
This is a repository copy of One-part geopolymers based on thermally treated red 
Mud/NaOH blends.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/86412/

Version: Accepted Version

Article:

Ke, X., Bernal, S.A., Ye, N. et al. (2 more authors) (2015) One-part geopolymers based on 
thermally treated red Mud/NaOH blends. Journal of the American Ceramic Society, 98 (1). 
5 - 11. ISSN 0002-7820 

https://doi.org/10.1111/jace.13231

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


Preprint version of accepted article. Please cite as: 
X. Ke, S.A. Bernal, N. Ye, J.L. Provis, J. Yang. “ One-part geopolymers based on thermally treated red 
mud/NaOH blends”, Journal of the American Ceramic Society 2015, 98(1):5-11. 
Official journal version is online at http://dx.doi.org/10.1111/jace.13231  
 

One-part Geopolymers Based on Thermally Treated Red Mud/NaOH Blends  

 

Xinyuan Ke1, 2, Susan A. Bernal2, Nan Ye1, John L. Provis2*, Jiakuan Yang1 

 

1School of Environmental Science and Engineering, Huazhong University of Science & 

Technology, Wuhan 430074, China 

2Department of Materials Science and Engineering, University of Sheffield, Sheffield 

S1 3JD, United Kingdom 

* To whom correspondence should be addressed. Email j.provis@sheffield.ac.uk,   

Phone +44 114 222 5490, fax +44 114 222 5943 

 

Abstract 

 

In this study, one-part “just add water” geopolymer binders are synthesized 

through the alkali-thermal activation of the red mud which is relatively rich in both 

alumina and calcium. The calcination of the red mud with sodium hydroxide pellets at 

800°C leads to decomposition of the original silicate and aluminosilicate phases 

present in the red mud, which promotes the formation of new compounds with 

hydraulic character, including an alkali-rich phase peralkaline aluminosilicate glass and 

the calcium-rich phases C3A and α-C2S. The hydration of the ‘one-part geopolymer’ 

leads to the formation of zeolites and a disordered binder gel as the main reaction 

products, and the consequent development of compressive strengths of up to 10 MPa 

after 7 days of curing. These results demonstrate that red mud is an effective precursor 

to produce one-part geopolymer binders, via thermal and alkali-activation processes.  
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1. Introduction 

As the demand for construction materials has increased over the past century with 

growth in infrastructure worldwide, there has been an increasing interest in developing 

lower cost, more sustainable, and high performance cements, which can meet the 

strength and environmental requirements of modern civil structures. Portland cement is 

the main binder used for concrete production; however, the cement production process 

emits around 850 kg of carbon dioxide per tonne of cement, which currently represents 

significantly more than 5% of worldwide CO2 generation and will continue to increase 

up to 2050. This has been one of the drivers for the development and study of more 

environmentally friendly alternative construction materials such as alkali-activated 

binders1, 2, 3.  

Alkali -activated materials derived from an aluminosilicate precursor, also referred 

to as ‘geopolymers’, have been the object of study in the past decades as alternative 

binders to traditional Portland cement, and are starting to be produced on an industrial 

scale and commercialized in several countries4. In most of these publications and 

implementations, geopolymer materials are synthesized from calcined clays such as 

metakaolin, fly ash derived from the coal combustion process, or metallurgical slags 

from the iron and steel making process5, along with an alkaline activator, to form a 

hardened solid with desirable cementitious properties. However, these binders can 

potentially be produced using a much wider range of aluminosilicate precursors, 

particularly those with a poorly crystalline structure, if formulated and cured 

appropriately 3, 6.  

The microstructure, and consequently the performance, of geopolymers is 

controlled by the chemistry and mineralogy of the precursor, the type and 
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concentration of the alkali activator, and the curing conditions 5, 7. The most commonly 

used activators are sodium hydroxide (NaOH) and sodium silicates (Na2O∙nSiO2). The 

efficiency of the activator is influenced by the available alkalinity, as this controls the 

initial dissolution of the precursor and the consequent condensation reactions to form 

the insoluble aluminosilicate compounds8, 9, 10. The alkaline activator can be included 

in the mix as a liquid solution or as a powder mixed with the solid raw material 11; it is 

usually included as a highly alkaline solution.  

However, it is more desirable and convenient for commercial usage to develop 

one-part “just add water” geopolymers that can be used in a similar way to Portland 

cement. Studies focused on synthesis of one-part geopolymer are relatively limited in 

this growing area of research12, 13, 14, 15, 16, although some have reported mechanical 

strength comparable with geopolymers produced using liquid alkaline solutions13, 15. 

Nonetheless, the mineralogy and formation mechanism of reaction of these one-part 

geopolymer precursors requires further and detailed research. 

One of the technical barriers facing production of one-part geopolymers is the 

initial dissolution of the aluminosilicate precursor, which generally requires a highly 

alkaline environment with a minimum pH of 11 to initiate. By adding alkaline 

solutions to activate the geopolymer, an alkaline environment with a pH of 14 can be 

easily achieved. Conversely, when using powdered activators and adding water to the 

systems, the solution moves more slowly from neutral to higher alkalinity, slowing 

down the kinetics of reaction5. Therefore, one plausible way to produce one-part 

geopolymer is to synthesize mixes with a precursor pre-containing high contents of 

alkalis that can be easily leachable when the water is added.  

Red mud is an alkaline residue (pH between 9.2 to 12.8 in untreated residue liquor 

of red mud17) derived from alumina extraction via the Bayer process, where bauxite 
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ore is digested in NaOH solutions. After the majority of the Al is recovered, the red 

mud contains a significant quantity of entrained NaOH. The material is red due to its 

content of Fe oxides, but is also relatively rich in Si from impurities in the bauxite, as 

well as containing some residual Al, if the process is not fully efficient. The worldwide 

annual production of red mud is estimated at 120 million tonnes/year, which makes its 

disposal an issue of great environmental importance18. Currently this material is 

underutilized, and even though its chemical and mineralogical compositions vary 

widely depending on the source of bauxite and the production process19, 20, it has 

desirable properties for the production of geopolymer materials.   

The geopolymerization of red mud as a sole precursor has generally been limited 

in success, due to the low available Al content of the red mud sources which have 

generally been tested; however, the use of more Al -rich red mud 21 and incorporation of 

supplementary Al sources such as metakaolin 22 or fly ash 23, 24 contributes to enhance 

the mechanical strength development. The inclusion of Ca-rich materials such as slag 

has also proven to have a positive impact in the compressive strength of red mud based 

geopolymers 25, 26, 27. A recent study has shown that thermal treatment is an effective 

way to make red mud more reactive for production of geopolymers, though liquid 

alkaline silicate solutions were still required 27, 28. 

In this study, a series of “just add water” geopolymers are produced from red mud 

through alkali-thermal pre-processing of the red mud, then reaction with water to form 

a hardened solid. The microstructure and mineralogy of the alkali-thermally treated red 

mud, before and after addition of water, are studied through X-ray diffraction, infrared 

spectroscopy, scanning electron microscopy (SEM), and determination of the 

compressive strength of the hydrated geopolymer samples as a function of time.  
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2. Experimental program 

2.1. Materials characterization 

The red mud used in this study was supplied by the alumina plant of CHALCO Henan 

Branch, Zhengzhou, China, and was dried and stored at room temperature. The 

chemical composition of the red mud is given in Table 1. These results indicate that the 

red mud is rich in Al, and also has a significant content of Ca, which make it suitable 

for production of geopolymers. Commercial sodium hydroxide pellets from Sinopharm 

Chemical Reagent Co., Ltd with NaOH ≥96.0% were used as an additional alkali 

source.  

 

Table 1. Chemical composition of the red mud and slag used, determined via X-ray 

fluorescence analysis. LOI is loss on ignition at 1000°C 

 

2.1.1. Alkali-thermal pre-activation of red mud 

The red mud was sieved (-300 たm), and then dried in an oven at 45°C for 24 hours 

prior to thermal treatment. The dried red mud was then mixed with 5 wt.%, 10 wt.% 

and 15 wt.% of Na2O, added as sodium hydroxide. The dry mix was ground in a ring 

mill for 2 min to assure good blending of the powders. Afterwards, the powder blends 

with different contents of sodium hydroxide were heated to 800°C, at a heating rate of 

5 °C/min, and held at 800°C for an hour before cooling naturally in the furnace to 

room temperature (25°C). As a reference to compare the effect of incorporated alkali, 

the red mud was also treated under same thermal conditions without alkali addition 

(samples labeled 0% Na2O). The cooled samples were sieved (-300 たm) again to 

minimize potential effects of particle dissolution in the geopolymerization.  

This treatment temperature was selected considering the thermogravimetry results 
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of red mud from this same source as reported by Ye et al.27, where it was identified that 

the dehydroxylation and decarbonation of all of the crystalline compounds present 

takes place at temperatures below 800°C. It has previously been suggested 29 that the 

thermal behavior of red mud could be modified by the inclusion of alkalis, shifting the 

peaks of dehydroxylation and decarbonation towards lower temperature, and 

preliminary testing of these samples showed that both mechanisms will take place 

below 800°C. 

2.1.2. Red mud based one-part geopolymer 

Pastes specimens were then prepared by adding water to the solid with a 

water/solid ratio of 0.6. After mixing in the Hobart mixer for 4 min, the fresh pastes 

were cast into 40×40×40 mm molds and sealed with polymer film. All the specimens 

were cured at 20 ± 1°C and a relative humidity of 95%, in a controlled humidity 

chamber. After 1, 3, 7 and 28 days of curing, the compressive strength was tested. The 

crushed samples were then immersed in acetone for 24 hours before being oven dried 

at 60°C, and pulverized for analysis. It is worth noting that the red mud binder pre-

heated without alkali addition showed no hydraulicity even after 28 days of curing; 

therefore, only limited characterization result of this sample (denoted RM800-0%Na2O) 

are presented. 

2.2. Analytical methods 

X-ray diffractometry and Fourier transform infrared spectroscopy were used to analyze 

the anhydrous red mud binders. Similar techniques were used to analyze the hydrated 

geopolymer binders, along with SEM analysis of fracture sections. The equipment and 

conditions used for this analysis are described below. 

 

• X-ray diffraction was conducted using a D/Max-3B X-ray diffractometer with 
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a scan step size of 0.0167 degrees per step, operating with a voltage and 

current of 40 kV and 40 mA respectively, and Ni-filtered Cu-Kα radiation.  

• Fourier transform infrared spectroscopy was carried out by the KBr method in 

a VERTEX 70 spectrometer, in a scanning range of 400 to 4000 cm-1. 

• Compressive strength of the cubes of hardened geopolymer paste was 

conducted in a universal testing machine (YAW-300E), with a loading rate of 

144 kN/min. Each value reported corresponds to the average of two samples.  

• SEM images were obtained in a Sirion 2000 Field Emission Scanning 

Electron Microscope (FSEM), examining gold coated fracture sections of the 

geopolymers produced, operating in the vacuum mode and using an 

acceleration voltage of 20 keV. 

 

3. Results and discussion 

 

3.1. Characterization of the anhydrous red mud binder 

3.1.1. X-ray Diffraction  

The mineralogical analysis of the unreacted red mud has been conducted by X-ray 

diffraction (Fig. 1, Unreacted RM), where the main crystalline compounds identified 

are the Al-rich and alkali-rich phases gibbsite (Al(OH)3, powder diffraction file (PDF) 

#00-033-0018), cancrisilite (Na7(Al 5Si7O24)CO3∙3H2O, PDF #00-046-1381) and 

muscovite (KAl2Si3AlO10 (OH)2, PDF #00-007-0025); the Ca-containing phases 

hydrogarnet  (Ca2.93Al1.97(Si0.64O2.56)(OH)9.44, PDF #01-077-1713) and calcite (CaCO3, 

PDF #00-005-0586), along with traces of hematite (Fe2O3, PDF #01-072-0469). 

Cancrisilite has the framework structure of cancrinite but a higher Si/Al ratio of around 

7:5 (rather than 1:1 in cancrinite) and a largely disordered arrangement of Si and Al30. 
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Fig. 1 X-ray diffractograms of unreacted red mud and red mud binders prepared by 

thermally treated at 800°C incorporated with different amount of alkali. S - cancrisilite, 

H - hydrogarnet ,G - gibbsite,  M - muscovite, a - calcite, F - hematite, N - nepheline, 

Ge - gehlenite, P and PĮ – disordered peralkaline aluminosilicate, C –Ca-substituted 

cancrinite, T - tricalcium aluminate, A – hexagonal CAS2, B - belite. 

 

The crystalline phases identified in the unreacted red mud decomposed after 

thermal treatment at 800°C for 1 hour; this is associated with dehydration, 

dehydroxylation and decarbonation process. Upon thermal processing in absence of 

alkalis (Fig. 1), the alkali-rich crystalline phase nepheline ((K,Na)AlSiO4, similar to 

PDF #01-076-1858 or PDF #01-088-1191) and the Ca-rich phase gehlenite 

(Ca2Al 2SiO7, PDF#00-009-0216 ) are identified. Nepheline is the dehydration and 

decarbonation product of the cancrisilite present in the unreacted red mud 31. 

Cancrisilite and cancrinite exhibit similar two-step decomposition processes upon 

thermal treatment: first dehydration, then decarbonation (sometimes along with 

dehydroxylation if hydroxyl groups are available)30.  

The dehydration process of cancrinite is usually complete at 600°C, while the 

release of CO2 starts at 500°C and is complete by 1300°C 32, 33, 34. Although the range 

of temperatures at which these decomposition processes occur is dependent on the 

exact chemical composition of the cancrinite, the formation of nepheline is always 

identified31, 32, 35, consistent with the results shown in Fig. 1. 

Gehlenite is most likely derived from the chemical interaction between thermally 

decomposed hydrogarnet (identified in the unreacted red mud, Fig 1) and the available 
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silicate and alumina derived from the other compounds present in the unreacted red 

mud, such as muscovite and gibbsite, which are no longer observed in the thermally 

treated red mud. The reflections assigned to hematite remain unchanged after thermal 

treatment at 800°C. 

When alkali is incorporated during the thermal pre-activation process, instead of 

forming nepheline a new Na-rich phase (a partially disordered peralkaline 

aluminosilicate, [Na2O]x[NaAlO2]y[NaAlSiO4], represented by phase P in Fig. 1, PDF# 

01-076-2385 when x>0, y=0; represented by phase Pg, PDF# 00-049-0004 when x=0, 

y>0, both described below as Na-aluminosilicate for brevity) is identified, along with a 

Ca-substituted cancrinite phase (Na6Ca1.5Al6Si6O24(CO3)1.6, PDF# 00-034-0176). Both 

of these phases are modifications of cancrisilite and belong to the cancrinite group 30, 

36. The crystal structures of members from this group contain vacancies and large 

channels in the cancrinite framework, especially some accessible 12-rings, which allow 

the ingress of excess cations such as Na+ and Ca2+; or even larger cluster ions such as 

[NaήH2O]+33.   

In this study, the [NaήH2O]+ clusters are supplied by the incorporation of sodium 

hydroxide, which melts and is partially ionized in the flux state when the mix reaches a 

temperature of around 319°C 37. The availability of Ca2+ could be due to both 

decomposed calcite and to decomposition products of hydrogarnet. Capture of both 

[NaήH2O]+ clusters and Ca2+ can happen simultaneously; however, a higher Na+ 

concentration increases the driving force for the incorporation of [NaήH2O]+ clusters 

and thus enhances alkali inclusion in the crystalline aluminosilicates during the thermal 

activation process, and the consequent decomposition of cancrisilite towards formation 

of the peralkaline Na-aluminosilicate. Due to the availability of the non-framework 

sites for uptake of extra cations in the cancrinite structure, the excessive incorporation 
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of alkali reduced the incorporation of Ca2+, consistent with the results in Fig. 1 where 

with up to 15% alkali addition the Ca-cancrinite is no longer identified.   

The thermal-alkali pre-treatment also influences the Ca-rich phases. Instead of 

gehlenite, it is possible to identify tricalcium aluminate (Ca3Al 2O6, PDF#00-006-0495, 

abbreviated C3A), a metastable hexagonal calcium aluminosilicate with some Fe 

substitution in its diphyllosilicate structure38, 39, approximately CaAl2-x(Al,Fe)xSi2O8, 

similar to PDF#00-031-0248, abbreviated CAS2) and belite (gL’-Ca2SiO3, PDF#00-

033-0303) in red mud binders including 10 wt.% and 15 wt.% of alkali, also associated 

with the decomposition of hydrogarnet40. The formation of these compounds is 

beneficial for the reaction of the one-part geopolymers assessed here, as these are 

known as hydraulic cementitious phases that exhibit high reactivity when blended with 

water. The disordered hematite is no longer identified in red mud binders with 15 wt.% 

alkali, possibly due to substitution of Fe into the aluminate and/or silicate phases 

described above.  

 

3.1.2. Fourier Transform Infrared Spectroscopy  

Fig. 2 shows infrared spectra of the thermal-alkali pre-activated red mud 

powders. In the untreated red mud spectrum, bands at 3430 cm-1 and 1631 cm-1 

correspond to the stretching and bending vibration modes of O-H in hydroxyl groups, 

respectively, and are attributed to water present in the raw material41. The band at 3622 

cm-1 and 3525 cm-1 are assigned to the surface hydroxyl group of lepidocrocite (け-

FeO(OH)) 42 and gibbsite 43. Iron oxyhydroxides are commonly present in untreated 

red mud 17, 44, 45; however, they have not been identified by XRD, neither in the 

untreated red mud nor in the thermally activated binders, which suggests that the 
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poorly crystallized iron in this material is most likely present as a け-FeO(OH) type 

phase.  

This suggestion is supported by the fact that the dehydroxylation of both 

gibbsite and lepidocrocite would be completed before 600°C 46, 47, and the bands at 

3622 cm-1 and 3525 cm-1 are no longer identified in the FTIR spectra of the red mud 

after thermal treatment. Bands between 1500 cm-1 and 1300 cm-1 are related to 

stretching vibration of carbonate groups present in the calcite and cancrinite. 

Specifically, the band at 1504 cm-1 corresponds to carbonate-bearing cancrinite 

groups33.  

 

Fig. 2 FTIR spectra of unreacted red mud and alkali-incorporated thermally pre-

activated red mud. 

 

After the thermal pre-treatment at 800°C, the relative intensities of bands related to 

hydroxyl and carbonate groups are significantly reduced due to the 

dehydration/dehydroxylation of crystalline phases; however, these peaks re-emerge 

with the incorporation of higher contents of alkalis in thermal processing. This 

phenomenon is caused by the absorption of CO2 and H2O from the ambient atmosphere 

during (or prior to) analysis, as the red mud binders are highly alkaline and 

hygroscopic. 

The vibration modes between 900 cm–1 and 1200 cm–1 are assigned to stretching 

vibrations of Si-O-T bonds, the positions of which are influenced by two aspects: the 

amount of Al substituted in the tetrahedral (T) site connected with the bridging oxygen, 

and the number of bridging vs. non-bridging oxygens 41, 48, 49. Substitution away from a 

pure SiO2 network leads to the observed shift to lower wavenumbers of this vibration 
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band, as a result of the decreased bonding energy upon substitution in this system. 

Since the hydrolysis of Si-O-Al  bonds and depolymerization of the glassy phase both 

favor the release of Al and Si from the aluminosilicate sources at the early stage of 

dissolution, a shift in vibration bands towards lower wavenumbers, within this range, is 

proposed to indicate better potential geopolymerization performance of the binder 5. 

Bands appearing between 750-550 cm-1 are related to vibration of silicate ring 

structures, and a reduction of the wavenumber within this region is associated with a 

reduced number of bridging oxygens in the corresponding ring structure 50. In this 

study, bands at about 690 cm-1, 622 cm-1 and 578 cm-1 are assigned to vibration of 4-

membered and 6-membered rings from the cancrinite i-cage framework 34. 

As the amount of alkali incorporated during the thermal process increases, the 

peaks between 900 cm–1 and 1200 cm–1 shift towards lower wavenumber as the main 

peak in this region shifts from 998 cm–1 to 985 cm–1. The increase of Al in the Si-O-T 

bonds raises the negative charge on the framework, increasing its ability to incorporate 

alkali cations in the channels for charge balancing 51. The broad and overlapping peaks 

between this region are also the result of deformed bonding structures caused by 

cations like Ca2+ and the [Na•H2O]+ cluster becoming incorporated into the channel or 

vacancies in cancrinite cage frameworks 52. Additionally, a shoulder at 870 cm-1 that 

assigns to asymmetric stretching of the Al -O bonds in AlO4 tetrahedra appears, 

associated with the C3A phase in the red mud binder with 10% alkali, and the Na-

aluminosilicate phase (Pg [NaAlO2]y[NaAlSiO4]) with 15% alkali, both identified from 

the XRD analysis in Fig. 1.  

The thermal treatment promotes a shift in the bands from 578 cm-1 and 622 cm-1 

towards higher wavenumber, as the decreasing number of members in the ring 

structure is also related to a reduced number of bridging oxygens. The broad vibration 
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mode appearing between 630 cm-1 and 690 cm-1 is associated with the existence of a 

range of deformed 4-membered silicate ring structures, indicating a disordered state 

within these solid powders. 

 

3.2. Reaction and hardening of red mud based one-part geopolymers  

 

3.2.1. X-ray Diffraction 

Fig. 3 shows the crystalline phases identified in red mud based one-part 

geopolymers after 7 and 28 days of curing. Note that no mechanical strength was 

developed by RM800-5%Na2O after 7 days of curing, therefore the related XRD 

results are not shown here. The alkali-rich Na-aluminosilicate phase, and the Ca-rich 

phases C3A and hexagonal CAS2 are no longer identified. The cancrinite and hematite 

present in some of the anhydrous precursors stayed almost unchanged after hydration. 

 

Fig. 3 X-ray diffractograms of one-part geopolymer synthesised from alkali-thermal 

pre-activated red mud binder with (A) 15%Na2O, (B) 10%Na2O, (C) 5%Na2O over 

different days of curing. P and PĮ - peralkaline aluminosilicate, C - cancrinite, B - 

belite, F - hematite, Z -  zeolite NaA, H - hydrogarnet, T - tricalcium aluminate, A – 

hexagonal CAS2. 

 

The peralkaline phases with compositions described as 

(Na2O)x(NaAlO2)y(NaAlSiO4) appear to be the main hydraulic components in red mud-

based geopolymer binders. The Si-O-T bonds in the peralkaline phases hydrolyze after 

contact with water, which is rapidly made alkaline by the release of alkalis from the 

material structure. As a result, the remaining Al 3+ and Na+ are released from the 
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framework structure to charge balance the OH- released by the hydrolysis process. The 

hydrolysis of Si-O-T bonds also breaks the oxygen bridges in the aluminosilicate 

structural frameworks, generating the Si-OH silicate structures that can later 

polymerize 53, 54, 55. The dissolution mechanism of the peralkaline phases in water 54, 55 

is analogous to the early stage dissolution mechanism of a one-part geopolymer 

illustrated by Duxson & Provis 5. The hydration product of this crystalline phase is a 

disordered aluminosilicate gel structure, also referred to as geopolymer gel or N-A-S-

(H) gel, which is the main strength-giving phase in aluminosilicate geopolymers 3.  

Geopolymer gel units are similar in nature to the composite building units which 

comprise zeolites 56, 57. Under high-alkali conditions, the geopolymer gel units would 

transform to zeolites at advanced times of curing, and the specific types of zeolite 

formed will depend on the starting material and the chemistry of the pore solution 56, 58, 

59. Zeolite NaA (approximately Na2Al 2Si1.85O7.7·5.1H2O, PDF# 00-038-0241) is 

identified only after 28 days of curing; therefore, it is highly possible that the dissolved 

peralkaline aluminosilicate initially formed disordered geopolymer gel units that 

transform to zeolite NaA at advanced times of curing. This phase has also been 

identified in one-part geopolymers made from a solid mixture of geothermal silica and 

sodium aluminate12, possibly via a similar mechanism.  

If the samples are not perfectly sealed, CO2 from the ambient atmosphere will  

react with the high alkali pore solution and form carbonate. When there is CO3
2- 

available in the pore solution, zeolite NaA can transform to carbon-bearing cancrinite 

60. Matrixes with higher alkalinity are more tend to carbonate. In Fig. 3, cancrinite is 

observed in RM800-15%Na2O after 28 days of curing, while in RM800-10%Na2O 

zeolite NaA is identified. No crystalline zeolite phase is identified in the hydrated 
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RM800-5%Na2O paste due to a lower-alkali activation condition and therefore a much 

slower reaction rate within the timeframe studied here.  

The hydration process of the Ca-rich phases formed through thermal 

decomposition of hydrogarnet are likely to be similar to that of a Portland cement 

binder61. The main hydration product of these Ca-rich phases after 7 days is 

hydrogarnet, Ca3Al 1-x(Fe,Al)x(SiO4)3-y∙(OH)4y, with the degree of Fe substitution 

depending on the availability of Fe3+ in the solid solution system, associated with the 

hydration of C3A in the hydrated RM800-10%Na2O binder, and additionally the 

hydration of both hexagonal CAS2 and belite in the hydrated RM800-15%Na2O binder. 

These hydrate phases are strength-giving phases in calcium aluminate cement, and are 

also common secondary phases in geopolymers2.  

 

3.2.2. Fourier Transform Infrared Spectroscopy  

Fig. 4 shows the FTIR spectra of the hydrated red mud one-part geopolymer at 

different times of curing. High intensity bands at 3443 cm-1 and 1655 cm-1 are 

identified due to the stretching and bending vibrations of H-OH bonds in chemically 

bonded water, indicating the formation of hydration products. The intensities of these 

bands rise significantly after 7 days of curing but decrease slightly after 28 days. This 

suggests that the hydration process of the red mud binder proceeds quickly during the 

first 7 days; however, some of the hydration products dehydrate (or densify and release 

water into the pores) at a more advanced time of curing (28 days).  

 

Fig. 4 FTIR spectra of one-part geopolymer generated from R800-10%Na2O at 

different times of curing. 
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The strong bands at 1458 cm-1 and the weak bands at 866 cm-1 are assigned to the 

anti-symmetric stretching vibration and out-of-plane bending of the C=O bond in 

carbonate. The identification of these two bands is attributed to the partial atmospheric 

carbonation of the matrix, either during curing or analysis.     

The overlapped bands centered at around 989 cm-1 in the anhydrous precursor shift 

towards 1000 cm-1 upon hydration, and forming a narrow band, associated with the Si-

O-Al bonds in N-A-S-H gel and zeolite NaA. The shoulder initially present at 870 cm-1 

is not identified after hydration. The bands between 550 cm-1 and 700 cm-1 (690 cm-1, 

624 cm-1 and 577 cm-1) in the anhydrous binder are replaced by a peak at 563 cm-1 

upon hydration, which is assigned to the out of plane bending vibration of Si-O-T 

bonds in the double ring structure in zeolite NaA. The changes in these vibration bonds 

are possibly associated with crosslinking of the geopolymer gel. The band at 3661 cm-1 

that was assigned in the red mud spectrum to the vibration of hydroxyl groups in 

hydrogarnet reappears upon hydration, consistent with the XRD results (Fig. 3). 

 

3.2.3. Compressive strength  

The compressive strength development of the one-part geopolymer produced from 

different red mud based binders is shown in Fig. 5. The paste made from RM800-

5%Na2O did not harden in the first 7 days of curing, but gradually gained strength in 

the following 14 days. The slow reaction taking place in the red mud binder RM800-

5%Na2O is due to the low content of hydraulic reacting phases, particularly peralkaline 

aluminosilicate, present in the binder. The red mud binder produced with 15 wt.% 

alkali hardened quickly and developed strength after 24 hours, and reached a maximum 

in its strength at 7 days, beyond which there was a significant strength loss, as 

discussed below. The reaction of the red mud binder activated with 10 wt.% alkali is 
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slower compared with the system with higher alkali content; however, an optimum 7 

day strength of 9.8 MPa was reached, higher than that of the red mud binder with 15 

wt.% alkali. 

 

 

Fig. 5 Compressive strengths of red based one-part geopolymers produced with 

different activator doses as a function of the time of curing. 

 

Red mud alone has not been successfully used as a precursor for synthesis of 

either one-part or two-part geopolymers, as partial replacement by high calcium or 

alumina sources such as slag and fly ash has been required in the literature reports of 

this process 23, 24, 27. Thus, the early stage strength gained by the red mud based one-

part geopolymer developed from RM800-10%Na2O and RM800-15%Na2O 

demonstrates the advantages of the alkali-thermal pre-activation process to enhance the 

reactivity of this material as a sole geopolymer precursor. 

However, there is a significant engineering downside observed in Fig. 5, as the red 

mud based one-part geopolymers synthesized in this study exhibited a significant 

decrease in compressive strength during the second and third weeks of curing. This can 

be a consequence of the degradation of the matrix through processes including 

dehydration, carbonation and efflorescence, as one of the reasons that usually 

influences the morphology of microstructure and undermines the strength of 

geopolymer. In this study, dehydration and partial carbonation of the geopolymer 

matrix have been observed from FTIR analysis (Fig. 4). Formation of efflorescence 

products was also observed, as white crystalline alkaline deposits were observed on the 

surface of the paste cube samples after 14 days of curing. This phenomenon has also 

http://dx.doi.org/10.1111/jace.13231


Preprint version of accepted article. Please cite as: 
X. Ke, S.A. Bernal, N. Ye, J.L. Provis, J. Yang. “ One-part geopolymers based on thermally treated red 
mud/NaOH blends”, Journal of the American Ceramic Society 2015, 98(1):5-11. 
Official journal version is online at http://dx.doi.org/10.1111/jace.13231  
 
been observed in some metakaolin-based geopolymers 62 and was associated with 

potential depolymerization of the geopolymer gel at advanced times of curing, as a 

consequence of the loss of the charge balancing alkaline cations from the gel, which 

could conceivably result in loss of mechanical strength.  

It is important to note that Najafi Kani et al.63 have demonstrated that blending 

minor percentages of an additional Al source with the geopolymer binder can lead to 

reduced efflorescence in these materials. This suggests that better control of 

efflorescence, and potentially improved compressive strength retention, could be 

achieved through optimization of the formulations of the one-part geopolymers 

produced in this study. Nonetheless, the initial strengths generated by the materials 

studied here can certainly stand as proof-of-concept for the approach followed. 

 

3.2.4. Scanning electron microscopy (SEM) 

Fig. 6 shows the SEM images of the fracture surface of the red mud one-part 

geopolymer after strength testing. In Fig. 6A, the semi-crystallized plates 

corresponding to zeolite type phases present are surrounded by the nano-scale gel 

particles. The one-part geopolymer has a significantly low Si/Al ratio (about 0.7 in the 

starting material), and the microstructure of this geopolymer is consistent with the 

trends reported by Duxson et al.64, who identified in metakaolin based geopolymers 

that a Si/Al ratio lower than 1.4 promotes a highly porous microstructure with 

unreacted particles surrounded by geopolymer gel. After 28 days of curing, the plate-

shaped particles are converted to more refined crystals; however, the overall 

microstructure is still porous and heterogeneous as shown in Fig. 6B.  
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Fig. 6 SEM micrographs of the fracture surface of one-part geopolymer generated 

from R800-10%Na2O after (A) 7 and (B) 28 days of curing. 

 

 

4. Conclusions 

The incorporation of alkali during the thermal activation of an Al-rich red mud 

favors the formation of hydraulic phases: peralkaline Na-aluminosilicate, C3A and gL’-

C2S. The formation of Na-rich aluminosilicate salts provides sufficient alkalis for the 

dissolution process to take place upon addition of water alone, and improves the 

reactivity of the red mud binder by increasing the availability of Al during the initial 

gel formation process and subsequent ongoing condensation reactions. 

  The strength development of this red mud based one-part geopolymer is limited 

by the excess of alkalis in the system and efflorescence problems; however, compared 

to previous activation methods, the alkali-thermal pre-activation process described here 

can certainly enhance the activity of red mud to produce sustainable cement.  
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Table 2. Chemical composition of the red mud and slag used, determined via X-ray 

fluorescence analysis. LOI is loss on ignition at 1000°C 

 

Component 

(wt.%) 
SiO2 Al 2O3 CaO Na2O K2O Fe2O3 SO3 Others LOI 

Red mud 20.4 24.5 12.9 11.5 0.9 9.5 0.7 4.4 15.4 
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Fig. 1 X-ray diffractograms of unreacted red mud and red mud binders prepared by 

thermally treated at 800°C incorporated with different amount of alkali. S - cancrisilite, 

H - hydrogarnet ,G - gibbsite,  M - muscovite, a - calcite, F - hematite, N - nepheline, 

Ge - gehlenite, P and Pg – disordered peralkaline aluminosilicate, C –Ca-substituted 

cancrinite, T - tricalcium aluminate, A – hexagonal CAS2, B - belite. 
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Fig. 2 FTIR spectra of unreacted red mud and alkali-incorporated thermally pre-

activated red mud. 
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Fig. 3 X-ray diffractograms of one-part geopolymer synthesised from alkali-thermal 

pre-activated red mud binder with (A) 15%Na2O, (B) 10%Na2O, (C) 5%Na2O over 

different days of curing. P and Pg - peralkaline aluminosilicate, C - cancrinite, B - 

belite, F - hematite, Z -  zeolite NaA, H - hydrogarnet, T - tricalcium aluminate, A – 

hexagonal CAS2. 
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Fig. 4 FTIR spectra of one-part geopolymer generated from R800-10%Na2O at 

different times of curing. 
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Fig. 5 Compressive strengths of red mud based one-part geopolymers produced with 

different activator doses as a function of the time of curing. 
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Fig. 6 SEM micrographs of the fracture surface of one-part geopolymer generated from 

R800-10%Na2O after (A) 7 and (B) 28 days of curing. 
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