Sheffield
Hallam
University

I "#$$ % $&&&&'&&&()(*(+&&,-
/01 210110 2 .03 4030 %! %'.05 6 #

| "#$$3! 3! % 7$(89)8%

'3 %20 310 ! 0"30.03 0 .30 % 3 10

"/ 310;3.03 14 <3! %012

5=&(>6 10 1 0%0 1 %0!37 3! 10" "0 03
1207 Y30 0" 4203 10"0 3 % 0%! 4
? (&5 S#@96 9&>'9(+

00 ! "#$3$3! 3! % 7812 12

I "#$$3! 3! % 7



http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

Send Orders for Reprints to reprints@benthamscience.ae

406 The Open Construction and Building Technology Journal, 2016, 10, (Suppl 3: M4)
i P
senramoren 1 NE Open Construction apisss
Technology Journal
Technology Journal
. . 'D'i-":ﬂ!iﬂ
Content list available at: www.benthamopen.co s

DOI: 10.2174/1874836801610010406

RESEARCH ARTICLE

The Influence of Rice Husk Ash Addition
Metakaolin-Based Geopolymers

Paulo H. R.'"Boriges A. '‘NTne¢io H. PaGiergio SamideAntonid Feteira

'‘Department of Civil Engineering, Federal Centre for Technological Educatior
30510-000, Belo Horizonte, Brazil

‘Department of Mechanical Engineering, Federal University of Sd0 Jo&do del Re
‘Materials and Engineering Research Institute, Sheffield Hallam University, Sh

Received: April 22, 2015 Revised: May 20, 2015 Accepted: November 5, 201

Abstradthis paper investigates the replacement of metakaolin (MK) with rice husk
activated binders or geopolymers. The influence of the RHA addition on compres
absorption and apparent porosity were determined, in terms of the percentage of RH/
Fourier Transform Infrared (FTIR) spectroscopy and Energy Dispersive spectroscopy (E
the microstructure of the geopolymer matrices with the RHA addition. Results hayv
precursor for geopolymers. The composition of the geopolymer matrices containing 0-4
the additional Si provided by RHA is not incorporated to the geopolymer matrix. In ad
than 40% present a plastic behavior, characterized by extremely low strength and hi
formation of silica gel in formulations containing variable Si/Al ratio.

Keywords: Alkali-activated materials, Geopolymer, Metakaolin, Rice husk ash.

1. INTRODUCTION

Alkali-activated materials (AAM), also known as geopolymers, are alternat
replace ordinary Portland cement in both construction materials and matri
formed by the alkaline activation of aluminosilicates, a wetltedtlafphighed re
former Soviet Union spent many years studying the activation of blast furnace
of other aluminosilicate sources stadtednwithnzevidahigsmid-80 s. After 1990,
been carried out worldwide, most particularly in Spain [5, 6] and Australia [7,

Most research has revealed great advantages of AAM s over Portland cemeil
may be wastes or natural materials processed at temperatures much low
production of PC clinker from ilieadotwotn & 48P3 &éayge, the production of AAM s n
friendlier than PC concrete. Also, in theory a great variety of natural or cal
long as they are silica and alumina-based and react under a high pH environm

Most of the researches over the last two decades show that pulverized
among the preferable aluminosilicates for the production of eitherlCla-Aree or
low CaO content allows the development of binders with both high mec
durability [12 - 15]. More recently there have been studies on the activation o
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SiQor ,8l[16-18]. The search for those raw materials is important given th
composition (specially carbon content), which may shgixidsecaqi)yhagtelly therehzmd
MK suitalolegeopolymerization is an expensive material that may compromise -
activated concrete due to high production costs [19].

A potential material for alkali-activati®02&]ri€erditdgk racsd ORBIKA)S[ a low v
agricultural residue that may be calcined to generate energy. Furthermore
highly reaxitica. As RHA does ,00ticeatasirioAbe blended with an alumina-rich
alkali-activatiboskRiseusually calcined at similar temperatures toitbhat of t
around 7%P2C Hence, both materials may be mixed and calcined simultaneousl
mixture of RHA and MK, which may be suitable for subsequent alkaline activat

This paper investigates the physical and mechanical properties of geopolyn
MK with RHA. Compressive and flexural strength, water absorption, apparent
termstbe percentage of RHA and Si/Al and Na/Si molar ratios of the mixture
and EneDgsypersive spectroscopy (EDS) analyses were employed to monitor tf
matrices as RHA replaced MK.

1.1. Research Significance

The succeaepflalicement of relatively expensive metakaolin by a low value-ad:!
(RHA) ftdre fabrication of geopolymers needs to be corroborated by a clear dei
are niompaired. Hence, it is important to understand how the replacement
propertiegeopolymers, as well as the optimum percentage of RHA in the
literaturis. elxpected that many otlhedDffeiehtr8s0dues and wastes will contint
of research on the production of strong and durable geopolymer, mainly
expensive) meflakeay Imra,y contribute - as this paper - to reduce the environme
furtherwald as the production costs. In that sense, the findings of this paper
geopolymers in developing countries, where agricultural wastes (such as RHA)

2. MATERIALS AND METHODS

Brazilian kuwseddnin this work was supplied by Imerys do Brasil. The kaoli
highdahan 99%; 50% of the particles have a particle size smaller than 2 mic
(1322°F)2fbours to become reactive {mpdlpkssholin X RO gaifffactograms of the st
and Mfafter dehydroxylation), respectively. The data was collected using a St
of 1°/mimuwmte step size = 0.02°, from 2, = 10°-80°. After heat treatment, the
broad pwdkch is typical for amorphous materials. This is a clear indication t
were suffitmiettensform most of the initial crystalline material into a reacti
peaks2at= ~10° and 23imdrigte(that the transformation is not 100% comple
kaolinite may still be present.
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Fig. (1). XRD trace of starting kaolin.
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Fig. (2). XRD trace of dehydroxylated kaolin after 2 hours at 750°C (1322°F).

Fourier Transform Infrared (FTIR) of the starting kaolin and MK also showec
work released the majority of hydroxyl ions, which is associated with the
formation of the MK. This is evident with the absence of'®eH NbEn@®sigin the
FTIR indicated that if kaolinite is present, the percentage is negligible.

Kaolin

= = = = \Jetakaolin

Absorbance (%)

4000 3800 3600 3400 3200 3000 2800

Wavenumber (cm1)

Fig. (3). FTIR of kaolin before and after thermal treatment (2 hours at 750°C or 1322°F

Rice husk (RH) was supplied by a local rice mill farm located in the state
using the same regimé.a2 hloerlsaatimf50°C (1322°F) to obtain rice husk ash (R
to replace MK in the geopolymer mixtures.

Figd4) shows the diffractogram of the RHA (Shimadzu XRD-7000, scanning

from 2, = 10°-80°). The amorphous hump after the thermal treatment shov
amorphous silica, but still contains quastzZip){shetadlthe FornR csfp&cOra for RH/
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in the region associated with silica. The main bands present are the
1080-117%acmh 780-80@scwell as the Si-O asymmetrical béndiney swimmaeito nc alt
bending vibration of the Si:'Osgrbse et @hSscpeak determines the crystallinity
to identify the presea®}e éfsgueacrtz despite XRD of RHA shows the presence of

the percentage of this phase is negligible. Quartz is also not present in the M
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Fig. (4). XRD trace of RHA obtained from calcination of RH for 2 hours at 750°C or 132

Fig. (5). FTIR of RHA and MK and bands associated with SiO

The alkaline activator was a mix of sodium silicate solution (waterglass
Brasil. The chemical composition of all raw .mAadeMilhlanid BHAwaren nTadtlly amoryg
main concern regarding the raw materials is the quality of RHA and its carbo
properties of geopolymer as it does for Portland cement-baseddpatheslwhen
on ignition (LOI) of the RHA was 29.6% wt., determined by igniting the sam
The total carbon content (TOC) was (25.3%wt), measured using a total orgar
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results between the two methods corresponds mostly to the moisture of RH.

Despite

the

high

geopolymerisation.

carbon

content,

RHA,

swiHlchcomtakeed it69alYPotemiial

Table 1. Chemical analysis (main oxides) of the raw materials used analyzed by x-ray f

. SiQ AlO, N a0 K,O CaO H,0 LOI
Materials (%) (%) (%) (%) (%) (%) (%)
M K 54.5 44.2 0.1% 0.1% 1%
RHA 69.1 1.2 0.2 1.6% 0.8% 29.6
NaSiQ 28.5 8.7 62.8
Seven geopolymer mixtures (GO to G6) were prepared, by replacing M

reference mix, containing no RHA as raw material. RHA repé&ced 6/ Koat alid%dw
from 10% to 60% RHAvelSabhe composition of the geopolymers in terms of

atomic molar ratios calculated based on the chemical composition of the raw
parameters).

Table 2. Composition of the geopolymer pastes studied.

Molar Ratios (activating parameters)

Name % RHA - -
Si/Al Na/Si Na/Al H,O/N®
GO 0 1.60 0.56 0.90 13.82
G1 10 1.81 0.56 1.00 13.82
G2 20 2.07 0.54 1.13 13.82
G3 30 2.40 0.54 1.29 13.82
G4 40 2.85 0.52 1.50 13.82
G5 50 3.47 0.52 1.81 13.82
G6 60 4.41 0.52 2.26 13.82

The raw materials were mixed in a high spin mixer at 400 rpm, which promo
is more effective for geopolymers than a standard PC mortar mixer. The
powder (MK + RHA) slowly afterwards. After approximately 5 minutes the mix
cast. Three cubes (50 x 50 mm) and three prisms (40 x 160 x 10 mm) were cC;
bending, respectively. The curing regime consisted of 45°C and 90% RH for ¢
sealed plastic bags for another 6 days for all samples.

testing was carried out after 7 days using an EMIC D30000

compression was 0.25 + 0.05 MPa/s (36.25 = 7.25 psi/s); bending tests wer
14.5 psi/min). Water absorption, apparent density and porosity tests were ca
x 50 mm) at same age (7 days), according t35fhelnvatecasadarattienmmahhod rlepo
standard deviation expressed as error bars.

Mechanical

(a) (b)
Fig. (6). Samples prior to (a) compression and (b) bending testing.

Energy dispersive spectroscopy (EDS) was carried out using a SEM FEI No\
Quantitative analysis for Si, Al and Na was determined in 24 distinctive po
composition of the hardened geopolymer paste is presented in terms of the Si/
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Fourier Transform infrared spectroscopy (FTIR) was carried out using
materials (MK and RHA, as powders) as well as small monoliths of the geopol
were analyzed.

3. RESULTS AND DISCUSSION

Fig. (6) shows the cubes and prisms of geopolymers prior to testing.
employment of RHA in the mixes. It is possible to observe the formation
samples due to surface carbonation (formation of sodium carbon26g)anmdis is
may present limitations on the applicability of geopolymers, especially as
carbonation, no surface cracking was observed in any of the geopolymers stud

3.1. Effect of the RHA Addition on the Mechanical Strength

Fig. (7) shows the effect of the RHA addition on compressive and fle
significant drop in either the flexural or compressive strength of geopoly
addition (G3). However, both the flexural and compressive strength dropp
employed (G4). Nonetheless, the results f.er-2hisMRPa elomfprepsacensemngngth a
flexural strength may be acceptable for civil engineering materials.

Fig. (Effect of the RHA addition and activating param)e {(dns c(@BmpXxle anid eNayiSEid)gdh &tme
flexural strength of MK-RHA geopolymers.

The strength of geopolymers containing 50% and 60% RHA (G5 and
characteristics significantly changedantaret tim thhe iygdteSniO a plastic behavior w
compression (i.e. deformation rather than brittle crushing). This indicated tha
of RHA are not suitable as structatrall . m[@teriedporkeatcihées plastic deformatic
amount of silica in geopolymers was higll’fai thida sNWMRy ,p X naed no hint f
unexpected mechanicaletSah@] parspakéported the same plastic behavior when
of a mix of RHA and bark ash. The authors also did not present an expla
further discussed in the section 3.3.

The trend line8)inndigaté that the best mechanical behavior is achieved f
activating parameters: Si/Al ~ 2.0 and Na/Si ~ 0.55. This cd)yreBlpisnds
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composition is similar to thatetprolpofsxd] by Girnoevisptimum compressive str
geopolymers.

3.2. Effect of the RHA Addition on the Physical Properties of RHA-MK Geopoly

Fig. (8ad 8b) shows the results of water absorption and apparent poros
properties were not determined for G5 and G6 as a consequence of the low r
that both the absorption and porosity did not change significantly with the RH
when the mechanical strength dropped considerably. As such it can be sugges
porosity measured with the saturation method are not related to the act
HO/N@. The latter is fixed for all29edprelyimassstlTdbde confirm that the wate
geopolymers does not react; it is either absorbed on the gel s3i0fadkowe\eee a
this hypothesis contradic9]othat finkinge [mechanical and durability pr
geopolymers to the Si/Al molar ratio of the matrices.

Fig8dan&d) shows the results for apparent dry density. Results are more v
The mean values, however, show that the apparent density tends to decrease
denser than the remaining geopolymers. The explanation for that may be the
when compared with MK (2.2-2.7).8Ban@ldn oqgemferml th(&tighe activating parame
Na/Si have little effect in the physical properties of the RHA-MK geopolymers

Fig. (Bhfect of the RHA addition and activating paramebd® nsatsi/ Abanrp tNarnS/i)ap p atrreen t(
and (c) (d) dry apparent density of MK-RHA geopolymers.

3.3. Effect of the RHA Addition on the Microstructure of the RHA-MK Geopolyn

SEM analysis on a fractured surface9yfshoorwa ltdtabnh@2MIKiBHA geopolymers
micropores (~10 microns) and macropores (> 500 microns), the latter resultin
likely that the micropores are a consequence of the high water content used
compaction of the high viscous mixes. The consequence of the pore8as the h
and 8b), which may reduce the durability performance of these materials.

FiglQ) shows the composition of the geopolymer matrices in terms of th
important to note that the plot for G6 has a different scale, given that Si/Al
3shows the activating paraheasrsvdtbmsTthteleaverage and standard deviation
Fig. (9) (EDXA).
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Fig. (9). Micro and macro porosity (entrapped air) in MK-RHA geopolymers.

Fig. (10). Si/Al and Na/Al ratios measured by EDS for geopolymers GO0-G6.

It is possible to see that the Si/Al lies between ~ 1.0 and ~ 2.0 for geopolyr
These matrices have Na/Al between ~ 0.15-0.7. As the amount of RHA incres
matrices becomes more variable. G3 and G4 have Si/Al between ~ 1.0 and ~ 2
matrix does not have a composition too different from G3 and G4 to exple
rubbery effect. The geopolymer G6, however, presents regions in the microstr
those in other maSriAeésand.da/Si achieving ~ 14.0 and ~ 5.0, respectively. Thi
Fletcher et al. [27], who observed the rubbery effetAldo"e RelopBiyAice mAaYriTd
reduced amount of aluminium in the system may favor the formation of other p

TablesBows that the average of both Na/Si and Na/Al (measured by EDS) in
corresponding activating parameters. That excess of Na in the system, wh
efflorescence (sodium carbon@}ed) ehdoucrti om Bifgth@e sodium content in the act
prevent efflorescence. However, a high pH is required to promote dissolution
material to initiate the ge®@dq!ykKedariafetacpiresdnted some alternatives to reduce
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geopolymers (such as addition of a secondary source of Al or hydrothermal ct
paper.

Table 3. Activating parameters (prior to activation), average and standard deviation of

Si/Al Na/Si Na/Al

ACT. PARAM'A(‘I\E/gg)' S(EBE;’ ACT. PARAMA(I\E/ES)' S(E'S'g\)’ ACT. PARAMA(I\E’ES)' S(E'Sg\)/
Gp  1.60 1.35 0.17 0.56 0.24 0.09 0.90 0.34 0.15
GiL  1.81 1.90 0.72 056 029 0.09 1.00 0.59 0.37
Gp  2.07 1.54 0.16 0.54 0.24 0.03 1.13 0.37 0.08
GB  2.40 1.74 0.86 0.54 033 0.13 1.29 0.66 0.60
Gh  2.85 1.51 026 052 031 0.10 1.50 049 0.22
Gp  3.47 1.84 031 052 0.30 007 1.81 0.56 0.17
Gp 4.41 432 339 052 024 007 2. 26 1.21 1.19

Overall Badleo indicates that GO to G5 have matrices with similar comp¢
between 1.35-1.90, average Na/Si ratio between 0.24-0.31 and average Na/Si
in the activating parameters Si/Al and Na/Al with the addition of RHA did not :

Fig. (11). FTIR of the geopolymers studied.

We believe that the comparable mechanical performance for GO to G3 and -
G0-G4 can be explained by two factors: (i) similar Si/Al in th®/dPoploHgmer n
drop in strength and rubbery behavior in geopolymers with higher amounts of |

Firstly, the activating parameters were determined with the chemical c«
although FTIR of RHiAdiEiagt.es that the amount of quartz , mmaythbe RoVA, ipairn ddc
crystalline (XRD,ardgwill not react. In other words, the activating parame
addition of RHA, but part of RHA is quartz that acted as a filler rather than bi

It is more likely that the rate ionf RIH/Soisitilmweaf tBa® in the MK. So,
condensation (and, therefore, matrix formation) takes place witbowRHAalAseac
mentioned in the last paragraph, in this case part of the RHA is also filler.

These two last paragraphs may explain the similar Si/Al of the matrices
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strength for G4 onwards (40% RHA). However, it is not related with the rubb
G5 and G6. These changes in the mechanical behavior of MK-RHA at high leve
better explained with the employment of FTIR spantioscople prresarrseod sin MKg
RHA) and geopolymers G0O-G6, respectively.

The FTIR bands betWwared 690k mmFig. were used to identify changes from th
into geopolymers and also to assess the differences when RHA was added to t

As mentioned before for the raw materiaas,dth&9olDhmmR A REDBB.Oresspond to
the stretching vibration of Si-O bonds mardethpobdsadoathet ®@ncching vibration o
all typical for amorphou82S8i3ic&imil&HAahds are found ‘fédor MKe ~s10O8t& hd m
vibration of Si-O and a broateredmoniding0@omthe vib84t3g§n A$ ShHeO-A
geopolymerization reaction proceedSanth e~ @ dosp aitn ~ih@80dgm dEighey are
replaced with a barfdasocd80ednwith new geopolymeric phases.

Figl) also shows some changes in the FTIR ‘spred t6 0 6a sonRthve ere plla@@ dc MK i
the geopolymers. Formulation GO and G1 (containing respectively 0% and 1!
sharp band at,~@80cknbecomes weaker as the amount of RHA increases in the
for formulations C6 and C7, indicating that the amount of the geopolymer t
This explains the soft behavior of those geopolymers, as discussed in section

The rubbery behavior noticed for geopolymer G6 and G7 may be also e»
bands. The weakening of th'evtbemdRHA ~9@2M %M C3-C7) is associated with the
bandseshoulders at *~dmRdodmdaot ~86'0 Aacording to Miller 26,d1W9IK emsl [
1090 tare, respectively, strong and very strong inkidrledOibheds dodsifocasgléd
are: medium peak observerndd atexI0Ppeaks ahdBD & mmwever, those are not cle:
FTIR results of the geopolymers in this study.

CONCLUSION

This paper investigated the replacement of MK with RHA in the prod
properties assessed were compressive and flexural strength, water absorpt
FTIR and EDS on SEM were carried out to assess the changes in the micros
the addition of RHA. Some conclusions of this paper are:

- RHA, when mixed with MK, may be an alternative material for the pro
replaced MK up to 30%, no changes in the mechanical strength wer
dropped to about a half when 40% RHA was used in the formulations. F
reduces the mechanical strength of the geopolymers.

- Water absorption, apparent porosity and dry density also do not alter
RHA in the mixes. The water absorption and apparent porosity of all g
with Portland cement-based materials. MK-RHA geopolymers containec
from the high water content employed as well as large voids considered

microns).

- The geopolymers produced with up to 50% RHA have similar matrix

1.35-1.90, average Na/Si ratio between 0.24-0.31 and average Na/Si be
increased the amyoimnthef siXxes but did not alter the matrix composition. |
dissolution and reaction of RHA was low. In that case, part of RHA actec
the mechanical strength for high amounts of RHA are added.

- As the amount of RHA increases, a rubbery behavior was observed,

deformation of the geopolymers. FTIR indicated that, as the percentage

geopolymer binder was formed, as per the weakehnifbeofotrhmeamann oth aotd
bandes.gshoulders ~120dD <l 0'8ugmest that silica gel is formed, which may
the rubbery effect observed at high RHA levels.
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