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A composite geopolymeric material was synthesized from

Bayer red mud combined with granulated blast-furnace slag.

Thermal pretreatment was applied to improve the solubility of
red mud in alkaline solution to promote geopolymerization.

The dissolution efficiencies of alumina and silica reached a

maximum when red mud was calcined at 800°C, resulting in

the highest compressive strength of binders. It was demon-
strated that a higher solubility of calcined red mud led to a

higher strength of the composite binders. The characteristic

microstructures of hydration products were studied to illustrate

the geopolymerization process by XRD, FTIR and SEM. The
results showed that aluminosilicates were dissolved in the alka-

line solution to form nanostructural particulates during the

early dissolution process, and then accumulated to form highly
dense geopolymeric matrices through solidification reaction.

The coexistence of geopolymer and C–(A)–S–H is suggested to

contribute to the good performance of the composite binders.

I. Introduction

BAYER red mud (RM) is a solid waste residue from caustic
soda digestion of alumina from bauxite ores by the

Bayer process. It is estimated that approximately 2.7 billion
tons of RM has been generated in about 120 yr of alumina
extraction history, with an increase in 120 million tons per
annum currently.1 RM is classified as a toxic waste because
of its high basicity and leaching potential,2 which make it
hard for disposal. Generally, most of RM still ends up in
landfills throughout the world. High alkaline slurry and
leachate pose a potential risk to the environment.

Beneficial reuse of RM is of great interests.3 Recovery of
valuable elements such as Na, Al, Fe, and Ti from RM has
been reported.4–6 However, the cost is high and a large quan-
tity of residues after the extraction still need disposal. Prepa-
ration of ceramic, glasses-ceramic or tiles7–9 from RM by
calcination is a high value-added approach, but this
approach only consumes a small quantity of RM due to the
limited market demand. Adding RM to portland cement or
concrete,10 and making RM brick11 or special cements12,13

are restricted by the less pozzolanic activity of Bayer RM. In
addition, sodium in RM is detrimental that may cause alkali-
aggregate reaction. Consequently, while the presence of
sodium restricts the use of RM in construction materials,
synthesizing geopolymer from RM is a favorable disposal
approach away from this problem as alkali is a necessary
component for geopolymer.

Geopolymeric materials are a class of aluminosilicate bind-
ers that differ substantially from ordinary portland cement,
and exhibit high performance, such as high mechanical
strength and excellent stability in high temperature, acidic or
alkaline environments.14 They are synthesized by activating
solid aluminosilicate sources with alkali metal hydroxide or
silicate solutions.14 Geopolymerization is a promising tech-
nology that can transform industrial solid wastes containing
aluminosilicates into useful products. Any pozzolanic com-
pounds or materials containing silica and alumina that are
readily soluble in an alkaline solution, can serve as precur-
sors of geopolymer.15

RM contains an amount of alkali and aluminosilicates, so
it poses a potential for synthesis of geopolymeric materials.
Some researches in synthesis of geopolymer with RM have
been carried out.16 However, the activity or solubility of alu-
minosilicates in RM is poor, which limits the geopolymeriza-
tion process. In the research of Dimas et al.16, the solubility
of the aluminosilicate phases in RM under alkaline condi-
tions was low, and RM particles mainly played as fillers with
metakaolin playing a leading role. Thus, the final products
were poor in the flexural strength and not resistant to freez-
ing–thawing cycles. Therefore, improving dissolution of silica
and alumina from RM is a pivotal matter in synthesis of
geopolymer from RM.

Thermal treatment is commonly used to improve pozzola-
nic properties of raw materials containing zeolite clay miner-
als before geopolymerization.17 This study tried to improve
the solubility of Bayer RM in alkaline environment by ther-
mal treatment. In addition, the SiO2/Al2O3 molar ratio of
RM18,19 is usually much less than the scope of 3.3–4.5 for
the satisfactory formulation of geopolymer.20,21 Therefore, to
produce a geopolymer with stable structure, it is necessary to
utilize some other active silicates or aluminosilicates as a par-
tial substitute of RM to regulate the formulations. In this
study, granulated blastfurnace slag (GBFS) was used as a
partial substitute of thermally pretreated RM in synthesis of
high-value geopolymer. GBFS is a byproduct made from the
extraction of iron from iron ore in blast furnace. It has a
latent hydraulic activity, which can be catalyzed by alkali
salts to make clinker-free binders that are called alkali-acti-
vated slag (AAS) materials.22 GBFS is also used as a raw
material for partially substituting metakaolin or fly ash to
synthesize high-value geopolymer.23–26

In this study, a local Bayer RM with low Fe2O3 content
of about 9.5 wt% was used to eliminate the negative effect of
Fe. It is a typical Bayer residue from the leaching of Chinese
local diaspore bauxite ores in Bayer process.18 The flowchart
of the process is shown in Fig. 1. The RM samples were cal-
cined at different temperatures to get phase transformations
of the aluminosilicates. The solubility of RM samples under
alkaline conditions was determined to evaluate the latent
activity of calcined RM samples through alkaline leaching
test. Then, the calcined RM was blended with GBFS and
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activated by sodium silicate to prepare geopolymer. Main
parameters affecting the reaction and their effects on the
compressive strength of the binders were investigated. The

microstructure characterizations of the geopolymerization
products were also studied.

II. Experimental Procedure

(1) Raw Materials
A local Bayer RM was provided by an alumina plant of
Chalco Co. in Zhengzhou, China. It was dried to constant
weight at 100°C for subsequent experiments. GBFS was
provided by Wuhan Iron and Steel Corp. (Wuhan, China),
and was ground to pass 200 mesh sieves. The chemical
compositions of RM and GBFS samples are presented in
Table I.

The main chemical components of the RM are SiO2,
Al2O3, CaO, Na2O, and Fe2O3. Therefore, RM can be con-
sidered as an alkaline aluminosilicate source with a SiO2/
Al2O3 molar ratio of 1.41. It is a typical Bayer waste with a
relatively low Fe2O3 content due to the low Fe Chinese baux-
ite, but its alumina and silica contents are in the common
scope of China18 and the world.19 GBFS mainly consists of
SiO2, Al2O3, CaO, and MgO.

The mineral phases of the raw materials were analyzed by
powder X-ray diffractometry (XRD), using an X’Pert Pro
XRD (Philips, PANalytical B.V., Almelo, Holland) with
CuKa radiation and k = 1.5418 �A, operated at 300 mA,
40 kV with scanning rate of 0.2785°/s for 2h in the range

from 5° to 75°. The XRD patterns are shown in Fig. 2. The
mineral phases of the raw RM include gibbsite, hematite,
cancrisilite, muscovite-2, and katoite, while GBFS shows an
amorphous material characterization with a broad hump at
2h of approximately 29°.

(2) Thermal Analysis and Calcination Procedure
Thermal analysis of the raw RM sample was performed in a
Pt crucible by the thermo gravimetric analysis (TG), using
Diamond TG-DTA (PerkinElmer Co. Ltd., Waltham, MA).
The temperature was raised up to 1000°C at a ramping rate
of 10°C/min in air atmosphere.

RM samples were calcined in a muffle furnace under static
air at 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C,
900°C, and 1000°C for 3 h, respectively.

(3) Alkaline Leaching Test
To determine the solubility of the aluminosilicate phases in
RM samples under an alkaline condition, alkaline leaching
tests16 were carried out. The tests were carried out by using
5M sodium hydroxide solution, with a solid/liquid ratio of
1:10, in a constant-temperature shaker bath (25 � 2°C) for
24 h. The residual solids were separated using vacuum filtra-
tion and then washed. The alumina and silica contents in the
filtrate were determined according to Chinese standard YS/T
575-2007. The dissolution efficiencies of Si and Al from RM
were calculated according to Eq. (1) below:

(4) Synthesis of Geopolymer Binders
The preparation process of the geopolymer binders included
three steps. Firstly, the solid phase consisting of RM and
GBFS was mechanically blended with water and an activator
to obtain a homogeneous viscous paste. The activator was a
strong alkaline solution containing sodium silicate prepared
by dissolving sodium hydroxide in an original sodium silicate
solution (initial solid content = 38.11%, SiO2/Na2O molar
ratio = 3.15). Then, the pastes was molded in steel molds
(40 mm 9 40 mm 9 40 mm) and cured at 20 � 1°C and
relative humidity of 95% for 24 h. The binders were then
demolded and cured again under the same condition. After-
wards, the compressive strengths of the binders cured for 3,
7, and 28 d were measured. Each set of binders had tripli-
cates, and every compressive strength data were the mean
value of three parallel samples.

Four groups of the experiments labeled as group I, II, III,
and IV, respectively, were designed to evaluate the effects of
modulus SiO2/Na2O molar ratio and dosage of sodium sili-
cate, RM/GBFS mass ratio, and calcination temperature for
RM on the compressive strength of the composite binders.
The experimental conditions are shown in Table II. The dos-
age of various sodium silicate (Na2O�mSiO2) was presented
simply as the mass ratio of the contained Na2O to the solid
mixture consisting of RM and GBFS. In group III, with
increased RM content, the paste became stiff, which made

Dissolution efficiency ¼ The amount of Al2O3or SiO2in the filtrate

The amount of Al2O3or SiO2in RM raw material
(1)

Fig. 1. Flowchart of the process for recycling of RM through
geopolymer technology.

Table I. Chemical Compositions of RM and GBFS

Components (wt%) SiO2 Al2O3 Fe2O3 Na2O CaO TiO2 K2O MgO LOI

RM 20.38 24.50 9.48 11.46 12.86 2.92 0.88 1.00 15.40
GBFS 32.85 14.96 0.55 0.41 37.46 0.98 0.57 9.27 0.62

LOI: loss on ignition, mass loss at 1200°C.
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the molding procedure difficult. Consequently, the water/
solid ratio was adjusted in the range of 0.35–0.55 for differ-
ent RM/GBFS ratio.

(5) Microstructure Characterization
The mineral phases of the calcined RM samples and the
hydration products were investigated by the powder XRD at
the same experimental conditions described in Section II(1).
Fourier-transform infrared spectroscopy (FTIR) tests were
performed by Vertex 70 (Bruker Co., Karlsruhe, Germany)
with a wavelength of 400–4000 cm�1. The morphology of the
typical binders was examined by scanning electron micro-
scope (SEM) after coating with Au, using Nova Nano SEM
450 (FEI Co., Eindhoven, Holland).

III. Results and Discussion

(1) Thermal Analysis and Calcination Process
The TG and DTG curves of the raw RM specimen are
shown in Fig. 3. The TG curve declined continuously as the
temperature rose from 20°C to 1000°C. The weight loss of
RM presented in the curve can be separated into four stages:
147°C–285°C, 285°C–550°C, 550°C–700°C, 720°C–950°C,
referred to as stage I, II, III, and IV, corresponding to peaks
at 260°C, 322°C, 641°C, and 843°C in the DTG curve,
respectively. The weight losses result from the transformation
of different minerals, which will be discussed in the following
section.

Fig. 2. XRD patterns of raw RM sample and GBFS.

Table II. Conditions for Preparing the Geopolymer Binders

No.

Sodium silicates Solid phases

Water/solid (g/g)

Molar ratio of binders

SiO2/Na2O

molar ratio

Addition†

(Na2O, wt%)

RM/GBFS

(wt/wt)

Calcination

temperature of

RM (°C) (Na2O + K2O)/SiO2 CaO/SiO2 SiO2/Al2O3 H2O/Na2O

RM-I-1 1.3 6.90 5:5 800 0.45 0.37 0.76 3.04 11.64
RM-I-2 1.4 0.36 0.75 3.10 11.64
RM-I-3 1.5 0.35 0.74 3.16 11.64
RM-I-4 1.6 0.35 0.72 3.21 11.64
RM-I-5 1.7 0.34 0.71 3.27 11.64
RM-I-6 1.8 0.33 0.70 3.33 11.64
RM-I-7 1.9 0.33 0.69 3.39 11.64
RM-II-1 1.7 3.45 5:5 800 0.45 0.30 0.83 2.78 15.71
RM-II-2 4.60 0.31 0.79 2.95 14.07
RM-II-3 5.75 0.33 0.75 3.11 12.74
RM-II-4 6.90 0.34 0.71 3.27 11.64
RM-II-5 8.05 0.35 0.68 3.43 10.72
RM-II-6 9.20 0.36 0.65 3.60 9.93
RM-II-7 10.35 0.37 0.62 3.76 9.25
RM-III-0 1.7 6.90 10:0 800 0.55 0.57 0.43 2.20 10.00
RM-III-1 9:1 0.53 0.52 0.50 2.38 10.25
RM-III-2 8:2 0.51 0.47 0.56 2.58 10.53
RM-III-3 7:3 0.49 0.42 0.61 2.79 10.84
RM-III-4 6:4 0.47 0.38 0.66 3.02 11.21
RM-III-5 5:5 0.45 0.34 0.71 3.27 11.64
RM-III-6 4:6 0.43 0.30 0.75 3.55 12.15
RM-III-7 3:7 0.41 0.27 0.80 3.86 12.77
RM-III -8 2:8 0.39 0.23 0.84 4.20 13.52
RM-III-9 1:9 0.37 0.20 0.87 4.59 14.46
GBFS-III 0:10 0.35 0.17 0.91 5.02 15.69
RM-IV-1 1.7 6.90 5:5 – 0.45 0.34 0.71 3.27 11.64
RM-IV-2 200 0.34 0.71 3.27 11.64
RM-IV-3 300 0.34 0.71 3.27 11.64
RM-IV-4 400 0.34 0.71 3.27 11.64
RM-IV-5 500 0.34 0.71 3.27 11.64
RM-IV-6 600 0.34 0.71 3.27 11.64
RM-IV-7 700 0.34 0.71 3.27 11.64
RM-IV-8 800 0.34 0.71 3.27 11.64
RM-IV-9 900 0.34 0.71 3.27 11.64
RM-IV-10 1000 0.34 0.71 3.27 11.64

†The dosage of various sodium silicate (Na2O�mSiO2) was presented simply as the mass ratio of the contained Na2O to the solid mixture consisting of RM and

GBFS.
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(2) Phase Transformation
The XRD patterns of calcined RM samples are shown in
Fig. 4. When the calcination temperature rose to 1000°C,
minerals transformed successively except hematite, corre-
sponding to the four stages on TG curve. In stage I, gibbsite
decomposed at 147°C –285°C according to Eq. (2). The
intensity of its characteristic peaks in XRD patterns
decreased at 200°C, and disappeared at 300°C. In stage II,
katoite dehydrated partly when the temperature rose over
200°C, and transformed into hibschite (Ca3Al2(-
SiO4)1.53(OH)5.88). In stage III, the intensity of the character-
istic peaks of muscovite-2 decreased at 600°C and
disappeared at 800°C. In stage IV, hibschite dehydrated from
700°C to 1000°C. Cancrisilite decomposed at 800°C, with the
formation of nepheline (NaAlSiO4), sodium alumina silicate
(Na6(AlSiO4)6) and some amorphous materials, identified by
the amorphous peak at 2h of about 28°–38°. Moreover, gehl-
enite (Ca2(Al(AlSi)O7)) was formed at 800°C, and its content
increased from 800°C to 1000°C.

The dehydroxylation of katoite, muscovite-2 and hibschite
can cause the formation of Al atoms in fourfold or fivefold
coordination,14 which could contribute to the depolymeriza-
tion of aluminosilicates and improve their dissolution in
alkaline environment. The transformation of cancrisilite is
proposed as Eq. (3). NaAlSiO4 and Na2SiO3 are both more
readily to dissolve in alkaline solution.

At 147� 285�C : 2AlðOHÞ3 ! Al2O3ðsÞ þ 3H2OðgÞ (2)

At 800 �C : 2Na7½Al5Si7O24�ðCOÞ3 � 3H2O
! 5NaAlSiO4ðsÞ þNa2SiO3ðsÞ þ CO2ðgÞ

þ 3H2OðgÞ (3)

The phase transformation of RM was also well-identified by
FTIR spectra shown in Fig. 5. There were several common
absorption bands for different pretreated RM samples, such as
those attributed to asymmetric stretching vibrations of Si–O–
Si and Al–O–Si (~1200–950 cm�1), symmetric stretching vibra-
tions of Si–O–Si and Al–O–Si(~700–680 cm�1), and bending
vibrations of Si–O–Si and O–Si–O (~470–460 cm�1).14,27 The
intensity of the band attributed to stretching vibrations of Al-
OH at 1385 cm�1 decreased when the RM was calcined above
200°C because of the dehydration of gibbsite. At 600°C, the

decomposition of muscovite-2 led to the decrease in absorption
band attributed to bending vibrations of Si–O–Al in the region
of 500–550 cm�1.14 The absorption bands attributed to
stretching vibrations of O–C–O (~1510–1410 cm�1,
~873 cm�1) and bending vibrations of HOH (~1650–
1630 cm�1)27 disappeared at 800°C because of the transforma-
tion of cancrisilite. The absorption bands attributed to
symmetric stretching vibrations of Si–O–Si and Al–O–Si
(~650–550 cm�1, 770–760 cm�1), and Si–OH bending (~880–
870 cm�1)14,27 also decreased and then disappeared in the
range of 800°C –1000°C, which are mainly caused by decom-
position of hibschite or amorphous phases.

(3) Effect of Thermal Pretreatment on Leaching by
Alkaline Solution
The effect of calcination temperature on the solubility of RM
in sodium hydroxide solution is shown in Fig. 6. There were
two peak values for alumina at about 200°C and 800°C. As
shown in Fig. 4, a large amount of Al existed as gibbsite in
the raw RM sample. It decomposed easily at 200°C–300°C,
and transformed into amorphous phase more readily to dis-
solve in alkaline solution. But as the temperature rose over
300°C, the dissolution efficiency of alumina declined on the
contrary, possibly because of the further transformation of
the dehydration product. From 600°C to 800°C, muscovite-2,
hibschite and cancrisilite transformed into phases which are
more readily to dissolve. When the temperature rose over
800°C, the main aluminosilicate phases transformed into a

Fig. 3. TG–DTG curves of the raw RM specimen.

Fig. 4. XRD patterns of RM samples calcined at 200°C, 300°C,
400°C, 500°C, 600°C, 700°C, 800°C, 900°C, and 1000°C for 3 h.
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more stable phase of gehlenite. Thus, the dissolution effi-
ciency of alumina decreased. The dissolution efficiency of sil-
ica increased from 100°C to 800°C and reached a maximum
at approximately 800°C. The variation in dissolution effi-
ciency of silica was also attributed to the transformation of
muscovite-2, hibschite and cancrisilite. It is suggested that
the optimum calcination temperature is about 800°C by

considering the dissolution efficiencies of both alumina and
silica.

From the results of the alkaline leaching test, it can be
concluded that thermal pretreatment can greatly improve the
solubility of RM in a strong alkaline environment. Generally,
more soluble aluminosilicates significantly enhance the geo-
polymeric reaction. Therefore, thermal pretreatment is an
effective method for the application of RM to make geopoly-
meric materials.

(4) Compressive Strength of the Geopolymer Material
Made From RM

(A) The Effect of SiO2/Na2O Molar Ratio of Sodium
Silicate: The effect of the initial soluble silica concentration
in the sodium silicate solution on the compressive strength of
binders is shown in Fig. 7. The compressive strength
increased when the SiO2/Na2O molar ratio increased from
1.3 to 1.7, and then decreased beyond this range. The opti-
mum SiO2/Na2O molar ratio of sodium silicate was 1.7. This
effect can be explained from the extent of dissolution of alu-
minosilicates. Dissolved silica initially present in the alkaline
activating solution enhanced depolymerization of Si–O–Al
and Si–O–Si bonds from the solid surface.28,29 Thus, the
addition of soluble silicate accelerated the dissolution of alu-
mina and silica, and promoted the conversion of solid alumi-
nosilicate sources to geopolymer gel. In addition, the sodium
silicate served as a silica supplement to the formulation of
the binders, which reached a satisfactory Si2O/Al2O3 molar
ratio of 3.27 when the SiO2/Na2O molar ratio of sodium sili-
cate was 1.7. However, high silicate concentration could con-
tribute to the formation of cyclic silicate species and reduce
the interaction of tetrahedral Al(OH)4

� and H3SiO4
� mono-

mers or larger linear silicate anions during condensation.30

Therefore, excessive silica was detrimental which reduced the
strength of the binders.

(B) The Effect of Dosage of Sodium Silicate: Alkali
concentration is the most significant factor for geopolymer-
ization.30 The compressive strength versus the dosage of
Na2O from the sodium silicate (Na2O�1.7SiO2) is shown in
Fig. 8. It is obvious that the compressive strength increased
with the increase in dosage of Na2O from 3.45 to 6.90 wt%,
and reached a maximum of about 49.2 MPa at 28 d at
approximately 6.90 wt%. The strength variation can be
explained based on the theory that geopolymerization con-
sists of a series of dissolution–reorientation–solidification

Fig. 5. FTIR spectra of raw RM sample and RM samples calcined
at 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C, 900°C, and
1000°C for 3 h.

Fig. 6. Dissolution efficiencies of alumina and silica from RM in
5M sodium hydroxide solution with a liquid/solid of 10 mL/g.

Fig. 7. Compressive strength of the binders versus the SiO2/Na2O
molar ratio in sodium solicate. (Na2O dosage of 6.90 wt%; RM
calcination temperature of 800°C; and RM/GBFS mass ratio of 5:5).
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reactions.31 The solubility of aluminosilicates increases with
increasing hydroxide ion concentration,32 forming more alu-
minate and silicate monomers for subsequent reactions,
which leads to a higher strength of the geopolymer. There-
fore, the compressive strength of the binders increased as the
dosage of Na2O increased from 3.45 to 6.90 wt%. However,
excessive alkali may result in undesirable morphology and
nonuniformity of hydration products in the pastes,33 which
partially explains the reduction in strength when the dosage
of Na2O further increased beyond 6.90 wt%.

(C) The Effect of Calcined RM Content: The com-
pressive strength versus the RM/GBFS mass ratio is shown in
Fig. 9. The compressive strength of RM-III-0 binders which
was prepared without addition of GBFS was poor. Although
the dissolution efficiency of alumina and silica from RM in
alkaline solution are greatly improved after thermal pretreat-
ment, the total contents and activity of alumina and silica of
RM are still lower than that of GBFS. Therefore, it is neces-
sary to combine RM with other reactive aluminosilicate mate-
rials such as GBFS and metakaolin for synthesis of
geopolymer. Generally, the compressive strength of the bind-
ers increased as the content of calcined RM in the composite
binders decreased. But the compressive strength of RM-III-9

binders with 10 wt% calcined RM was even higher than
GBFS-III binders with 100 wt% GBFS at the same curing
days. It is consistent with the result of Yip et al.25 who also
found that the coexistence of geopolymer and AAS showed
better performance than those made from individually raw
materials. Therefore, the strength tendency indicated that RM
is a beneficial additive rather than a harmful or useless one in
the composite materials and synthesizing geopolymer is a
potential approach of RM reuse and disposal. From Table II,
all of the (Na2O + K2O)/SiO2, SiO2/Al2O3 and H2O/
(Na2O + K2O) molar ratios of the binders reached the scope
of satisfaction for a geopolymer20,21 when the content of RM
ranged from 10% to 50%. The produced materials had a
CaO/SiO2 ratio less than 1, which is different to an ordinary
geopolymer. However, GBFS is now a valuable solid waste
mostly used as concrete additive. It was suggested that to
achieve broad-based market penetration, a geopolymer con-
crete need to be low cost with low slag mixing amount.34 To
reuse as much RM as possible, the RM/GBFS ratio of 5:5
with a compressive strength of 49.2 MPa was acceptable for
the potential application in construction materials.

(D) The Effect of Calcination Temperature of RM:
The compressive strength versus the RM calcination temper-
ature is shown in Fig. 10. The compressive strength of the
binders increased with the increase in calcination temperature
from 100°C to 800°C, and reached a maximum at 800°C. It
is known that more soluble aluminosilicates can significantly
contribute to the geopolymeric reaction. The solubility of
aluminosilicates in RM was greatly improved after calcina-
tion at 800°C, thus the corresponding binders posed a higher
compressive strength. As shown in Fig. 6, although the disso-
lution efficiency of silica from RM increased from 100°C to
600°C, the solubility of alumina decreased in this range. As a
result, the compressive strength did not change significantly
from 100°C to 600°C.

(5) Microstructure of the Geopolymeric Materials
(A) XRD Analysis: To illustrate the alkali activation

process of RM and GBFS, the XRD patterns of RM-III-0,
GBFS-III, and RM-III-5 binders are shown in Fig. 11.
RM-III-0 binders contained a poorly crystalline C–(A)–S–H
phase,35 cancrinite, hematite, hibschite, and gehlenite. The
content of C–(A)–S–H phase, which acts as a microaggregate
in the structure of binders, increased along with the hydra-
tion process. Cancrinite is a zeolitic mineral that sometimes
occurs in alkaline massifs as a rock-forming mineral.36 It was
formed according to Eq. (4) by absorbing CO2 from air in a

Fig. 9. Compressive strength of the binders versus RM/GBFS mass
ratio. (Na2O dosage of 6.90 wt%; SiO2/Na2O molar ratio of 1.7; and
RM calcination temperature of 800°C).

Fig. 8. Compressive strength of the binders versus dosage of
sodium silicate. (SiO2/Na2O molar ratio of 1.7; RM calcination
temperature of 800°C; and RM/GBFS mass ratio of 5:5).

Fig. 10. Compressive strength of the binders versus the RM
calcination temperature. (Na2O dosage of 6.90 wt%; SiO2/Na2O
molar ratio of 1.7; and RM/GBFS mass ratio of 5:5).
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highly alkaline environment. While hematite, hibschite, and
gehlenite from the RM sample remained stable during the
hydration process, sodium aluminum silicate and nepheline
disappeared after alkali activation.

Geopolymers are known to be a class of amorphous
aluminosilicate materials that have the same outstanding fea-
ture in diffractograms with a broad hump centered at 2h of
27°–29°.14 This amorphous peak seemed to be weak in the
absence of GBFS as shown in Fig. 11 as for the RM-III-0
binders, which implied that geopolymerization was difficult
to take place in the presence of only RM, probably because
of low SiO2/Al2O3 ratio. However, the amorphous phase in
the RM-III-5 binders became more and more obvious as the
curing time increased from 3 to 28 d, which implied the for-
mation of geopolymer in the produced materials. On the
other hand, the GBFS precursor and its hydration products
had the same amorphous peak which remained unchanged as
the curing time increased. Therefore, it can be inferred that
the increasing amorphous phase in RM-III-5 samples should
be concerned with RM in the presence of GBFS.

2CO2 þ 6Naþ þ 2Ca2þ þ 6H3SiO
�
4 þ 6AlðOHÞ�4 !

Na6Ca2Al6Si6O24ðCO3Þ2 � 2H2Oþ 18H2Oþ 2OH� (4)

The mineral phases of RM-III-5 binders were similar to
RM-III-0 binders at 28 d, except for a more significant broad
hump centered at around 27°–29°. But large quantities of

alumina and silica were identified in RM-III-5 binders cured
for 3 d. It is inferred that the alumina and silica were formed
from dehydroxylation of Al(OH)4

� and H3SiO4
� monomers

under the action of alcohol during the specimen preparation
for XRD test. The Al(OH)4

� and H3SiO4
� monomers are

precursors of the geopolymerization process, which are
formed through the dissolution of aluminosilicate sources in
the alkaline solution.15 The peaks of alumina disappeared in
RM-III-5 binders cured for 7 d, and the peaks of silica dis-
appeared in the sample cured for 28 d.

(B) FTIR Analysis: The geopolymerization of the
binders was also identified by the FTIR spectra shown in
Fig. 12. The absorption bands attributed to the asymmetric
stretching vibrations of Si–O–Si and Al–O–Si (~1200–
950 cm�1) in RM-III-5 and RM-III-0 binders became broader
with lower intensity than those of the calcined RM sample.
The bands attributed to symmetric stretching vibrations of
Si–O–Si or Al–O–Si (~689 cm�1, ~622 cm�1, and ~577 cm�1)
weakened in RM-III-5 binders cured for 3 d, but became
stronger again in the sample cured for 28 d. These transfor-
mations implied the dissolution of RM and the formation of
new phases during the geopolymerization process. The band
attributed to stretching vibrations of O–C–O (~873 cm�1) in
the binders implies the formation of cancrinite. The FTIR
spectrum of RM-III-5 binders was similar to that of RM-III-0
binders, but different from that of GBFS-III binders in the
region of 500–700 cm�1, which can be attributed to the differ-
ence between geopolymer and AAS.

(C) SEM Analysis: The morphological transforma-
tions during the geopolymerization process of RM-III-5 and
GBFS-III binders are shown in Fig. 13. As shown in
Figs. 13(a) and (d), large quantities of nanosized particulates
were formed through the dissolution and reorientation reac-
tions of the aluminosilicate sources in alkaline solution.
Nanosized particulates, which are called geopolymeric
micelles14 have been observed in many reports.30,37,38 In
Figs. 13(b) and (e), some matrices were formed through the
aggregation of the nanosized particulates during the solidifi-
cation process. At last, most nanosized particulates trans-
formed to homogeneous and highly dense matrices as shown
in Figs. 13(c) and (f). The increase in strength of the binders
along with curing time can be attributed to the growth of the
homogeneous and dense matrix microstructure.

By comparing the SEM images of two binders cured for
3 d, it can be found that there were some undissolved raw
material particles in RM-III-5 binders [in Fig. 13(a)], but
homogeneous nanosized particles were distributed in the

Fig. 11. XRD patterns of RM-III-0, GBFS-III, RM-III-5 binders
and RM sample calcined at 800°C at different curing days.

Fig. 12. FTIR spectra of (a) RM sample calcined at 800°C and the
different binders: (b) RM-III-5 cured for 3 d; (c) RM-III-5 cured for
28 d; (d) RM-III-0 cured for 28 d; and (e) GBFS-III cured for 28 d.
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whole microstructure in GBFS-III binders, as shown in
Fig. 13(d). In Fig. 13(b), many flocculent gels were also
observed in the microstructure, which implied poorly crystal-
line C–(A)–S–H phase. The C–(A)–S–H gels acted as a
bridge or formed a framework for geopolymeric matrices. In
a study of the effect of GBFS addition on the microstructure
and properties of metakaolin-based geopolymeric materials,
Yip et al.25 found the coexistence of geopolymeric gel and
C–S–H gel, which was similar to the structure of ancient
concrete. C–S–H gel within the geopolymer worked as a mic-
roaggregate and thus produced dense binders, which pre-
sented better performance. Similarly, the produced
composite materials in this research are also the composite
of geopolymer and AAS. This explains why the compressive
strength of RM-III-9 binders was higher than that of GBFS-
III binders.

IV. Conclusions

The work demonstrated the feasibility of synthesizing a com-
posite geopolymeric material by the use of calcined RM and
GBFS. Synthesizing geopolymer from Bayer RM is a poten-
tial disposal and reutilization approach for RM, which could
eliminate the negative effect of sodium in RM on its applica-
tion in other construction materials.

The conclusions are drawn as follows:

1. Thermal treatment has a great influence on the alumi-
nosilicate phase transformation of RM. Mineral phases
in the raw RM transformed successively with an
increase in temperature, forming new phases with dif-
ferent solubility. The optimal condition of thermal
treatment for RM was approximately 800°C for 3 h by
which the highest dissolution efficiencies of both alu-
mina and silica were obtained.

2. To reuse as much RM as possible, the RM/GBFS
mass ratio of 5:5 with a satisfactory compressive
strength was acceptable for the potential application in
construction materials. The optimum dosage of sodium
silicate is 6.90 wt% of Na2O, with a SiO2/Na2O molar

ratio of 1.7. The 28-d compressive strength of the com-
posite binders reached the highest value of 49.2 MPa
with RM calcined at 800°C, which demonstrated that
a higher solubility of the calcined RM leads to a
higher compressive strength of the binders.

3. XRD, FTIR, and SEM results well-presented the geo-
polymerization process of the composite binders made
from calcined RM and GBFS. The aluminosilicate
materials dissolved in the alkaline solution, forming
nanosized particulates for the subsequent reactions.
The nanosized particulates accumulated to form highly
dense geopolymer matrices in the following solidifica-
tion process. The main hydration products were poorly
crystalline C–(A)–S–H and amorphous geopolymeric
materials. It is suggested that the coexistence of geo-
polymeric gel and C–(A)–S–H gel contributes to a
good performance of the composite binders.
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