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ABSTRACT

Sodium silicate is vacuum impregnated in bauxite waste C red mud D

at room temperature to develop ceramics of mechanical properties

comparable to the sintered ceramics. For a concentration upto 10 %

the fracture toughness increases from 0.12 MNm to O. QMNm

—2 —2

and the compressive strength from 7 MNm to 30 MNm .

The mechanical properties do not deteriorate, when soaked in water

for an entire week. The viscosity and the concentration of the

silicate solution are crucial, both for the success of the

fabrication and the economics of the process. Similar successful

results have been obtained for bauxite and lime stone, eventhough

the latter has poor weathering properties. With scanning

electron microscopy and energy dispersive analysis, an attempt is

made to identify the crystals formed in the composite, which are

responsible for the strength. The process is an economic

alternative to the sintered ceramics in the construction industry

in the tropical countries, rich in lateritic soils and poor in

energy. Also the process has all the potential for further

development in arid regions abundant in lime stone.



Lateritic soils are defined by their unique property of

hardening in the sun and rain and when exposed to the atmosphere.

They are rich in aluminium and iron and cover most of the tropical

countries. Csee map in fig. 13. This property of these laterites

is best exhibited in the Buddhist monastry at Ang-Kor-Thorn in

Cambodia, which is a structure of thatched mud standing taller

than tropical trees for centuries. Because of this property,

Brazil had to give up an ambitious agricultural project in Amazon

valley. Such examples have been well sited in McNeil's article in

Scientific American . This article also carries the physics and

chemistry of such soils.

Most of these tropical countries also are poor and housing is

a serious problem. Many of them do not have energy and the

vegitation is depleating due to i ts intensive use as a fuel. The

illustrative examples of this phenomenon are Jamaica, Haiti

and India. The Karwar and Mangalore districts of Karnataka state

in India have suffered heavy denuding of the forests, partly due

to the lucrative sintering business of famous and attractive roof

ti les named after Mangalore. These ti les are made of local

lateri t ic soil. In Jamaica the traditional brick industry has



simply vanished in the wake of ever increasing fuel prices. The

replacement, of concrete blocks have put any decent shelter out of

reach of the poor. The present research aims at addressing this

problem through research in the development of nonsintering

techniques for the production of building materials using the

laterites.

A detailed study of the nonsintering technique applied to

Jamaican bauxite waste is reported here. The process is then

applied to the local bauxite, lime stone and other materials and a

limited study is done. Preliminary results also show that the

process works with synthetic haematite CFe O 3. Based on this

study we infer that possibly the method is equally applicable to

the iron rich lateritic soils of the various tropical countries.

Such a study is of economic importance to those countries. In

addition some arid regions such as the parts of Egypt, where lime

stone is in abundance, the process can be applied for the lime

stone based products. Presently such a collective study is being

formulated.

Jamaican bauxite waste, also called as red mud is a Bayer

process waste arising out of the alumina refineries in Jamaica. It

is a slimy, caustic material rich in oxides of iron, aluminium,

titanium, and calcium. The details of the production and the

physics-chemical properties of the waste may be found in ref. 2.

Red mud in Jamaica is rich in iron oxide, low in silica and is

characteristically very fine grained. When it dries, it has a good



green strength. This green strength improves when dried in the

sun .Thus it typically behaves like a lateritic soil. The present

paper discusses further enhancement of the strength by

impregnating sodium silicate at ambient temperature.

The basic physico chemical properties of the red mud relevant

to the development of the ceramics are presented in section II,

and the properties of the commercial silicates used in this work

are provided in section III. The fabrication details of the

specimens and the process of vacuum impregnation of the silicates

are described in section IV. The section V is devoted to present

the mechanical and fracture properties of the ceramics developed.

The microscopic studies using SEM and EDX are carried out in

section VI in an attempt to identify the crystal growth developed

as a result of the silicate bonding. To study the extent of the

application of this process to other materials, a limited study is

done on the source bauxite, local lime stone, clay and gypsum.

Section VII provides the discussion.



II. THE PHYSICO-CHEMICAL PROPERTIES OF THE RED MUD

Since the red mud waste is the residue or the alumina

refining process, in which caustic soda is used in a large

quantity to digest alumina from the bauxite and polymer and starch

flocculants are used for an accelerated sedimentation of the mud,

the waste has a pH of 12.7 before the disposal and is highly

flocculated. When disposed into the containment ponds, it hardly

shows any further settling behavior and does not dry below a crust

of few inches. In order to abate the environmental problem arising

out of the pond disposal, a deep thickening and dry stacking

technology has been employed . In this process the mud is dried on

sloping beds, but contains even higher content of caustic soda. In

addition, depending upon whether the source bauxite is high

gradeCgibbsitic!) or lower gradeCboehmiticD , a low temperature

digestion C~14O°3 or high temperature digestion C •* 25O } is

employed. The difference in the bauxite and the process technology

results in the red mud of different characteristics too and hence

the products of different strengths in our study. Thus the study

has been done on both types of the waste and the samples are

refered to as gibbsitic and boehmitic.

Fig. 2 presents the particle size distribution of typical



Jamaican red mud. While the particle size varies slightly at

different locations in a pond, the waste in general is extremely

fine in nature. In the case of boehmitic waste about 8O % of it

has a particle size less than 5 ^m, while the same is 65 % in the

case of gibbsitic waste. Thus the material is ideal for ceramics

development.

The X-ray fluorescence data in table 1 provides the major

oxide content in the waste. In both cases the iron oxide content

is very high amounting to approximately half of the content of the

waste, The si lea content on the other hand is very small. The high

content of iron oxide and low content of silica is a. typical

property of the waste with Jamaican bauxite and varies

considerably from the wastes from other bauxites. The titania and

calcium oxide levels on the other hand are similar to most of

other wastes.

The SEM micrograph in fig.3 shows various crystals in red mud

coated with amorphous material. The amorphous content in red mud

has been crucial in the strength development in our work. An

attempt to identify this amorphous material has met with only a

partial success. Alternate acid and base washing led to the

identification of this material as amorphous alumina and iron

oxide C Fe O } . However further SEM study showed that acid
Z 3

leaching also results in the dissolution of the crystals,hence

misleading the quantitative results. On the other hand the

evidence of the amorphous phase is better shown by the



transmission electron microscopy. In fig- 4 one can see

considerable area of noncrystalline phase. The sample in this case

is studied in suspension. Presently attempts are underway to

identify the elemental composition of this phase. However

considering the fact that iron oxide and alumina are the major

constituents of the red mud, we beleive that the amorphous

material also contains mainly these two oxides.

Fig. 5 presents the peaks obtained by XRD. The major crystals

identified are those of haematite, goethite, calcite, boehmite and

anatase.

Some attempts were made to understand the hardening of the

material when it is dried in sunlight. The details of the study

have been already reported .The SEM photograph of a sample dried

in UV radiation is presented in fig. 6. One can notice intertwined

wormlike formations on samples whose strength had considerably

enhanced. The sun dried samples also showed similar formations but

smaller. These appear to be like sodalite crystals, which are

silicates, but no attempts were done for their complete

identification, as such a task was time consuming. It is also

likely that the sunlight enhances the upword percolation of the

pore fluids and then their evaporation. This will leave the

coatings of the contents of the pore fluids behing on the wails of

the pores, resulting in some ordering in the material. Though the

microscopic details are not known yet, it is certain that red mud

hardens in the sun and there exists a morphological change



associated with it. The hardening effect is similar to any other

U'.erite, in pf.-r i odi c wetting and drying in the sun and rain.

Ill PROPERTIES OF THE COMMERCIAL SODIUM SILICATES

Considering the fact that 4O % of the minerals available in

the nature are silicates and amongst them a large proportion

consists of sodium, aluminium and to certain extent iron as

substitution, which are hard, durable and inert to the weathering

effects, the development of these silicates in red mud was

considered as a possible solution for the development of the

strength. In addition various silicates are available in solution

and gel form at high pH augmenting the chemical reactivity. Except

for this high pH Cwhich is lower than that of red mud!3, they are

nontoxic and also cheap. Because of these reasons, they were

considered to be the convenient inorganic binding agents.

The four sodium silicates used in this study are denoted by

lerrers A,B,C and D. They vary in their ratio of contents of SiO

and Na O. The composition and basic properties of these silicates

is presented in table II. All the data was provided by the

manufacturers3. The choice of these four silicates amongst the

various commercial silicates available in the market was guided by

their very low viscosity, so that they can enter the pores of the

specimen without much of a difficulty-

Fig. 7 provides the viscosity as a function of ^ a
2°

concentration in the solution. The viscosity increases rapidly



with Na O concentration for A, while the same for C and D is

slower. The data for B would be similar to that for A as the

silica to soda ratio is the same in both the cases. Thus when the

silicate solution is brought in contact with red mud, it is

expected that the free caustic soda existing in red mud will

increase the Na O concentration in the silicate. Thus, once

impregnated, due to the enhanced viscosity, its penetration

through the pores will be less as it further proceeds and this

will be particularly true for A. In practice one finds that this

leads to a very sticky sample when silicate A is impregnated, and

D was found to be ideal for practical impregnation.

Fig. 8 gives the variation of viscosity vs. SiO /Na O ratio

by weight. The curves corresponding to the four silicates

experimented are labelled. For the ease of the flow during

impregnation, the viscosity has to be reduced as much as possible.

Thus for a given SiO /Na O ratio, one would expect that by

dilution, we come down to the curve with the solids concentration

of 29 % or 3O %. Since these silicates cost approximately the

same, it is advantageous to use the one with higher concentration,

assuming other factors permit. In that respect silicate D was the

most suitable, where the dilution could be as much as SO % without

any problem during the impregnation as against only for silicate

A. Thus the original solids concentration was an important factor.

While diluting the silicate solution however, the

compatibilty of the pH of the silicate solution with that of the



matrix J. s of prime importance. Tak i nq the pH of the matrix as a

measute of the- free caustic soda available, one finds that if the

matrix has a low pH. the silicate will act as a. deflocculant and

break the sample during impregnation. On the other hand, if thd pH

is. €00 high, it leads to the immediate increase of the viscosity

of the impregnated solution, which plugs the pores and reduces the

subsequent flow of the liquid, thereby reducing the penetration.

The excess soda layer can also cover the pore walls, thus making

them inaccessible to the silicate solution. The matching of pH is

done best buy trial and error at this stage. In the case of red

mud however, it is considerably easy, as the mud and the silicates

have their pH in the same range.

Fig 9 provides the reduction in pH as the silicate is

diluted. The original pH of the silicate A is 11.3, thus after 50%

dilution, it will be considerably reduced, giving a value much

lower than that of red mud. On the other hand, silicate D has a.

higher value of 12.7, which allows further dilution for the

economics of the operation.

IV THE METHOD OF VACUUM IMPREGNATION

The process of vacuum impregnation involves the removal of

air from the specimens under vacuum and then allowing the solution

to fill the evacuated pores. Fig.lO gives a general schematics of

the process. The specimens under treatment are mounted on stilts

in an air tight chamber fited with appropriate inlets and outlets.

A rotary piston vacuum pump connected to the outlets is used to

evacuate the chamber for approximately 20 - 30 minutes. After

10



• Losing i hi. s ...IJ;. Ihit . '.. he resultant suction provides enough force

to let in the solution, which submerges the specimens filling each

available pore. The specimens re allowed to remain under vacuum

again for About 5 minutes, after which air is let in and the

treated specimens are removed for curing and drying.

The fabrication of the test specimens involved grinding the

dried mud into a fine powder and moistening with suitable addition

of water. This mixture was then moulded into rectangular bars at a

pressure of 4OO psi at room temperature in a hydraulic press. The

size of each bar was 62 mm x 11 mm x 6 mm. After the excess water

was allowed to evaporate, the bars were weighed and placed in an

evacuation chamber for treatment.

The treated samples having been cured in air for a number of

days and then dried at 50°c, where subjected to the mechanical

tests. The fracture toughnesC K D was measured by notching the

specimens or, .a single edge arid subjecting to a three point bend

test. Tlit; tests were done on a Hounsfield tensometer CMonsar-.to

Ltd. , Swindon, Wiltshire".) fitted with a three point leading

arrangement. All other mechanical tests were done on the same

samples and the same tensometer- except the compression strength

measurements, which were done on specimens of area £5 mm x 6 mm.

Trie apparent porosity was measured using vacuum impregnation and

11



V THE MECHANICAL PROPERTIES

Fig 11 presents the fracture toughness C K D as a function of

the amount of two different silicates absorbed in the red mud

specimens prepared from the boehmitic mud. The initial value of

O.I MNm increases almost four fold, when a minimum amount of

2 % silicate is impregnated. The increase in K is linear with
ic

the silicate content and reaches to a value of 0.8 MNm~3^2 , when

the concentration is 9 %. Further attempts to increase the

silicate concentration do not yield enhanced favourable results as

the curve tapers off.

Fig. 12 compares the effect of the silicate on the red mud

from the three different sources. Boehmitic mud, which was

considerably leached and weathered, has the least green strength,

but the effect of the silicate is the best on this mud.The reason

can be smaller particle size and the absence of any excess caustic

soda coating the particles, which reduces the contact between the

silicate and the particles. The effect is quite apparent in the

dry stacked mud, where the caustic soda does not leach out

properly and the excess soda, though acts as a sticky glue

improving the green strength, in fact acts adversely and reduces

the contact between the silicate and the mud particles. A similar

effect is observed in gibbsitic mud too, which is not leached

well. Thus some initial leaching of free caustic soda may be a



favourable step towards the best results using silicate bonding.

This general trend is observed in other mechanical properties

also. The compressive strength is plotted in fig.13 for silicate

D. The strength is linear with silicate increase, doubling at a

concentration of 2 %, and increasing fourfold when the silicate

concentration is 9 X. Noting the fact that for a brick one would

expect a compressive strength of about 1OOO psi , 3 "A, silicate in

the brick can provide this strength. Clearly these results are on

samples of small size, which show the proof of the concept and

extensive experimentation is necessary on big samples of practical

si ze.

Fig.s 14 and 15 exhibit similar increase in Brinnel hardness

number and the modulus of rupture. There is hardly any variation

in the hardness of the material with different red muds. Apart

from this all the mechanical properties show a consistent behavior

and hence one can conclude that the silicate bonding at room

temperature is a good energy saving alternative to sintering in

several structural applications, provided that appropriate

weathering effects will retain the strength.

To confirm the effect of water on the structural integrity of

the samples, they were soaked in distilled water for several days

and the fracture toughness was measured as a function of number of

days soaked. As can be seen in fig. 16, there is hardly any change

in the fracture toughness. The fluctuations around the mean value

— 3 / 2

o f O. 5 MNiri are due to the variation in the original fracture

13



toughness. The silicate concentration varies from 3.29 % to 3.52 %

from sample to sample and that is reflected in slight variations

in the fracture toughness.

Encouraged by these results attempts were made on other

similar materials. When the green strength was poor, as in lime

stone, 4 molar NaOH had to be added to prevent the samples from

disintegrating during the impregnation. The results of silicate

impregnation are presented in fig.17 along with their green

strength. The source bauxite gains strength just like its waste

the red mud, indicating possibly the method works on laterites in

general. The results on limestone were excellent, but unlike red

mud and bauxite, the samples disintegrated, when soaked in

distilled water. This indicates that possibly in arid areas where

there is abundance of lime stone, such as in certain parts of the

middle east, this method may be applicable. Impregnation in gypsum

had added difficulties. The pores on the surface of the samples

tended to get blocked and the silicate did not enter the sample.

The effect of the silicate on clay was minimal. These preliminary

investigations show that the method is the most suitable for

laterites due to their initial high green strength and the

adaptability to the process of impregnation, and the limestone

which holds promise for arid areas.

Finally the fracture toughness of the silicate bonded samples

was compared with the data on sintered specimens made of the same

material. The detailed data on sintered specimens is reported in

14



ref. £ and 5. The results are presented in fig. IS for both

gibbsitic and boehmitic samples. The porosity of the sintered

specimens has been higher due to the high porosity of the green

specimens. In spite of this the fracture toughness of the sintered

specimens is generally higher indicating that they are

structurally tougher and the? silicate impregnation is only a good

economic trade off to the strength in regions where energy is

expensive, eventhough more research on silicate bonding holds good

promise. It is also noteworthy that the toughness is a linear

function of the silicate content for the silicate bonded

specimens, while due to the reactions reported in ref. 6, such a

linear behaviour cannot be obtained for sintered ceramics.

VT MICROSCOPIC INVESTIGATIONS

To identify the bonding mechanism in the samples,

scanning electron microscopy and limited energy dispersion X-ray

analysis CEDX3 was done. The fractured surfaces were scanned. A

typical fractograph is presented in fig. 19- The surface is,

covered with needlelike crystalline structures, all elongated and

slender, like extensive growth of pine trees on a hill side.

Recalling that the green samples had amorphous coatings on these

surfaces Csee fig. 23, this growth can be a r esult of the chereical

reaction between the silicate and the host material in a highly

alkaline environment. The growth of the crystals depended on the-

silicate concentration and the time duration the samples are

cured.

15



Fig. 20 presents the SEM photomicrograph of one* of the Large

size crystals grown after- a heavy impregnation C *- B X j of the

silicate. The output of the EDX when concentrated on area " i "

is shown in the adjacent figure. Similar output is obtained for

the area " 2 " also. It is clear that the crystals contain iron,

aluminium and silicon. The peak of copper is due to the surface

deposition of the metal to allow the conduction of the electrons.

This implies that the crystals are the silicates of iron and

aluminium. When the beam is concentrated on area " 3 " > which is

implies that aluminium has a crucial role to play in the

development of the crystals. More work is underway to identify

these crystals on a definite basis. Meanwhile based on the shape

and the elemental composition of these crystals. the possible

crystal structures are presented in table III. The hardness of

these crystals may be a crucial property that is probably

contributing to the overall strength of the composite.

VII DISCUSSION

Unlike in sintered ceramics, the method of silicate bonding

provides a means of using chemical bonds to develop the strength

in oxides, and this is fully exploited here in bauxite wasi.e to

fabricate building materials. It is shown in this work that by

impregnating the silicates in the open pores of the material, the

strength can be enhanced economically. While the method was aimed

at simply coating the pores and thereby reducing the sharp corners

inside, which could otherwise act as stress concentrators, the

amorphous nature of th& material along with high alkalinity ha.;.,

developed chemical reactions leading to further enhancement of the

strength,

16



To verify that the chemical reactions have in fact taken

place in the material and it is not simply a deposit, ion of the

silicate, the volume of the silicate was compared with the

decrease in the porosity. One finds that the porosity decreased

only slightly as compared to the amount of the silicate put in.

This means that the resultant products in the pores are denser,

implying chemical reaction. They can be better- studied by doing

similar experiments on component oxides such as Al O and Fe O .
2 3 2 3

Such attempts are underway presently. Once they are identified,

the range of applicability of the present- method can be better

defined. This study however provides a proof of concept of the

viability of the process towards a development of the strength in

ceramics and works well for building materials.
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Table I . The Composition ai Red Mud Investigated by XfcF.

Oxide Gibbsit ic Mud Boehmitic Mud
C wt % j C w l 'o ~J

Al O 16.53 16.33

Si O 3. OS 7. 99

CaO 5. SS 9. OB

MgO 0. 34 0. 45

P O 1 . 32 0. 91

Fe O 49. 83 42. 33
2 3

TiO 6.80 5. 99
2

Cr O O. 43 0. 41
Z 3

V O O- 31 O. 24
Z 3

MnO 0. 48 O. 84

Na O 1 . 4O 4.60
2

K O 0. 15 0. 21
z

ZrO O.16 O.21
z

L. O. I . 13. 41 10. £0
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Table II. Properties of Sodi urn Silicates

Silicate W.. ratio % Na O Density pH Viscosity

SiO / Na O gm. cm
2 2 ^

A 3. 22

B 3. 22

C 2. 5O

D 2. 00

s. go

9. 1

1O.

14.

s

60

70

1 . 38

1 . 41

1. 4O

1 . 53

1 1 . 3O

1 1 . 30

11 . 90

12. TO

ISO

400

60

4OO
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Table I I I . Properties of Possible Crystals

Name & Formula. Crystal Type Hardness Crystal Structure

sLli.ma.nLL© NesoslLicate es - 7 Long, slander c r y s t a l s

unatLon* of ten i

parre l le l groups

< Al S L O ) (garnet) torminaUon* often in

Acmi t e Inosi.lica.ts es - <S. 5 Slender, pnetnalic

NaFeSi O (pyroxene)

Risbeckite InosUicats <5 Slendr.ctreular &

Na F« Fe Si O (OH) (hornblende) frequently aqareqaU
2 3 2 8 22 2 i J « ^

Albits Teclosi.li.cate cS Often «longo.t*d in

NaAlSi O (feldspar) dvsti.nct
3 8

Nctlrolit© TectosLLLcate 3 - 5 . 5 Prismatic, often

Na Al Si O [QHi <zeoLit«) c i rcular v i t h onsm
2 2 3 8

zone striated

21



It-

22



LO

80

70

60

40

BOEHMITIC

GIBBSITIC

Fig-2
Particle Size Distribution of Red Mud
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Fig.3 Sem Micrograph of Dry Fractured Red Mud
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Fig.4 Tera Microgrpah of Red Mud ( lcm = 0 .062nra )
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Fig.5 X-Ray Diffraction of Kurkvine Slurry (Gibbsitic Mud)



Fig.6 The sludge is dried and exposed to UV radiation for 5

hours (̂  300 watts). Wormiike formations are everywhere.

They do not have any distinct orientation. Generally they

are bigger than those found in ovendried samples. The

sample is much harder.
1 bar = lym.
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Fig.16 Effect of Water on Fracture Toughness
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Fig.17 Effect of Vacuum Impregnation on Different Materials
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Fig.18 Comparison of the Fracture Toughness of Sintered and
Silicate Impregnated Materials.
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Fig.19

Crystal Growth in the Pores, 1 Bar = 1pm.
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Fig.20

EDX Output of Area 1 on Slender Crystal.
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