ~ combining  the
abovementioned parameters, namely (Si/Al) and
(Ca/Si), with compressive strength values were
tried in the form of a logarithmic relationship. In this
relationship, value of N1, is associated with (Si/Al)
ratio and value of N2, is associated with (Ca/Si)
ratio in a linear relationship with compressive
strength values. Both N1 and N2 showed no
variation with 7 days cured samples but exhibited
significant variation with 28 days cured samples.
The curve due to (Si/Al) was always above the
curve due to (Ca/Si) in 28 days cured samples.
Additional information on finding out individual
molar amount of (Si-Al-H), (Ca-Si-H), and (Ca-Si-
Al-H) from the molar amounts of SiO,, Al,Os, and
CaO present in each individual batches indicated a
positive correlation between (Si-Al-H) gel with
compressive strength, while a negative correlation
between (C-S-H gel) with compressive strength.
The correlation coefficients were greater than 99%
in both cases. However, the correlation between C-
S-A-H with compressive strength could not be
calculated as some of the data on the amount of C-
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A-S-H came out with negative values indicating no
contribution.

It is thus concluded that in iron ore geopolymer
samples with additions of both sodium silicate and
calcia based materials, the effect of sodium silicate
is more pronounced with its relationship with
compressive strength as compared to calcia based
materials addition.
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MpGUCI IV!ATEMATICKI ODNOS IZMEDBU UTICAJA ODNOSA (Si/Al) I (Ca/Si) NA PRITISNU
CVRSTOCU UZORKA JALOVINE DOBIJENE IZ RUDE GVOZDA NASTALU PRILIKOM
GEOPOLIMERNE REAKCIJE

P. Das?, M. Beulah', N. Hossiney, U.M. Dunna', S. Kavitha?

Christ University, Faculty of Engineering, Kengeri, Bangalore, India
2A.C.S College of Technology, Bangalore, India

(Primljen: 30. Avgust 2019.; Prihvacen: 31. Oktobar 2019.)

lzvod

Prilikom geopolimernih reakcija u prisustvu jedinjenja bogatog krecom, parametar évrstoce zavisi od molarnih odnosa (Si/Al) i
(Ca/Si), gde (Si/Al) odnos doprinosi kratkotrajnom povecanju ¢vrstoce, a (Ca/Si) odnos dugoroénom povecéanju ¢vrstoce. U ovom
radu se predlaZze matematicki model za identifikaciju uloga svakog pojedinacno na pojacanje cvrstoce kroz eksponencijalni
matematicki odnos, gde je N1 eksponent odnosa (Si/Al), a N2 eksponent odnosa (Ca/Si) §to oznacava parametar kraceg i duzeg
porasta dvrstoce, respektivno, a C predstavija pritisnu évrstoéu koja nastaje u uzorcima tokom razlicitih vremenskih perioda.
Vrednosti za N1 i N2 se dobijaju reSavanjem linearnih jednacina za vrednosti (Si/Al) odnosa, (Ca/Si) odnosa i pritisne Cvrstoce za
razlicite eksperimentalne kompozicije.

IzraCunate i izabrane kolicine natrijum silikata, natrijum hidroksida, kreCa i granulovane $ljake iz visokih peci (ggbs) koje se
dodaju jalovini dobijenoj iz rude gvoZda ukazuju da su se vrednosti za N1 i N2 izjednacile nakon 7 dana od pocetka reakcije, ali je
nakon 28 dana vrednost za N1 bila veca od vrednosti za N2. Moze se doci do zakljucka da je za dugorocno povecanje évrstoce
odnos (Si/Al) vazniji od (Ca/Si) odnosa.

Kljuéne reéi: Geopolimer; Cement; Izdrzljivost; Kalcijum; Minerologija.




