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The metakaolin-based geopolymer could not solidify the oil. However, the
geopolymer can successfully solidify oil content with the help of a surfactant that changes the
surface of the oil from negative to positive, allowing it to interact with the opposing surface of
the geopolymer. However, the compressive strength of the resulting composite decreased as the oil
content increased due to an increase in porosity, and as the hydration products filled the pores
over time, the strength increased. According to the results of TOC analysis, the oil is firmly
immobilised within the geopolymer, and after long-term immersion in water, the amount of leaching
gradually approaches 0.2%. This is a very small quantity, effectively demonstrating the successful
achievement of oil immobilisation using metakaolin-based geopolymer.



A significant quantity of radioactive and hazardous waste arises from incidents like the
Fukushima Daiichi Nuclear Power Plant accident and other nuclear activities in Japan.
Solidification stands out as the most prevalent method for immobilising radionuclide waste,
typically employing cementitious materials to stabilise and solidify inorganic waste streams.
However, liquid organic radioactive waste, comprising compounds such as Xylene (C8H10),
mesitylene (C9H12), diphenyloxazole (C15H11NO), and tributyl phosphate (PO(OC4H9)3),
cannot be effectively treated with cementitious materials. These organic compounds impede
cement hydration, thereby compromising the development of desired physicochemical and
mechanical properties [1].

C8H10 C9H12 C15H11NO
PO(OC4H9)3

[1]

Organophilic clay or polymers like NocharR have been utilised as adsorbents for liquid
organic waste before solidification [2]. However, the associated costs and the complexity of
the immobilisation process underscore the need for alternative materials and methods.
Geopolymers have recently gained considerable attention for various applications,
particularly in cement-free concrete and the encapsulation of radioactive waste [3].
Additionally, geopolymer shows promise as a material for directly solidifying organic liquid
waste and has been explored for developing porosity-controlled materials [4-5]. Effective
interaction and control of liquid organic compounds within geopolymer are essential to
maximise the potential of geopolymer-organic liquid composites. Consequently,
understanding the interface chemistry between the liquid organic compounds/solution and
geopolymer/solution is crucial for trapping organic compounds within the solid material,
whether through chemical bonding or physical entrapment. However, to date, quantitative
studies on this interface chemistry in confining liquid organic compounds within geopolymers
are lacking.
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The goal of this research project is to propose a low-cost method for tailoring geopolymers as
an innovative material capable of trapping and resisting the leaching of organic radioactive
waste, while also assessing the long-term performance of geopolymer-organic composites.

Metakaolin-based geopolymer pastes were prepared using metakaolin (Sobueclay, Japan),
and the average particle size of the metakaolin was 577.4 nm. The alkali activates solutions
(Si02: K20: H20 = 1:1:13) were prepared by mixing an agueous potassium silicate solution
(WAKO, Japan) into potassium hydroxide solutions (WAKO, Japan). The geopolymers with
varying oil content, lubricating oil (FBK 32, ENEOS), was prepared. The n-
Hexadecyltrimethyl ammonium Bromide (CTAB) was adopted as a surfactant. The alkali-



activated solutions were prepared by mixing an aqueous potassium silicate solution into
potassium hydroxide solutions at the required concentration until the solution became
homogenous and transparent. Potassium hydroxide solutions were prepared by dissolving
KOH in ultrapure water. Then, prepared solutions were stored in a laboratory environment
(20 °C and RH = 60%) for 24 hours to allow equilibration of the solution. Afterwards, the
solution was mixed with oil to create an emulsion, which was used to synthesise the
geopolymer-oil samples. Geopolymer-oil (GPOIL) samples were prepared by mechanically
mixing stoichiometric amounts of metakaolin with different oil content emulsions. The
mixture was kneaded for 15 min to form a homogeneous slurry, followed by an additional 15
min of vibration to remove entrained air before sealing into a mould. The geopolymer-oil
paste was cured at 20 , 99%RH for 7 and 28 days.
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The workability of the geopolymer can be assessed by conducting a flow table test similar to
previous studies [6] with mould dimensions of 50 mm diameter and 51 mm height. For the
prepared geopolymer paste, 0, 20 and 60-minute flow table tests were performed. The spread
diameters were measured four times, and the average was taken. The assessment of
compressive strengths for distinct sample types was undertaken to scrutinise the
fluctuations in the compressive strength of geopolymers subject to diverse oil encapsulations.
Compressive tests adhered to the standards outlined in JIS A 1108, employing a loading
speed of 0.6 N/mm2 per second [7]. Each sample type underwent three individual tests, and
the average strength was derived from these measurements. The pore structure analysis was
conducted utilising a Scanning Electron Microscope (SEM: JSM-1T200, JEOL, Japan) with a
15 kV acceleration voltage. For the resin sample preparations, 2 mm thick samples were
sliced from the cylindrically casted samples, and they were immersed in epoxy resin after
removal of water by dehydrating and cured in 65 °C. Then the samples were polished using
diamond paste and gold dust coated for SEM observation. In addition, a geopolymer
suspension with a solid-to-water ratio of 1 g/L was prepared for zeta potential measurements
using a zeta potential and particle size analyser apparatus (ELSZ-1000ZS).
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Geopolymer with oil content from 0% to 20% was prepared and cured under 20 , 99% RH
for 28 days. The results showed that the interaction between organic liquid and metakaolin-
based geopolymer was not realised, as shown in Fig. 1. The reason for its failure was explored
through zeta potential, where both pure oil and geopolymer [6] show the negative value of
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zeta potential and repel each other. The surfactant was added to change the negative
relationship between the two. Fig. 2 shows the zeta potential value of pure oil and oil with
cationic surfactant CTAB and their pH. The surfactant has changed the surface of the oil
from negative to positive, but it does not influence the pH. The surface-modified oil can easily
interact with the opposing surface of the geopolymer. Thus, the oil can be successfully
solidified in the geopolymer, as shown in Fig. 3. The lipophilic group of the surfactant is
attached to the organic liquid whereas the hydrophilic group is joined to the reaction products
of geopolymer. Through this interaction and the opposite surface charge mechanism, the oil
droplet can be immobilised tightly in the geopolymer. The workability test was conducted
on GPOIL paste with varying oil content modified by cationic surfactant. This ensures the
flowability and plasticity of fresh geopolymer and allows for proper placement, compaction,
and finishing. The result is shown in Fig.4. In the short time after the stirring reaction, due
to the presence of lubricating oil, there is a certain increase in slump, and by 4 hours, the
geopolymer-oil has already begun to harden, losing its fluidity.
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Figure 1. GPOIL with no surfactant
Figure 2. Zeta potential of oil with surfactant
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Figure 3. GPOIL with surfactant Figure 4. Flow of GPOIL with surfactant

By visually inspecting geopolymer-oil products with and without surfactant, it can be
preliminarily determined that there is no noticeable oil leakage from the products after 28
days. However, it cannot be confirmed that the oil is immobilised within the geopolymer.
Therefore, the final geopolymer-oil products were cut, polished, and observed internally using
SEM for detailed analysis, and the results are shown in Fig. 5. The final product without
surfactant has an intact internal structure without pores, indicating that the oil has not been
immobilised within the geopolymer. In contrast, the final product with added surfactant
exhibits numerous regularly shaped spherical pores internally. This indicates the successful
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immobilisation of oil within the geopolymer and suggests potential considerations for
developing porosity-controlled materials in the future.
- 28

- SEM

Figure 5. SEM image of geopolymer oil without surfactant (left) and GPOIL with surfactant
(right)

The compression strength test was conducted on GPOIL-surfactant with oil content from 0%
to 50%, and the results are shown in Fig. 6. As the oil content increased, the compressive
strength of the composite decreased due to increment of porosity induced by the presence of
oil. This can be attributed to the fact that as the oil content and porosity increased, the
number of effective bonding points decreased, resulting in a decrease in strength. As the
number of days and hydration increased, the hydration products filled the pores, resulting in
an increase in strength.
0% 50% GPOIL-
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Fig. 6. Compressive strength of GPOIL
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