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ABSTRACT

The oil shale residue (here after, OSR), as industrial waste residual by carbonization or burning of
oil shale, can do damage to the environment. In this paper, a new kind of alkali-activated oil shale
cement (AOC), with both high early strength and later strength has been developed by the applica-
tion of composite water glass into slag-OSR system. The mortar was activated by less Na,O (3.6 wt.%)
which could reduce the production costs of AOC. The hydration products of this AOC mortars have
been examined by means of XRD, DSC, FTIR, SEM, etc. The results indicated that the hardened AOC
mortars were mostly consisted of C-S-H gel which being low in Ca/Si ratio. Unlike alkali-activated
slag material, in the AOC mortars some zeolite-like products have been detected. The micro struc-
tures of AOC mortars had less porosity and the inter facial zone between aggregate and hydration
products was dense and of homogeneous. By controlling the chemical composition of raw materials,
it is possible to produce AOC mortar with mechanical strength comparable to conventional Portland
cement mortars.

Keywords: Oil shale residue; Alkali-activated cement; Eco-friendly cementing materials; Wastewater

treatment structure

1. Introduction

In existing engineering designs, chemistry corrosion
on concrete structure in city wastewater treatment plant
received little attention, though it happens widely in daily
running systems, it is hard to find or care once the enclosed
concrete structure completed. Developing with the city, the
city wastewater treatment plant has been requested better
function and higher standard, so the concrete chemistry
corrosion problem should be emphasized [1-3].

Alkali-activated cement and concrete are new alternative
building materials, whose main difference from traditional
Portland cement concrete is the use of a relatively alkali-rich,
clinker-free binder matrix. Compared with conventional
concrete, the production of Alkali-cement and concrete are
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associated with low energy consumption, high corrosion
resistance and low CO, emission, along with the potential
to reach high mechanical strength and high stability [4-8].

Large number of fly ashes and other industrial wastes
discharged by power station should have new applications,
which could give a new impetus to Alkali-activated cement
and concrete [9,10]. In the US, for example, 49% of the
wastes from power station were returned to the landfills
and 41% were emitted into settling basin.

In order to reduce the disposal expense, some industrial
wastes were stacked up the ground that does not include
the high-SO, wastes. However, there were few reports in
the alkali activated based on other industrial waste residue,
most of the research works were for Alkali-activated slag
cement in the past. So the use of other industrial wastes for
alkali activated cement has great excellent prospects.
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According to incomplete statistics, the oil shale
resources are rich in the whole world and distribute in
a broad range. There are about 10 trillion tons oil shale
have been estimated which were 40% more than coal. Oil
shale residue (OSR), a waste residual by carbonization or
burning of oil shale, with high activity, would seriously
pollute environment and occupy large area of useful land
without rational reuse. However, there were few reports
in the academic literature regarding alkali-activated
cement and concrete based on oil shale waste, and the
method to control chemical composition of alkali-
activated cement and concrete has not been described.
For the production of Portland cement caused a lot of
environment and resources problems, the trend of cement
industry should be aiming at producing alkali-activated
cement and concrete by largely utilization of OSR, slag
and flying ashes.

This work concentrated on alkali-activated oil shale
cement (AOC) mortar activated by sodium silicate solution.
The report also includes the producing methods and
technical indexes of AOC mortar, which could make it reach
the practical level and supply a new way for OSR recycling
treatment technology, providing an effective control method
of AOC production.

2. Experimental program
2.1. Materials

The raw materials used to produce the binder are OSR
from the Huadian thermal power plants and granulated
blast furnace slag form Tonghua steel plant, Jilin Province,
China. The chemical composition of the granulated blast
furnace slag and OSR used in this study are shown in Table
1. A pilot ball mill was used to prepare the slag and OSR
with Blaine surface areas of 400 m*/kg and 399 m?/kg,
respectively. The mineral composition of the OSR and slag
are shown in Fig. 1, and the chemical composition of the
OSR and slag are shown in Table 1.

The alkaline activation of the AOC was carried out
using a sodium silicate solution (Na,0-rSiO,nH,0), with
the silica modulus of the solution 1.2.

A commercial Portland cement clinker with Blaine fine-
ness of 320 m*/kg and specific gravity of 3300 kg/m? was
used as adjusting setting agent and its chemical composi-
tion is shown in Table 1.

China standard sand was used as fine aggregates in the
manufacture of AOC mortar. The specific gravity, absorp-
tion, and fineness modulus of the sand were 2400 kg/m?,
3.75% and 2.4, respectively.
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2.2. Experimental program

The binder/sand ratio of AOC mortars adopted here
is of 1:3. The activating agents was water glass (SiO,/
Na,O=1.2) with in which the Na,O is 3.6 wt% of the binder.
Portland cement clinker was added to all mixes as an
adjusting setting agent at 4 wt% of the binder. The mixes
were formulated to achieve mortar consistency of around
90 mm and a total water/binder ratio of 0.5. The specimens
of AOC mortars (4x4x16 cm) were designed following the
standard procedure GB/T 17671-1999, idt ISO 679: 1989
(Method of testing cements-Determination of strength),
using same binder/sand and water/binder ratio specified
for the AOC mortar. And the AOC mortar were kept in a
humidity-controlled chamber (relative humidity of 95%
RH) at 20 = 2°C in order to prevent leaching of the alkaline
activator, and the mix details are shown in Table 2.

2.3. Characterization

Compressive strength was evaluated from 1 to 90 d,
the average of six specimens is reported. Fragments form
mechanical testing were dried in vacuum at 105°C for 12 h
to eliminate the free water available for the reaction. Sam-
ples of 3 d and 90 d were used for characterization by scan-
ning electron microscopy (SEM). Futher more the hardened
material was tested using a set of instrumental analytical
methods to obtain mechanical, mineralogical, physical date
at the multilevel. Methods included Fourier transform
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Fig. 1. Mineral composition of OSR and slag.

Table 1

Chemical composition of the starting materials
Item Loss SiO, Fe,O, ALO, CaO MgO SO, K,0 Na,O
Oil shale residue (OSR) 2.55 2.85 7.73 16.30 5.10 143 0.88 2.00 1.01
Slag(S) 0.31 36.40 2.17 11.84 37.24 7.50 / 0.33 0.28
Portland cement clinker / 21.75 4.00 4.62 65.81 1.15 047 0.51 0.25

(adjustable setting-time agent)
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infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
differential scanning calorimetry (DSC).

3. Results and discussion
3.1. Compressive and flexural strength

The development of mechanical strength of AOC mor-
tar is given in Fig. 2. Compared with neat slag, higher
compress and flexural strength can be observed while the
mortar were 50% amount of OSR since the first day and up
to 90 d of curing. It may be caused by that the OSR was per-
forming as heterogeneous nucleation centers for the precip-
itation of the hydration products after the dissolution of the
slag grains under the alkali action, and also accelerated the
reaction speed. But the mechanical strength of AOC mor-
tar was reduced when the OSR content exceeded 50%, the
strength of 70% OSR was lower at all times. These results
correlated well with the chemical composition of the OSR
and slag. It has been known that the raw materials (except
alkali-activator) of alkali-activated materials which can be
divided into two categories: one is silicon-aluminum min-
eral, and the other is calcium-magnesium material or mate-
rial containing silicon-aluminum and calcium-magnesium.

The OSR belongs to silicon-aluminum mineral, which
is high in 5iO, and AlL,O,, low CaO and MgO content. By
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Table 2
Proportion of AOC mortars prepared with OSR and slag

Water/solids 0.5

OSR (%) 0 40 50 60 70
Slag (%) 100 60 50 40 30
Na,O (%) equivalent 3.6% 3.6% 3.6% 3.6% 3.6%
Portland cement clinker 4 4 4 4 4
(adjustable setting-time agent)

Sand (g) 1350 1350 1350 1350 1350
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contrast, the slag which belongs to calcium-magnesium
material has a high content of CaO and MgO. Therefore,
Alkali-activated raw material consists of OSR and slag
has a moderate Ca/Si ratio. For mortar with 50% OSR,
the Ca/Si ratio of 0.45, higher than that used in a study
of pozzolanic materials of 0.25 [11], it is possible to expect
a pozzolanic behavior of the SiO, with the CaO, the OSR
is also an activant to the slag. Many results indicate the
higher that Ca/Si ratio the better breaking the Si-O bond
and AI-O bond effect, but the higher Ca/Si need more
alkali-activator. The alkaline activator was incorporated
at a concentration of activation of 3.6% Na,O in this paper
which was lower than 7.5% Na,O of other reports [12],
therefore when the OSR was set as 70% (Ca/Si ratio of
0.29), the strength will be consequently lower according
to less alkali-activator.

The high mechanical strength of AOC mortar is
attributed to the physical and structural characteristics of
the binders formed in these systems. Although the origin
of the fast setting is not clear and more work is needed to
elucidate it, but some possible mechanisms may be able to
explain it, hydration reactions of AOC mortar are possibly
affected by dissolution and precipitation phenomena,
faster than the diffusion-controlled reaction process which
take place in Portland cement hydration [13,14], therefore
high compressive strength can be observed at the early
age of curing. On the other hand, the amorphous OSR and
slag go partly in solution of mixing cause the increases the
viscosity and formed a gel, thought as a result of increased
intermolecular forces due to neutralization of the charge
or a kind of dehydration. Such as the alkali-activated slag
material, the C-S-H (I) is one of the main hydration products
in the AOC which has high later strength and excellent dura-
bility, during this alkali-activation reaction, the silicate ions
which are both dissolved from the raw materials and sup-
plied by water glass will react with the Ca* released from
the slag and OSR. Condensation and cross-linking of these
specimen leads to gelation, with some of the Si** substituted
by AI** supplied by the OSR and slag, and others incorporat-
ing some alkalis into charge-balancing sites and sorbed onto
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Fig. 2. Mechanical property of AOC mortar.
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the gel structure, resulting in a calcium silicate hydrate type
product with a low to moderate Ca/Si ratio [15-17].

And another hydration product which can be observed
in the AOC mortar is aluminosilicate phases similar to
the zeolite structure. In alkaline solution, OSR and slag
were cracking into low polymerization degree silicon-
oxygen tetrahedron and aluminum-oxygen tetrahedron
similar to polymer monomer, and the polymerization
of silicon oxygen tetrahedron and aluminum oxygen
tetrahedron in alkaline environment subsequently formed
three-dimensional netlike aluminosilicate [18]. However,
the hydration products of Portland cement were mainly
C-S-H gel formed by the hydrolysis and hardening of
active silicate minerals, which nowadays was commonly
recognized as a kind of inorganic polymer [19,20]. The
essential distinction between these two hydration products
was the diverse extent of polymerization in silicon oxygen
tetrahedron and aluminum oxygen tetrahedron. The
AOC mortar Ca/Si ratio adopted in this paper was much
lower than the one (commonly 0.8-1.8) in C-S-H gel of
Portland cement hydration products, thus under the same
hydration condition, the extent of polymerization of the
two tetrahedrons was relatively higher. And the SEM and
XRD at later stage also proved that the hydration products
of AOC mortars were mainly network structure formed by
amorphous aluminosilicate containing a certain amount
of C-S-H gel. The network structure of hydration products
are believed to contribute positively to the development of
higher mechanical strengths at advanced age of curing, and
also have better durability than Portland cement.

3.2. Micro structures and microanalysis

It was shown the formation and evolution of OSR micro
structure activated by water glass in Fig. 3. In the first 2 h, the
micro structure feature of the AOC mortar was quite similar
to the alkali-activated slag cement, with the OSR and slag
surface-corroded and partial reaction product deposited.
On the 1** day, most grains of OSR and slag were covered
by hydration products, with no connection among these
grains. Even though the hydration products gets in com-
pact structure, the characteristics of OSR and slag particle
outline are difficult to identify, and the remarkable feature
of hydration products can only been observed in the voids.
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The AOC mortar micro structure of hydration products
is shown in Fig. 4. In the presence of 50% OSR, the matrix of
hydration products appeared more compact than the oth-
ers. It seems that the appropriate OSR content seemed to
have better effect to improved compactness of the matrix
as well as the strength. As the hydration time grows, the
section structure of the AOC mortar is to have better com-
pactness, among which can be observed the flocculated
particles and a few hexagonal hydration products. All the
specimens is highly amorphous, the crystalline phases
originate from residual and sparingly soluble parts of
raw materials, namely zeolite and quartz. The hexagonal
hydration products could be C-S-H gel, showing laminate
structure C-S5-H adopted in Fig. 3, in contrast to C-S-H with
higher Ca/Si ratio in Portland cement which was more like
fiber-shaped. When OSR is blended with slag, clinker-like
hydrated phases will coexist with C-S-H in the matrix of
AOC. Recent experimental results pointed higher compres-
sive strength when C-S-H coexisted in the matrix.

The micro structures of AOC mortar in Fig. 4 show the
interface between the sand and the hydration products
was still dense and compact after 90 d, within which can
be observed chemical reactions, in contrast to the porous
zone and inter facial transition zone reported for Portland
cement mortars.

In Fig. 5, as the OSR content is of 50%, the interface
between sand and hydration product showed fine compact-
ness after 90 days of curing, and no crystal products were
observed such as Ca(OH),, in contrast to the heterogeneous
inter facial transition zone in Portland cement mortars. In
conclusion, the SEM investigation on the micro structure
of AOC mortar with 50% OSR addition gave a reasonable
answer to its higher mechanical strength mentioned in sec-
tion 3.1.

3.3. X-ray diffraction (XRD)

Fig. 6 shows the result of XRD analysis on the hardened
AOC mortar, which at the least revealed something as
follows:

All the XRD patterns show that the similar features.
Therefore, the similar composition and almost the same
hydration products regardless of the change of OSR and slag
content, indicated that all the crystallized minerals in the
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Fig. 3. The Formation process of the AOC mortar (50% OSR) micro structure.
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Fig. 5. SEM of the interface between sand and hydration product (50% OSR).

hardened cement paste system come from raw materials,
along with some new amorphous hydration products were
formed.

As we can see in the XRD pattern, the hardened AOC
mortar contains lots of a-quartz (mainly from raw materials),
along with certain amount of Sodilium Aluminosilicate

hydrate (Na,ALSi O,,-2H,0), unnamed Zeolite (Na,0-ALO.-
Si0,-H,0) and a small number of C-5-H gels, etc. With the
OSR content increasing, the diffraction peak value of a-SiO,
in the AOC mortar was growing gradually, which reflected
lower hydration degree of OSR and slag and reduced reaction
degree of SiO,. On the contrary, the diffraction peak value of
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Fig. 6. Result of XRD analysis of hardened AOC mortar.

C-5-H and Na,0-ALO,-5i0,-H,0 was reducing by degrees,
it proved that when OSR content is proper (50% OSR), the
hydration degree of raw material was comparatively higher
under the effect of activator, which would produce more
C-5-H and amorphous Na,0-ALO,-5i0,-H,O, this progress
is perfectly fit to the mechanical strength curve .

3.4. DSC analysis

Results of DSC analysis on AOC hardened specimen cured
at ambient temperature are shown in Fig. 7, which show the
similar features as those of hardened Portland cement paste
system except for the additional exothermic effect between
200 and 600°C probably being caused by the dehydration of
C-5-H. The floating of the base line of the DSC curves implies
the existence of large amount of C-5-H gel, that is for water in
different bonding status in C-S-H gel structure has different
bonding energy. The endothermic effect at around 120°C may
be due to the discharge of absorbed water in capillary pores
in the hardened AOC paste.

It is appropriate to emphasize that no endothermic
effect around 450°C, which was normally caused by the
dehydration of Ca(OH),, was detected, that indicated no
Ca(OH), formed in hardened AOC mortar. This result is in
a very good agreement with that obtained by XRD analysis.

3.5. FTIR analysis

The FTIR analysis of hardened AOC mortar specimens
is shown in Fig. 8, within which the wide absorption band
in wave length 3500 cm™ to 3400 cm™ was due to C-S-H gel,
as the addition of OSR reached 50%, the absorption band
was at its most, and proved that more C-S-H gels were pro-
duced. The absorption band in wave number 1000 cm™ to
1500 cm™ was due to the polymerization degree change of
reaction products, which was shown in the FTIR fig as that
the absorption band of the stretching vibration of Si-O-T
(T=Si or Al) shifted to lower wave number, additionally, this
shifting can also be triggered when some [SiO,]* group in
silicon-oxygen tetrahedron were replaced by aluminum-ox-
ygen tetrahedron. As we can see in the Fig. 6, when the OSR
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=== 60% OSR W
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Fig. 7. DSC analysis of the hardened AOC mortar.

AnpOsR

SOROSR

o7

L 1 1 1 1 1 1

500 1000 1500 2000 2500 3000 3500 4000

Wave length/em”

Fig. 8. IR analysis of the hardened AOC mortar.

amount increased, the absorption band of Si-O-T shifted to
higher wave number, which indicated that the silicon-ox-
ygen tetrahedron and aluminum-oxygen tetrahedron from
AOC mortar suffered a loss in polymerization degree. In
addition, the absorption band at 1500 cm™ was belong to
the flexural vibration and stretching vibration of O-H in
bound water, and the upward peak showed in 2000 cm™
and 2500 cm™ were caused by the disturbance from CO
and H,O in FTIR chamber.

2

3.6. TEM analysis

C-5-H is composed of nano-colloidal particles, so the
use of TEM at high resolution can give better view of its
morphological structure than the SEM. In our study, TEM
was used to investigate the AOC mortar of 50% content
OSR, and the test result is shown in Fig. 9. As we can see
in Figs. 9a and b by 20 nm scale observation, the hydration
products is a kind of agglomeration consisted of irregular
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C
Fig. 9. TEM analysis of the hardened AOC mortar.

forms particles and sheet-like object, within which the dis-
tinct layered structure can be clearly identified as C-S-H gel,
same to the result confirmed by other paper [20].

In Fig. 9, the lower resolution was caused by the thick-
ness in middle part which reduced the penetration power
of electron beam, but still could we identify the C-S-H lay-
ered structure. In Fig. 9d, the sheet-like object observed is a
kind of zeolite-like product consisting of sodilium alumi-
nosilicate (Na,ALSi O, -2H,0) and unnamed zeolite (Na,O-
AlO,-5i0,-H,0), this zeolite-like product together with
C-S5-H formed a net like space structure, which was also
proved by results of XRD, IR and DSC tests.

4. Conclusion

The study of OSR is a help for recycling specific hetero-
geneous hazardous waste material containing high amount
of SiO, and ALQO,. Performed analyses lead to following
conclusions.

1. By analysis of AOC mortar prepared at a range of
OSR and slag, using alkali-activated oil shale cement
as binder materials, the effects of mortar mix exper-
iment on mechanical and hydration products have
been determined. For 50% OSR contents, the AOC

mortars with lower alkali-activator generate higher
strengths at both 28 and 90 d. This was caused by the
network structure formed by amorphous aluminos-
ilicate containing a certain amount of C-S-H gel.

2. The SEM images showed that the interface of hydra-
tion products with the sand was dense and compact in
the systems. The microanalysis of the hydration prod-
ucts in AOC mortar indicated that in low Ca/Si ratio
condition, C-S-H gel was formed and intermixed with
zeolite-like product, which was confirmed by XRD.

3. Alkali-activated cement prepared by alkali-activated
oil shale is a new family of inorganic binders orig-
inating from waste materials, whose mechanical
properties are comparable with cementitious mate-
rials with superior chemical resistance, and highly
favorable to the environmental.
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