
III. PREPARATION OF ALUMINA-SILICA COMPOSITE ASSISTED BY

MECHANO-CHEMICAL TREATMENT

3.1 Introduction

Chapter 2 successfully demonstratedthe influence of mechano-chemical treatment on the surface

of alumina to obtainactivated powder lead to formlng green Ceramics body for producing non-

firing ceramics. Advantage of this process isthatthe solid-state reacdon is activated due to

mechanical energy instead of the temperature･ It was shownthatthe chemical reactivity of

starting materials could be improved signi丘cantly after mechano-chemical treatment [1,2]･

However, one major Problem for ceramicindus廿ial isthat the long solidification timeand low

mechanical strength. Many of alumina properties are controlled by structure and stability of
its

surface. Moreover, additives interactwiththe surfaces and modifyproperties of the alumina

materials [3,4].Based on the aforementioned problerru,there is indeed a need to investigatethe

effect of composition ratio between alumina-silica similarityaluminosilicate in geopolymer [5-7]

by mechano-chemical treatmentthat reducethe solidification timeand increasngthe mechanical

strength[8-10].

Inthis chapter has shoⅥm that mechano-chemical treatment of alumina-silica composites

promotedthe formation of Al-0-Si bonds, enhancingthe
homogeneity of the system [11, 12]･

The aim of this work is to galn a better understanding the reaction to form alumina-silica

00mposites during mechano-chemical treatment of alumina and silica powders･
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3.2 Experimental Procedure

3.2.1 Sbmpleprepntion

The starting materials were A1203 (Al-160SG4, Sho峨-denko Col, Japan) of O･6 pm mean

particle si2:e,fine amorphous SiO2 (Aerosi1200, Degussa AG) of 12 nm meanparticle size and

KOH pellets (JIS K 8574). Planetary ball mill was used for mechano-chemical treatment of

startlng material･ According to chapter 2, the mechano-chemical treatment at 300 rpm and 60 min

bring about higher specific surface area, X-ray amorphous material, physical broadening

microstrainand etc., in this secdon, the mill was rotated at 300 rpm and milling time at 60 min,

respecdvely･ The volume ratio ofAl203- SiO2 Was Varied ratio from 1-9 to 9-1･ After being

mixed at 2,000 rpm for 5 minwithan el∝tric mixer, the slurry was poured to Teflon mold and

kept at room temperatureuntil solidi丘cation･After demolding,the ceramic green body was dried

at 25oC, 50%RH for 3 days in the steamoven.Althoughthefineness of Aerosil silica has

disadvantage of increaslngthe water demand, it was chosen for these experiments forthe

enhanced reactivity expected to result舟om
its amorphous state. Aerosil has a high-ter demand

and gcnerallythe mass of added water was approximately equal to the required amount of Aerosil

forany givenAl203:SiO2 ratio [5].Possible water has loss during mixing resulting &om

exothermic reaction between the Aerosil-Alumina and KOH.

3.2.2 EneJ苫y transfer

h the course of milling treatments, the rate of phase transformation is essentially controlled by

the impact energy, E,andthe impact &equency, N･Asdiscussioninprevious chapter, beyond a

threshold, completeperiodicityis reached. Under these circumstances, inelastic collisions take

place and all kinetic energy atthe impact is transferred tothe powder trapped betweenthe

zirconia ball andthe zirconia bowl. It then followsthatthe impact energy lS glVen by:
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E-!mbVz'mp
Where mb isthe ball mass and vimp, the relative velocityofthe ball, is determined bythe ball and

bowl velocities atthe impact. The collision frequency N has been shown to be almost exactly

twicethe丘equency of the bowl m?tion, i･e･two collisionsper cycle occur･ The milling intensity,

I, andthe energy dose, D, are defined as:

I = NE
-土NmbV.?mp2

D=It=NEt

Where t isthe milling time. The total energy transferred perunit mass of the powder, I.e. the

specific dose, Dm
,
is then introduced

Dm =NEt/mp

With mp the mass of the powder batch and tthe milling tlme･

3.3 Results and Discussion

h the followlng discussion, we have definingthe sample compositions in terms of volume ratios

of Al203 tO SiO2 (A-S).Alumina-silicacomposites divided 2 rangesthat highsilicacontent

(Alsワ,A2S8, A3S7, A4S6) and bigb alumina content (A5S5, A6S4, A7S3, A8S2, A9Sl),

respectively.

3.3. 1 X-ray dlftWacdon(m)

The kinetic of phase transformation was follow by wide angle X-ray di飽action (皿)･ The

xm pattems for alumina-silica composites aaer milling and after solidified by mechano-

chemical treatment for 300 rpm and 60 min, are shown in figure 3.1 (a)and (b),respectively.All

皿patterns display strong peaks corresponding to aluminium･ These aluminium peaks broaden
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slightlywidl reducing of amount of alumina. The formation mechanism of alumina-silica

composites involvesthe energy trmsfer of planetary ballmill under mechanoIChemical

conditions. Figure 3.1 (a)observed forming ofdialuminium silicate oxide,Al2(SiO4)0 near (20)

30o in high silica conterLt range.While,
figure 3.3(b) also observed forming of leucite,

K(AlSi206) near (20) 30o. The milling time is too short to allow chemical bonding to develop

betweenthe two dissimilar molecules and the compounds remain discrete, but containalumina-

silica composite particles of Al-0-Si resultlng
fromthe mechano-chemical b.eatment, which

enhancesthe short range difnJSion of A13+ near the silica/aluminainterfacewithconsequent

chem ical interaction.
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Figure 3.1 XRD patterns of alumina-silica composite by mechano-chemical treatment

(300 rpm and 60
min); (a)activated powder, (b) ceramic green

body

The energy distribution of the milling process (system) has been calculated
in dependence of the

amount ofmaterial by weight in bowl. The present milling was camed out by planetary balImill

伊ulverisettle5, Fritsch, Germany). By energy distribution ofalumina-silica composites

increasedwithamount of alumina content. Due to energy distribution in planetary ballmill is

corresponding to mass ratio of material- The densityof alumina is higherthan densityof silica,
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therefore, energy distribution also depending on mass ratio of alumina. Working parameters are

summarized in Table 3.1.

Table 3.1 Energy transfer ofalumina-silica composites

ConditioAS

A-S

Y

(tyv./min)

N

㈹

▼l叩

‖､

E

Elm

IM

(w.空-1)

tlJ2

(a)

Dh.IJ2

oJ.空ー1)

1-9 300 5.(X) l7.898 0.477 2.387 36(X) 0.0859

2-8 300 5.(X) 26376 1.037 5.183 36(X) 0.1866

3-7 300 5.00 34.854 1.810 9.050 36(X) 0.3258

4-6 300 5.(X) 43.332 2.798 13.989 3600 0.5036

5-5 300 5.(X) 51.8l 4.000 19.998 36(X) 0.7199

6-4 300 5.00 60.288 5.416 27.07S 3600 0.9748

7-3 300 5.(X) 68766 7.046 35.229 36(X) l.2683

8-2 300 5.(X) 77.244 8.890 44.45l 36(X) 1.6003

9-1 300 5.00 85,722 10.949 54.745 3600 I.9708

3.3.2 Spcljic Sudace area PET)

Figure 3.2 showsthe change in specific surface area of the alumina-silica composites.WhenAl-

Si compositesincrease,the specific surface area decreases. The decrease in SBET may Cause an

increase intheAl-Si contact area attributable to the stufrlng Of micropores in the aggregates of

small particles by mechanical stress introduced by mechano-chemical treatment by milling.
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Figure 3
･2

Speci丘c surface area of activated alumina-silica00mposites

3.3.3 ICPana[ysis

Figure 3･3 shows the elution analysis of the activated alumina-silica composite particles treated

by ball mi11ing･ It isknownthatAl3+ ion and Si4+ ion mainly leached out from ceramic particles,

when ceramics particles are mixedwithpotassiumhydroxide solutions. The activated alumina-

silica composite particles showed elution ofAl3+ ion and Si4+ ion leachinginthe all samples･Al3+

ion and Si4+ ion contents were deoreased withanincreaslng Of alumina content･ Due to

agglomeration of small particles at high alumina content lead to reducing of BET surhce area,

the leaching ofAl3'ion and Si4'ion also decreased･
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Figure 3.3 Elution behavior of the activated alumina-silica composites;

Ⅹ - Alumlna, Y - Silica

3.3.4 TIG-DTA analysis

Thethermogravimetric traces, conducted in oxygen atmosphere, for the solidified body formed

&om alumina-silica compositewithmechano<hemical treatment (300 rpmand 60
min) were

given in Figure?･4･The weight
loss of composite (a),(b),(c),(d),(e),(i),(g),(h)and (i)are

3.6%, 3.2%, 3.0%, 2.7%, 3.5%, 3.8%, 5.6%, 6.4%, 8.8%, respectively.Asprevious mentioned,

highsilicacontent (composite (a)-

composite (d))and highalumina content (composite(e)-

composite (i)).The weight
loss of composite (a) greater than composite (b),(c) and (d),

respectively in high silica content may be due tothe trapplng H20 and CO2 inthe small pores of

densely-packed aggregates during mechano{hemical treatment. Onthe other hand, the weight

loss of the highalumina content is greaterthanfor highsilicacontent, composite (i),(h),(g),(i),
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(e),respectively. This is because of the mechano-chemical treatment on surface ofalumina has a

great effect than surface of silica.

For the DTA traces, underthe same experimental condition, endothermic peaksand exothermic

peaks were observed in all samples. Composite (a) contains endothermic peaks attributedthe

dehydration of ･adsorbed
water at 5loC and dehydroxylation of small peak at 162oC, and

exothermic peak at 340oC and 875oC. Composite (b) contains endothermic peaks attributed the

dehydration of adsorbed w?ter at 53oC and dehydroxylation of small peak at 172oC, and

exothermic peaks at 340oC and 889oC. Composite (c)contains endothermic peaks attributedthe

dehydration of adsorbed water at 50oC and exothermic peaks at 338oC. Composite (d) contains

endothermic peaks attributedthe dehydration of adsorbed water at 54oC and exothermicpeaks at

339oC. Composite (e)contains endothermicpeaks attributedthe dehydration of adsorbed water at

52oC and exothermicpeaks at 342oC. Composite (i)contains endothermic peaks attributedthe

dehydration of adsorbed water at 55oC and dehydroxylation of small peak at 157oC, and

exothermic peaks at 343oC and 504oC･ Co甲POSite(g)contains endothermicpeaks attributed the

dehydration of adsorbed water at 58oC and dehydroxylation of small peak at 160oC, and

exothermic peaks at 342oC. Composite (h)contains endothermicpeaks attributedthe dehydration

of adsorbed water at 6loC and debydroxylation of small peak at 133oC and 180oC, and

exothermic peaks at 338oC. Composite (i)contains endothermic peaks attributedthe dehydration

of adsorbed water at 62oC and dehydroxylation of small peak at 13loC and 166oC, and

exothermic peaks at 334oC. The temperatures tending was decrease slightlywithincreaslng

Al203 COntent. The endothermic peaks corresponding dehydroxylation of alumina-silica

composites was not observed in composite (a)-

composite (e)becausetheAl203 COntent in this

sample is too low. The endothermic peak of composite (a) is shifted &om 5loC to 62oC in

composite (i)due to mechano-chemical dehydration and increased adsorption of sur魚ce water･
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Onthe other hand, total endothermic peaks also increased. This is also agreelngwithprevious

mentionthat mecalmo-chemical treatment on surface of alumina greater than surface of silica.

The small 875oC exo血emic peak in00mposite (a)and 889 oC exo也emic peak in00mposite (b)

are probably due tothe formation of small amount of transition alumina arising fromAl0(OH),

which has been reported to form onthe surhce ofAl203 during milling [13].
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Figure 3.4 TG-DTA of alumina-silica composite by mechano-chemical treatment

(300叩m and 60 min);(a)AIS9, (b)A2S8, (c)A3S7, (d)A4S6,

(e)A5S5, (i)A6S4, (g)A7S3, (h)A8S2, (i)A9Sl

3.3.5 Micns加JCture andMoIPhblogy P7E-SM)

h order to study the microstructural and morphological changes of samples, the solidified

alumina-silica composite of rpechano-chemical treatment (ceramicgreen body) were observed by

FE-SEM as shown in figure 3.5. By figure 3.5 (a),(b),(c),(d),(e),(i),(g),(h) and (i)

corresponding to solidified alumina-silica composites, AI S9, A2S8, A3S7, A4S6, A5S5, A6S4,

A7S3, A8S2and A9Sl, respectively. The microstructure and morphology of each sample were

difference and depending on volume ratio of alumina-silica system.As figure 3.5(a),thepowder

has excess by silicacontent which's heterogeneous system. The silica content dec代ase in figure

3.5 (b),3.5 (c)and 3.5 (d)indicate, the powder has preservedtheirflake like shape. The sur鮎e

have homogeneous system in figure 3･5 (りand3･5 (i)due toamount of aluminaand silica

enough
for forming in binary system. With increasing alumina contentin丘gure 3.5 (g),3.5 (h)

and 3.5 (i),the clusters become smaller in size. The solidi丘ed bodies consisted of the fine

alumina grain. Duethe non-solidifled bodies, 1t is ditrlCult to facilitate the formation of necks

between
adjoiningalumina-silica composites binderedwithalkaline solution (EOH).
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Figure 3.5 Microstructural evolution of solidifiedalumina-silica composite by mechaJIO-Chemical

treatment (300 rpm and 60 min);(a)AIS9, O))A2S8, (c)A3S7, (d)A4S6, (e)A5S5, (i)A6S4,

(g)A7S3, (h)A8S2, (i)A9Sl.

336 Solidljfcah'ontime and Bending sErengih

A production of good qualitynon-Bring ceramicwithhigher mechanicalstrengthand reduction

of solidification time depends on several parameters like kind and concentration of KOH,

mechanoIChemical condition, curmg time and curlng temperature, etC. Figure 3.6 represents,

which illustratethe relationship between solidi丘cation time and bending strengthof solidi丘ed

body at different composition ratio ofalumina･silica. It canbe divided 2 rangesthat highsilica

content (Ⅹノ(Ⅹ+Y)- 0. 1-0.4 and highalumina content (X/(X+Y) - 0.510.9 as follow. The bending

strengthincreased with decreaslng Of silica content in high silica content range while decreaslng

122



with increaslng Ofalumina content in high alumina content range. In order to evaluate mechanical

properties of samples, bending strengthtcsts were conducted. Consider now issues of

composition ratio ofAl203-SiO2 0n bending strength. Increasing amount of SiO2 Was Shown to

increase bending strength. However, strengthbehavior can be signifiwtly different fromthat of

SiO2, Which as SiO2 is maximum whenthe SiO2 Particles have no stabilizer and easy鮎cture.

StrengthofAl203-SiO2 composites generally increasewithmechano<hemical treatment, similar

to, but often lessthanthe relative increases of SiO2, eSP∝ia11y at higher SiO2 contents, due silica

prope托y is more evidentthanmechano-chemical treatment. This proposed cause of strengths not

followlng the SiO2 increases due to processlng heterogeneities. Onthe other hand, solidifi瓜tion

time was d∝reasedwith incr飽Sing of silica in high silica content range due to silica (Aerosil)

has a highwater demand and generally the mass of added water was approximately equaltothe

requiredamount of Aerosil in system and also decreaseswithincrcasing of alumina in high

alumina content range because water has loss during mixlng r鶴ulting from exothermic reaction

betweenthe Aerosil-Alumina and KOH. According to DTA results in figure 3.4,the exothermic

reactions have corresponding to alumina content greaterthan silica content.
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Figure 3.6 Relationship between solidification timeand bending strengthwithdifferent alumina-

silica composites by mechano-chemical tr飽tment (300 rpmand 60
min)

3.4 Conclusion

Ceramic green body of alumina-silica composites has been preparedwithwide range ofAl2031

SiO2 ratio by mechanochemically assisted chemical solidification. A milling process for

obtainlng activated ceramic powder having mechanochemicallyamorphi2:ed surfaces by milling

ceramic powder.Analkali treatment process was obtaining a ceiamic green body by adding

alkali water solution. Mechano<hemical treatment of alumina-silica composites is found to

promoteAl-0-Si bonding between aluminaand silica components. New bending or new

composition formed at a high silica content range. Mechano-chemical treatment could provide a

useful teclmique for synthesis alumina-silica composites which can be obtained丘om cheap raw

materials.
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IV. FABRICATION OF NON FINNG CERAMICS BY MECHANO-

CHEMICAL TREATMENT USING PLANETARY BALL MILL

4.1 Introduction

h Chapter 3, withthe development of mechano-chemical treatment, several compositions of

alumina-silica composites ratio have been studiedand successfully establishedthe fabrication

alumina-silica composites assisted mechano-chemical treatment･ In this Chapter, fabrication of

non firing ceramics from waste material has been successfully by mechano-chemical treatment

uslng Planetary ball mill･ Paper sludge ash was used as startlng material because in recent years,

sludge &om paper industry has been one of the serious problems concemlng enVironment･ The

paper sludge were usually land filled or bumed to produce ash (papersludge ash, PSA)that has

been annually increaslng ln industrial countries･ Lately, research work involving PSA was used

as an additive raw material for cementindusby. But, only smallamount ofPSA could be used

as an additive to cement manufacturing pr6cess 【1-2]and as a possible material for artificial

aggregates [3]. The rest were mostly disposed by dumping,that could rise to serious

environmental pollution (ex.;water pollution).Hence,
developing a technique to utilized PSA

could be slgnificantly essential as a research study for investlgatlng recycle waste materials･ h

the previousstudied, it has been reportedthat PSA was composed of several oxides namely

alumina, silica and calcium 【3-4】.This inorganic oxide's materials had been也e basic component

for manu血cturlng Ceramic materialsthat could be utilized as an initial material for ceramic

products if properly investlgated.

h this study,the effects of the operational conditions in the MC treatment process such as

rotational speed and milling time on the mechanical properties of the solidified body were
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investlgated to thbricate non-firing ceramic products.

4.2. Experimental Procedure

The sludge ash powderfromthe paper industry was used as a raw material. Planetary ball mill

was used for MC treatment under air at room temperature. h case of rotation speedand milling

time conditions, each milling was carried outwith a 100 g sample in a 500 ml capacity ceramic

zirconia pot with zirconia balls of 10 mm in diameter. The mill was rotated at different speed

interval up to 300 q)m at 60min andwithdifferent time interval up to 60 minat 300 rpm.. Then

treated powder was mixed with3 mol dm-3 ofKOH at 2,000 rpm for 5 minwithanelectric mixer･

A氏erthe mlXlng, the slurry was poured into the Teflon mold and kept at room temperature until

it becomes solid, ready for demolding･ Then the sprimens were dried at 25oC (RE 90%) for 7

days in也e steam ov飢.

4.3 Results and Discussion

Figure 4. 1 shows thatthe Xm pattems of the raw materialand MC treated materials at different

rotational speed and milling time.Asshown in the graph, the raw material and MC treated

materials were mainly composed of gehlenite (Ca2Al2SiO7),Calcium disilicate (CaSi205),

Dicalcium silicide (Ca2Si) and Calcium aluminium silicide (CaAISi). htensity peaks of

crystalline PSA materials were broad, smoothwithdecreasing intensityas the rotation speeds,

milling tlme and diameter of ball increased. This indicatesthatthe particles were inthe state of

miniaturization and amorphilization which is due tothe in'nuence of high energy action of

planetary ball mill. h this case, the effectiveness of surface activation of PSA by mechano-

chemical process can be done. On the other hand, the peak intensityof the solid specimen in

figure 4.2 shows a significant increase of calcium disilicate minerals near (20) 30o, if compared
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with figure 4.1 (treatedpowder). It is clearly shownthatthe occurring calcium disilicatepeaks

was directly proportional to alkaline reaction (K') as an effect on chemicalreaction, a打ibutable

tothe forming of Si-0 bond丘om
-SiO-M'(M-K) group, or Si-0-Albond wlthin a high1yAland

Si-substituted PSA structure (consistentwiththe assumptionthattheAl-richand Si-rich ofPSA

leaching丘･om mechano-chemicalよctivation should beanetrlCient reactedwith alkaline solution

and forming to new chemicalbonding [5-6].At the same time,intensitypeaks of crystallinein

figure 4.2 were decreasedwithincreasingthe rotation speed and milling time as previous

mentioned.

129

コ

Ce

＼
=コ

_>:a'6
日
4)
+J

a

30 50 60



≡

氏

＼
l■ヽ

■ヽ

モコ!

･B白
4)
◆■

fj
l････■

20 30 40

20/o

50 60

(ら)

Figure 4. I. m pattems of mechano-chemical treated materialby planetary bal1mi11;

(a)different rotation speed, (b)different milling time

lュo



∋

C弓

＼
≡

_f･'G
亡

β
a

40 0 50

20/

(a)

60

131



ヨ

Cl

＼
lヽ

●■ヽ

>.

･Bfj
4)
◆■

≡
lll■

20 30 40o 50

20/

60

(b)

Figure 4.2. m patterns of solidiRed green body;

(a) different rotation speed, (b)diHerentmilling time

( ○(Ca2Al2SiO7), ☆(CaSi205), ◆(Ca2Si),
E, (CaAISi) )

In figure 4.3 showsthe relationship betweenthe mean particle size ofsamples withMC bLeatment

under various conditions.Asshown,the rotation speed,milling
tlme

and diameter of ball of MC

treatment had a great effect on particle size of the raw material. -Asobserved,the particle size

decrease at a certain point Whenthe rotational speed and milling tlme Were Varied which coincide

withthe SEM analysis in figure 4.5. The results showed that average mean particle size (d50)was
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approximately between 4 to 28 pm after the samples subj∝tedto planetary ball mill as compared

tothe raw powder. But at higher rotational speed andincre弧ingthe milling time, (longerthan

150 rpmand 10 min, respectively),themeanparticle size were almostthe same. Tbcn after 250

rpm of rotational speedand after 40 minof milling tlmethe particle size tends toincreased. h

this manner,the reduction of particle size candecreasethe distance between vacancy sites and

enhancethe vac弧Cy diffusion to extemal surface and help formed new phase and graln grow血.

There were some reasons forthis one isthatthe particle size ofPSA only changes a littlewhen

the rotation speed increase from 150 to 300 rpmandthe milling tlmeincreases丘om 10 to 60 min

respectively. The other could be due tothe very fine particle sizethat may have a small negative

effect on milling because of agglomerationoffine particles.
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Figure 4.3. Mean particle size (d50)distribution of mechano-chemical treated material by

planetary ball mill; (a)different rotation speed, (b)different milling time

In figure 4.4 showsthe specific surface area PET) of samples withMC treatment at different

condition such asthe rotational speed and milling tlme. Based from the obtained results,the BET

increasedwithincreaslngthe rotational speedand milling tlme.Whereinthe BET increased to a

maximum value is 7.18 m2g･l duringthe 200 rpm of rotational speed, 9･04 m2g･1 and duringthe

20 min of milling time, respectively.Asobserved, a larger surface area (BET) canbe obtained

duringthe milling of PSA using the planetary ball mill. But further milling the surface area

PET) of the sample decrease to about 5.95 m2g'1 after 300 rpm of rotation speed and 60 min of

milling time. This is
atypical specific surface area change during mechano-chemical treatment･

The increaseinthe BET duringthe first period of milling simply
is a result of particle &actunng
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induced by ball impacts and the later reduction in BET sur&cearea is linked tothe agglomeration

effects at high energy. It should be noted alsothat adsorpt10n On Surface of particle was foundin

mechano-chemical treatment. These surface area (BET) results coincide againwiththe results of

the particles size, SEM analysts and Xm analysisthatthere was indeed a change in surhce

particles of a treated PSA.
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Figure 4.4. BET surface area of mechano<h班Iical treated material by planetary ball mill;

(a)different rotation speed, (b)different milling time

Inthis part, the microstructures of the samples were既amined to invesbgatethe developments of

the MC treatment influences the raw material structure. The characterisdc surface microstructures

of raw materialwithoutandwithMC treatment at different rotation speeds, milling timeand

diameter of ball using planetary ball mill were showninfigure 4.5, respectively. Figure 4.5(a)

shows a scannlng electron micrograph of raw PSA and treated PSAwith different rotational

speedandthefigure 4.5(b)shows a scanning electron micrograph of treated PSAwithdifferent

milling time. Based onthe observed micrograph,the changes of micro-surface structure were

achieved uslng the planetary ball millwith increaslng rotation speedand milling time. The

morphologleS Shows that the particle si2:eOfMC treated sample also decrease at a certainchange
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of rotational speed and millingtime by planetary ball mill. But one should be cautious on

increasingthe rotationalspeedandthemi11ing血me becausethe small particles (MC treated)tend

to agglomerate toformlarger particles at highenergy dudng higherrotational speed and longer

milling time.
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Figure 41 5 Microstructure ofmechano-chemical treated material by planetary ballmill;

(a)different rotation speed, (b)different milling time
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To observethe mechanical strengthof the experimental sample, compression strengthwas

investigated. In丘gure 4.6 showsthe compression strengthof specimens prepared by different

MC treatment conditions. It can be observed that the compression strengthof MC-treated

specimen was clearly stronger thanthat of non-MC-treated specimen. These specimens showed

thatthe compression strengthwas signi丘cantly increasing with effect ofMC treatment. h general

as observed inthe obtained results, the strengthof the specimens depends onthe total number

bonds betweenthe interhced sur血ces of materials with MC treatment. h this case, it is

tentatively consideredthatthe MC treatment enhances su血ce activation and chemical reaction

betweenthe interlaced surhces resulting ln Product layer bonding between adjacentparticles.
But,

in the cases of high rotation speed as above 200 rpm and long milling time, the compression

strength was decreased. It was considered that high energy milling leads to powder

agglomeration or the density distribution of green body that contributed to reduction of

mechanical properties. From results, one cananalyzedthat the MC treatment could be a powerful

technique to obtained activated surface of powder. Advantage of proposed fabrication method is

mechano-chemical treatment strongly affects on solidification and mechanical properties of

solidified body.
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4.4 Conclusion

Non-firing ceramic丘om paper sludge ash was sucoessfully fabricated by mechanoIChemicalwith

alkaline-chemical reaction process. The mechano-chemical treatment of planetary bal1mi11

affectsthe免brication of non-firing ceramics whenthe rotational speedand milling time were

varied. The alkaline solution was 'used as a binder between ceramic particlesformlng a Strong

green body of spocimcn at room temperature. The chemical reaction depends on several factors

such as the particle size distribution and mineralcomposition of paper sludge ash, kinds and

concentration of the activator, reaction time, reaction temperature, etc. This process hasan

attractive route for shaping waste materials into valuable ceramicswithout丘ring proc6S.
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V. FABMCATION POROUS CERAMICS USING WASTE MATENALS

BY NONIFIRING PROCESS

5.I Introduction

In Chapter 4, thふdenseceramics
&om white paper sludge ash (wastematerial &om paper sludge

industry)was successfully fabricated by mechano-chemical treatment. The idea &om this study is

attractive for fabrication poro'us ceramics. Porous materials have attractedinterest because of the

wide range of application such as filters, electronic sensors, catalystsand construction materials

[1,2]. There are various reports studies about the processing techniques inthe fabrication of

porous ceramicswithproperties, such as light-weight,highthermal stability, high chemical

stability, and lowthermal conductivity[3].Firing ceramics is one of the most common

techniques in fabrication porousmaterials. Basically, bumlng Out Ofthe material during sintenng

process [4, 5] and acid leaching [6] have been studied. However, this method has been

disadvantageous in terms of high costand canbe harmful tothe environment. In addition, some

porous ceramics made bythis method has a low strengthand poorflexibilityeven if it has large

surface area. Furthermore, in this conventional method, controllingthe pore structure is limited [7,

8].Fundamentally, porositydepends strongly onthe morphology and particle size distribution.

Hence, if the morphology and particles could be uniform, the pore structure canbe uniformly

distributed. Moreover inthis process, aside &om it can be easily controlled, it has a lower

production00st compared to o也er existing me也ods 【7-10】.

This work is concerned withthe fabrication porousceramicsfrom waste materials by mechano-

chemical treatment. Black paper sludge ash (BPSA, waste materials)
&om sludge of paper

industry lS used as a startlng material because it is waste product, Utilizingthese waste materials
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will help decipher some environmental problems like global warming (problems of excessive

emission of CO2from human and industrial).The black paper sludge is a waste material (mixture

of paper sludge, waste tire, waste oil and waste plastic)of pulp and paper industry which

produced excessive CO2 emission tothe environment. Recycling these combustible waste

materials canhelp reducing energy consumpt10nand reduction of CO2 emission whereinthe

quantity of waste paper sludge is drastically increasing. Moreover, waste丘om oil丘om turbine,

tire, and plastic are also serious environmental issues because the amount of sludge waste

disposed into the landfillincrease. This practice is unacceptable because of the rapid depletion of

available land fillsite. Someindustries bumedthe sludge wastes and produce BPSA [1I -14].

This present study is focuslng Onthe development of pore structure of BPSA by mechano-

chemical effect and addition of alkaline solution at various reaction temperatures to fabricate

porous ceramics material. Based oninvestlgation in this chapterwill divided 2 parts; First part

will describethe effect of reaction temperature onthe formlng Of porous structure of solidified

porous ceramicsintopIC Of Novel血brication route for porous ceramics uslng Waste material by

non-firing processand second partwill describethe effect.of mechano-chemical treatment onthe

controllable porous structure of solidified porous oeramics in topic Of Application of mechano-

chemical process for fabrication of porous ceramics &om waste materials.

5.1.I Novel fabrication route for porous ceramics usIng Waste material by non-rIring
●

PrOCeSS

5.I.2 ExperimentalProcedure

5.1.2.1 Sbmple pylePTlation

BPSA received from S.K KOUSAN Co. Ltd., Japan used as raw material. The chemical

compositions of received BPSA powder were shovm such as SiO2 30.0 wt%, Fe203 16.1 wt%,
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CaO 14.3 wt%,Al203 ll.3 Ⅵ托%, ZnO 3.3 wt%, MgO 2.5 wt%and other 22.2 d%.Whilethe

specific su血ce area (BET analysis)and mean particle size distribution of the BPSA powder (d50)

were 5･54 m2･g･1 and 14･41 pm respectively･ The conditions for preparation of samples were

followed. Planetary ball mill (Pulverisettle5, Fritsch, Germany) was used for mechano-chemical

process; set to･300 rpminrotation speedand 60 minuteinmilling timeunder air at room

temperature to obtain activated BPSA powder･ Then, 10 g of received BPSA or activated BPSA

powder was mixedwith10.ml ofKOH solution at 5 mol.dm'3, 5M (chemicalsynthesis).
The

slurry was poured intothe mold aAer that it was kept at 25oC for received BPSA as raw and

different reacdon temperatures (25oC and 50oC) for activated BPSA as 5M-25oC and 5M-50oCin

the oven respectively. After complete solidi丘cation of slurry, the solid samples were carefully

taken out of the mold. Then, the solid samples were dried for 3 days in oven to obtainporous

ceramics. The fabrication routes of porous ceramicswithoutfiring process are shown in figure

5.1.

Figure 5. 1 Fabrication route of porous ceramicswithout firing process
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5.1.2.2 Characten.zation

Particle size distribbtion of powder was determined by particle sizeanalyzer (叫icroTrac

MT3000II Series, JapaJl).The specific surface area of BPSA powder was determinedwithN2

adsorption method at 77 K usinganautomatic gas adsorption-desorption apparatus (Belsorp-max,

Japan).The compositionand crystalline phase were observed bythe X-ray diffraction, Ⅹm

(Model Rm 1000, Rigaku, Cu KcL, and 40kV). Surface structuraland pore size observation

were carried out using Micro Focus X-ray CT system (SMX-90CT, Shimadzu, Japan). The

porosityand physical properties of solidified specimen were determined by mercury porosimeter

伊ASCAL Porosimeters, Thermo Electron S.p.A., Italy).The mechanical propertywas evaluated

by diameter compression test using universal testing machine (Shimadzu AGS-G).All tests were

performed at room temperature･ The test results we.re recorded uslng an average Value of three

measurements.

5.I.3 Results and Discussion

5.1.3.1 AdsoTPtionJesoTPtion PllOPerties ofsbrting maten'al

The adsorptlOnJesorpt10n isotherm of the received BPSA powder ash is shovm in figure 5.2. The

experiments wereperformed at 77 K,the boiling polnt Of nitrogen at atmospheric pressure. N2

sorpt10n isthe standard method for determinlngthe pore size distribution of a porous material

with pore size smaller than100 nm. Withthis teclmique, the adsorbedamount of nitrogen is

measured as afunction of the equilibrium pressureinthe gas phase. Fromthe amount adsorbed

nitrogen at a certain pressure,the pore volume canbe calculated witha certain pore size present

inthe material. The N2 isotherm of received BPSA powder canbe classifiedintotype II of

IUPAC classification. Porous structure of received BPSA powder is mostly composed of non-
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porous solids wherein the su血ce area as mentionedinsample preparation section (5.54m2.g'1)

while pore size distribution showedthe BPSA powder almost composed ofmacroporosity.

0.0 0.2 0.4 0.6 0.$ 1.0

p/p. [-]

Figure 5.2 AdsorptlOn and desorptlOn isotherm of received BPSA powder

5.1.3.2 PropeThes ofsolidlj;ednon-jn'ng
bdies

Figure 53 shoⅥ侶the XRD patterns of solidified porous ceramics at different conditionsof raw

(non-acdvatedpowder),
5M-25oC and. 5M-50oC (activatedpowder), respectively･ The difhction

peaks and intensityofallthe samples (crystallineBPSA) were sharpand similar. No changesin

Ⅹm pattems were observed. Based onthe data gathered, Quartz (SiO2),Hematite伊e203),

Anorthite (CaAl2Si208),and Kyanite (Al2SiO5)arethe major components found inthe solid

porous ceramics materials. Furthermore, after mechano-chemical treatment,the results slightly

the formation of broadenpeakswithout new phases. This can be ascribed to small defects from

the mechanoIChemical treatment or glassy phase formation (amorphous statewith shearing force).
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Onthe other hand, the intensitypeaks of crystalline BPSA were sharp and small peaks of kyanite

are formed after chemical synthesis at highreactiontemperature (5M-50oC) when compared with

raw-BPSA (receivedBPSA powder) This is a肘ibuted totheformation of kyanite from minerals

at high-pressure phase during chemical reaction [15-1 6].
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Figure 5.3 ⅩRD pattems ofsolidified BPSA at different conditions

(a)raw, (b)5M-25oC, (c)5M二50oC
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Table 5. 1 Physical properties ofsolidified porous ceramics

Conditions Speci丘csurface Apparentdensity Porediameter Totalporosity Mccalmical

of BPSA area [m2/g] [g/cm3] [叩l】 【%】 sI,engthPa]

raw 19.1

5M_25oC 25.4

5M-50oC 23. 5

円=il

1.8

I.3

8.0

0.3

2.8

70

45

52

0.03

0.53

0.20

Figure 5.4 showsthe non-firing porous ceramicswith inset image of the cross section of raw-

BPSAand activated BPSA at different reaction temperature. h case of raw-BPSA,figure (5.4a),

a lot of holes were observed onthe specimen leading tothe &agi1estructure. Therefore, it was

very difrlCultto handlewiththeぬgi1ment of solidified raw specimen in order to characterize in

more detail. Onthe other hand,the activated BPSAwithalkaline solution as shown in丘gure

(5.4b);5M-25oC, and (5.4c);5M-50oC, produced a solid of porous bodywiththe chemical

bonding effect from mechano-chemical process. It was revealedthatthe chemical bonding was

occurred andthen transformed to the new phase onthe inter息cial surface of powder after

mechano-chemical activation [17].With increasingthe reaction temperature,the number of

visible pore in solidified specimens was increased. There were afew visible poresinactivated

BPSA 5M-25oC as showninfigure (5.4b)due to the generation of gas (airbubbles)during the

synthesis. These small pores assigned to the existence of air bubbles inthe sluny, since air

bubbles were not removed from slurry before solidification of the slurry. The mechanical strength

150



of solidified specimens of raw BPSA, 5M-25oC, and 5M-50oC is 0.03, 0.5,3and 0.20 MPa,

respectively as illustratedintable 5.1. Fromthis result, the mechano-chemical treatment could be

a powerful teclmique to obtained activated su血雄Of powder. h the same way,the previous

mention can be confirmed by the photograph of cross-section of solidified porous wramicsthat

simultaneously forms by gas generatlng &om the composite materials.Asraw material mixed

with alkaline solution produced gas from chemical reactionandthen solidifiedinto a rod shape.

From the inset in figure 5.4, the dark and grey colors correspond to pores diameterand green

body, respectively. A visible pore size of specimen and number of pore increasedwiththe raise

of reaction temperature. It is broadly accepted thatthe reaction between particles is strongly

promoted after collision. By increasingthe reaction temperature, the mobility and collision rate of

particles are concurrently promoted leading tothe a.cceleration of the reaction rate･ Inthis case･

the pore size of synthesized ceramics
is

proportional to the reaction temperature duringthe

forming Of pore.

h addition, not only the reaction temperature but composition of waste material in BPSA also

affectsthe formation of pores. The composition of waste material in BPSA leads tothe

generation of gas in slurry. This is a proposed novel method to fabricate porous ceramics.
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Figure 5.4 Non-firing porous ceramics and cross section fabricated &om BPSA

(a) raw, (b)5M125oC, (c) 5M-50oC

Figure 5.5 shows pore size distribution and average pore size of solidified porous舵ramics at

different conditions. 刀le average pore Si2:e Of solidified porous ceramics of raw, 5M-25oC and

5M150oC were 8.04, 0.32, and 2.75 LJm, respectively. The pore si2:e distribution graphs indicates

the formatlOl1 0fmacrospore (>0.05 pm)･ On the other hand, physical properties of the solidi丘ed

porous ceramics were shown in Table 5.1.Asthe results, the porous properties have changed
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with mechano-chemical process. With mechano-chemical process,the speci丘c surface area,

apparent densityand mechanical strengthincr飽Sed, while pore diameterand total porosity

decreased.
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Figure 5.5 Relative porosityon pore si2:edistribution of solidified porous ceramics

(a) raw, (b)5M-25oC, (c)5M-50oC

Hence, mechano<hemical treatment of solid material has been developed to produce new phases

or compoundsinsolid state chemistry. It can affect the propeny of solidintwo ways; destruction

of the skeleton of the raw material to provideanamorphous phaseand generation of various

chemical processes to a new phase･ Onthe other hand, the specific?urfacearea, a'pparent density,

mechanical strength, pore diameter and total porosity changed withthe chemical reaction. The

reaction temperature affectedthe increase of pore diameter, and total porosity, while specific

surface area, apparent density, and mechanical strengthwere decreased.
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Since porous structure was formed by the generation of gas during chemical reaction, which was

assistedwiththe su血ce activation of the particles by mechano-chemical process. Macropores

were generally observed inthe specim飢S. The porous structures were generated duringthe

reaction between alkalineand particle, resulting inthe production of gas. The optlmization of

synthesis was at 5M125oC condition because it providedthe highest mechanical strengthof

solidified BPSA Thefunctionsof porous ceramics are affected by not only pore size, but also

pore structureand other atdbutes.

This researchand development of these porous ceramicsare attractive in
various applications

including filter,ultra lightbuilding materials, etc.

5.1.4 Conclusion

Porous ceramics were successfu11y血bricated from black paper sludge ash by non-firing process.

The composition of tireand waste material in black paper sludge ash was studied. It was

con丘rmedthatthe addition tire ashinfluenced the gas generating ln Slurry. The mcchano-

chemical treatmentwithalkaline activation lぬs used as a chemical synthesis of ceramic particles

to form porous structure of solidi丘ed speclmen by gas generatlng. This fabrication technique has

anattractive route for shaping waste material into valuable porous ceramicswithout conv飢tional

firing proo飴S. This research work demonstrated an easy method to control pore size of porous

ceramics utilizing waste materials (BPSA).

Further experimentsand research are recommended to explore the effect of other variables such

as concentration of alkaline solution, kind of alkaline solution, and mechano-chemical conditions.
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5.2.I Application ofmechano-chemical process for fabrication of porous ceramics from

waste materials

5.2.2 E王Perimental procedure

5.2. 2.1 Sbmpte pnLWllation

Planetary ball mill (Pulverisettle5, Fritsch, Germany) was used for mechanoIChemical activation

under air at room temperature. The mill was rotated at 100-300 rpm in rotation speed at 60 min

and 10-60 minim treatment time at 300 rpm. Then,the activated powder was mixedwith5

mol.dm･3 KOH solutionand keptinmold at 25oC in steam oven 50% relative humidityuntil

become solid ready for 3 days to obtainsolidi丘ed porous舵ramics (greenceramics body).

5.2.2.2 Characおn'2ation

The qualitative determination of the composition and crystalline phase present material were

observed bythe X-ray diffraction,皿(Model Rm 1000, Rigaku, Cu Ka, and 40kV). The

detection of trace metal in solution was carried out by ICP analysis (SPS-7800). Surihce

microstructuralobservation was carried out uslng a Field emission scannlng electron microscopy,

FE-SEM (JSM-7000F). Sur鮎e structuraland pore size observation was carried out using Micro

Focus X-ray CT system (SMX-90CT). The porosityand physical properties of solidified

specimen was determined by mercury porosimeter (PASCAL Porosimeters, Thermo Electron

S.p.A., Italy).The mechanical propedy was evaluated by diameter compression test using

universal testing machine (Shimadzu AGS-G). All tests were performed at room temperature.

The test results were recorded uslng an average Value of three measurements.
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5.2.3 Results and Discussion

The Xm pattems of the BPSA were tr飽ted at different mechano-chemical treatments in absence

of additive is showninFigure 5.6.Asa result, no changes of Xm patterns were observed.

Based on the Xm data, Quartz (SiO2),Hematite (Fe203),Anorthite(CaA12SiO8),and Kyanite

(Al2SiO5)are the major components foundinthe starting materials･ Furthermore,the intensity

peaks slightlydecrease and broadenedwith high rotation speed and prolong milling time･ This

can be indicatethat the fo叩ation of amorphous phase with sheanng force during mechano-

chemical treatment. Onthe other hand,the relationship between particle sizeand BET surhce

area of powder producedthoughthe mechano-chemical prooess is showninFigure 5･7･ With

increaslng Of rotation speed and milling tlme,the particle size decreiLSe but BET surface slightly

increase. This is b∝ause of the si2:e reduction during milling ln Planetary ball mill lead to the

produced larger BET surface area･ The planetary ball mill can be produced large su血ce area in

particular in highrotationspeedand prolong milling time probably due to stressing of particlesin

shear mode and generation of higher temperature･
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The presence of elements is composed inthe BPSA. These elements gradually build upinthe

BPSA because of mechano-chemical treatment. Forthis r飽SOn, theanalysIS Of BPSA is often

referred to as wear metal or trendanalysis. ICP teclmique租n be used to accurately identifyand

predict component supply the necessary throughput. For example, bothAland Si are usually

present in the BPSA atthe slngle ppm level･ Figure 5･8 shows quantitative evolution of

aluminum ionand silicon ion at different rotation speed and milling tlme. These results con丘rm

the leaching of concentration of aluminum ion and silicon ion increases slgnificantlywith

mechano-chemical treatment.

Figure 5･9 shows pore size distributionand average pore size of solidified porous ceramics at

different mechano-chemical treatment. The pore size distribution graph indicates the formation of

macropore (>0.05llm).
The average pore size of solidifled porous ceramics of raw and mechano-

chemical treated powder; 100-60, 200-60, 300-60, 300-10, and 300-30 were 2.20, 2.24, 1
･90,

3･05,

1.76,and 2.05, respectively. Withincreaslngthe m血ano-chemical treatment,the pore size

distribution alsoincreased.
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Figure 5.10 shows the SEM imageswithinset image of the cross section ofBPSA at different

mechano-chemical treatment. In case of SEM images, it was somehow ditrerent to verifythe

change of surthce area,microstructural, morphology,and powder particle size distribution

throughmechano-chemical treatment fromthese SEM images. Onthe other hand, we can observe

holes and pore inthe cross sectioh images. A lot of holes were observed in raw powder. A鮎r

mechano-chemical treated powder, itG弧be producedthe porosityand pore structure. From these

results, we cancontrolthe, porous structure of non-firing ceramics by mcchanoIChemical

廿ea血ent.

The mechanical stFengthof porous Ceramics cw be observed in Figure 5.1 1thatthe bending

strengthalso increaseswithmechano-chemical treatment. Tt can be ascribethe relationship

between elution behaviorand mechanical strengththatthe leaching of A13+ and Si4+ measured by

ICP analysis transformto new bonding leading to stronger mechanical strengthwith m∝hano-

chemical treatment.
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Figure 5, 10 SEM photographs and cross section免bricated丘.om BPSA at different mechano-

chemical treatments.
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5.2.4 Conclusion

A novel method to fabricate porous ceramics from waste materialswith00ntrollable properties

using mechanochemically assisted chemicalsolidification was successfully developed. Base on

our investlgation,there is application mechano-chemical treatment into material which would be

active surface of starting material. This result is attributed tothe control porous prope托y of

solidified porous ceramics via mechano-chemical tr飽tment. The porosity, pore diameter and

mechanical strengthof solidified porous ceramics are improved by mechano-chemical t托atment.

Its practical application needs optlmization, whichwill be a subjectofourfurther studies.
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VI. CONCLUDING REMARKS AND POTENTIAL DIRECTIONS FOR

FURTHER RESEARCH

6.I Concluding r?marks

h chapter 2 The results presented in thisthesis showthatthe teclmiques developedand used in

this study are well suited forthe investlgation of the influence of mechano-chemical parameters

onthe interface surface of particles and properties of activated powder as well as onthe milling

energy values. Further detailed conclusions丘omtheinvestlgation of the influence of mechano-

chemical variables onthe activation ofalumina are:

･Asthe rotation speed, milling timeand diameter of ball increase,the line broadening

increases and integral intensitydecreases. The lattice and unit cell volume of alumina

expanded during mechano{hemical activation.

･ Fromthe Williamson-Hall plots, it was understoodthat strain and size contributionsexist

simul也neously in也e activated powders.

･ Theuse of higher speed, prolonged milling and
larger diameter of ball lead to higher

specific surface area, X-ray amorphous material, physical broadening microstraln, Smaller

crystallites size and mean particle size distribution.

･ Agglomerates during mechano-chemical treatment are formed rapidly in planetary ball

mill for higher media surface (diameterof ball).

･ Increaslngthe BPR also reducesthe milling duration or rotation speed required for the

activate surface of powder or the formation of new material.

･ Mechanical strengthof ceramic green body can be improved by mecahno-chemical

treatment.
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h chapter 3 Ceramic green body of alumina-silica composites has been preparedwithwide

range ofAl203-SiO2 ratio by mechanochemically assisted chemical solidification. A milling

process for obtaining activated ceramic powder having mechanochemical1y amorphized surfaces

by milling ceramic powder.Analkali treatment process was obtaining a ceramic green body by

adding alkali water solution. Mechano-chemical treatment of alumina-silica composites is found

to promoteAl-0-Si bonding between aluminaand silica components. New bonding or new

composition formed at a high silica content range. Mechano-chemical treatment could provide a

useful teclmique for synthesis alumina-silica composites血ich can be obtained丘om cheap raw

materials.

In chapter 4 Non-firing ceramic from paper sludge ash was succ飴Sfu11y fabriated by mochano-

chemicalwith alkaline-chemical reaction process. The mcchano-chemical trcatm蝕t Of planetary

ball mill affectsthe血brication of non-firing ceramics whenthe rotational speed, treatment time

and diameter of balls were varied. The alkaline solution wasused as a binder between ceramic

particles formlng a Strong Ceramic green body at room･ temperature. The chemical reaction

depends on several factors such as the particle size distributionand mineral composltlOn Of paper

sludge ash, kinds and concentration of the activator, reaction time, reaction temperature, etc. This

process has an attractive route for shaping waste materials into valuable ceramicswithout Bring

prOCeSS･

In chapter 5 Porous ceramics were successfully fabricated &om black paper sludge ash by non-

firing process. The composition oftireand waste material in black paper sludge ash was studied.

It was conflrmed thatthe addition tire ash influencedthe gas generating ln Slurry. The mechano-

chemical treatment withalkaline activation was used as a chemical synthesis of ceramic particles
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to form porous structure of solidi丘ed specimen by gas generatlng･ This fabrication technique has

an attractive route for shaping waste material into valuable porous ceramicswithout conventional

firing process･ This research work demonstratedaneasy method to control pore size of porous

ceramics utilizing waste materials (BPSA)･

6.2 Further research

･ Further experiments and research are recommended to explorethe effect of other

mechano-chemical variabl飴SuCh as ratio between balls to powder, mode of milling (dry

and wet)and etc dlrOughan experimental design which provide some advantageous tothe

conventional me血ods.

･ More investlgation of the effect of various defects formed during mechano-chemical

activation onthe reactivity of the minerals are now only at the beginning of their

develop meれt.

･ Application mechano-chemical treatment forthe waste material to reduce cost of raw

material and friendly to the environment.
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