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Abstract

To decrease the contaminant leaching and radon exhalation from uranium tailings, a phosphoric acid-based geopolymer
(PAG) precursor was selected as a solidifying agent to bind coarse sands to achieve compact structures. Machine learning
was applied to explore the optimal ratio of geopolymer preparation, aimed at achieving a higher compressive strength of
solidified bodies. Results showed that the maximum compressive strength of 18.964 MPa appeared at the mass ratio of 2.8
for phosphoric acid/kaolin. The uranium leaching rate of 0.70x 107° cm/d on the 42nd day was three orders of magnitude
less than the clay mixture-based geopolymer solidified bodies. The successful synthesis of geopolymer was evidenced by
the X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), the homogeneous and dense structure of

solidified bodies was characterized by the scanning electron microscopy (SEM).
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Introduction

As a radioactive residue from mining and smelting of ura-
nium mines, typical environmental problems arising from
uranium tailings are radon emanation and contaminants
leaching, including radionuclides, heavy metals and arse-
nic, into surface and groundwater. Among a range of techni-
cal measures that can be employed to prevent or reduce the
extent of these processes, solidification technology is effec-
tive in isolating the uranium mill tailings from the outside
environment [1]. For uranium mill tailings such a low-level
radioactive waste, cement has been widely applied because
of the low cost, easy handling and the ability to meet strin-
gent processing and performance requirements [2]. Never-
theless, cement curing-based solidification is constrained
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due to its shortcoming of volume increase, intensive energy
consumption, time-consuming and massive CO, emission
[3-5]. Therefore, exploring alternative materials with clean,
low carbon and high efficiency has been an urgent necessity.

Geopolymerrization is a kind of technology to con-
vert activated aluminosilicate sources such as metakao-
lin, which featured by rich in silica (SiO,) and alumina
(Al,03), by the basic or acidic attack at low temperature
into geopolymer. It has been seen as the third genera-
tion cement after lime and ordinary Portland cement [6].
Besides as a cement replacement, geopolymers have been
applied to encapsulate toxic and radioactive wastes due to
certain advantages such as curing efficiency, mechanical
strength, freeze-thaw resistance, heat resistance, and dura-
bility. For instance, the Pb(Il), Cu(II), Cd(II) and Cr(III)
immobilized properties by kaolin and zeolite-based geo-
polymer were investigated. It exhibited lower energy and
cost-consuming than the metakaolin-based geopolymer
immobilization, and a lower leaching rate than the previ-
ous works for metakaolin and fly ash-based geopolymers
[7]. In the study by Xu and co-workers, the performance of
cement and metakaolin-based geopolymer to immobilize
strontium were compared [8]. It revealed that the denser
microstructure of metakaolin-based geopolymer and the
geopolymer solidified blocks exhibited better leaching
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resistance and stable compressive strength than cement
solidified blocks. Moreover, Huang’s group proposed the
utilization of geopolymer for heavy metal immobilization
in the lead-zinc tailing [9]. The coal gangue and blast fur-
nace slag were used as the raw materials to synthesize
composite geopolymer, and the compressive strength of
solidified bodies with 70% leading-zinc tailings reached
21.68 MPa.

In an attempt to examine the feasibility of geopolymer
as uranium tailings solidifying agent, the phosphoric acid-
based mechanical activated kaolin was selected to prepare
a geopolymer precursor. On the one hand, the phosphoric
acid-based geopolymer shows superior properties than
the alkali-activator geopolymer [10]. On the other hand,
mechanically activated kaolin is an aluminosilicate pro-
duced from the grinding of kaolin, exhibiting to be more
reactive than thermally activated kaolin [11]. Compared
to the heat treatment of kaolin, the mechanically acti-
vated kaolin would decrease the use of fossil fuels and
the release of CO,, NO, and SO,. In addition, to produce
denser microstructures in the solidified bodies, sintering
steps were conducted, avoiding the tediously curing time
of 28 days [12, 13].

As the major performance index of solidified bodies,
the compressive strength is significantly affected by the
ratio of raw materials [14]. However, single-factor experi-
ment and orthogonal experiment are limited by their sub-
jectivity and inherently defects thus be labor-intensive and
time-consuming to exhaust all ratios. In sharp contrast, the
machine learning algorithm can fully exploit the feature
information hidden in multidimensional data and trans-
form it into the desired mathematical model after learning
and processing, so as to apply it in various fields. Recently,
Yang and co-workers combined the artificial neural net-
work and a genetic algorithm to predict the operating
parameters disposal of real rolling wastewater, indicating
the feasibility of machine learning in waste treatment [15].

Herein, preparation of mechanical activated kaolin-
based geopolymer with rational raw material design and
solidification of uranium mill tailings were conducted in
this study. The relationship of variables (i.e., phosphoric
acid concentration, water content) and compressive
strength of solidified body was explored by the particle
swarm optimization-support vector machine (PSO-SVM).
The leaching test and radon exhalation measurement were
carried out to evaluate the solidification efficiency of ura-
nium tailings with PAG. Furthermore, the XRD, FTIR and

Table 2 The mass ratio of raw materials

Mass ratio (Kaolin: DI water:
Phosphoric acid solution) (g)

Group number

Gl 40:60:32
G2 40:60:38
G3 40:60:44
G4 40:60:50
G5 40:60:52
G6 40:60:58
G7 40:60:64
G8 40:60:70
G9 40:60:76
G10 40:60:82
Gl1 40:60:88
G12 40:60:94
G13 40:60:100
Gl4 40:60:106
G15 40:60:112
Gl16 40:60:118
G17 40:60:124

SEM were used to provide insight into PAG’s work forms
and mechanisms.

Experiment
Experimental materials

The uranium tailings are all from a uranium tailing
impoundments in south China. The kaolin is obtained from
a kaolin mine in southwest China. The concentrated phos-
phoric acid solution is purchased from Aladdin (AR, > 85
wt % in H,O, concentration of 14.614 mol/L). The particle
size distribution of uranium tailings is mainly coarse sand
with 0.5 mm, all uranium tailings were dried at 105 °C for
24 h to remove moisture contents. The kaolin was dried at
60 °C, while the mechanical treatment of the kaolin was
conducted using the YXQM-2L type planetary ball mill.
The dried kaolin sample was put in the agitated tank with a
capacity of 500 cm?® using agate balls with different dimen-
sions, and kaolin with a particle size of 0.075 mm was
obtained. The chemical composition of kaolin is shown
in Table 1.

Table 1 The chemical

SiO
composition of kaolin (wt %) .

ALO; K,0 TiO,

Fe,0, MgO P,0; Na,O CaO SO, Cr,04

55.05 40.02 1.71 1.42

0.99 0.27 0.14 0.08 0.04 0.04 0.02
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Fig.1 a, b XRD pattern of kaolin and PAG with raw material ratio of
G16. ¢ FTIR spectra of the PAG with raw material ratio of G16

Geopolymer synthesis

In order to synthesize an appropriate geopolymer precur-
sor that can successfully stabilize the uranium tailings, geo-
polymer samples with various raw materials mass ratios, as
listed in Table 2 were prepared. In the synthesis sequence,
the kaolin suspension was mixed with the phosphoric acid
solution at 90 °C for 100 min with magnetic stirring. When
the solution turned white, the phosphoric acid-based geo-
polymer (PAG) was obtained.

Uranium tailings solidification with PAG

Upon the addition of 105 g PAG onto 305 g uranium tail-
ings, the mixtures were prepared in a porcelain mortar until
the paste was homogeneous. Then the mixture was taken
into a metal mould and uniaxially pressed at 150 MPa to
form cylindrical compacts with a diameter of 50 mm and a
height of about 80 mm. The uranium tailings solidified bod-
ies bound by PAG was obtained after 30 min of calcination
at 800 °C in the air atmosphere.

Characterization test

The Fourier Transform Infrared Spectrometer (FTIR, IRA-
1S WL) was used to determine the functional group and
chemical bond in the PAG. The X-ray diffraction patterns of
the kaolin and PAG were collected, and the mineral phases
were identified. The morphology of the solidified specimen
was observed by scanning electron microscope (SEM, TES-
CAN MIRA LMS).

The uniaxial compressive strength test of @ 50 x 80 mm
solidified bodies was conducted according to the standard
GB/T 17,671-2021 and GB 14,569.1-2011. The RAD7
Electronic Radon Detector was used to determine the radon
exhalation of solidified bodies, and the calculation formula
was as follows:

K-V,
Y

J ey
where J is the Radon exhalation rate on one side of solidified
body, in Bg - m~2 - s~!; K is the slope of the one-side fitting
curve of the accumulated radon concentration of the solidi-
fied body, in Bq-m™ - s7!; S is the single exposed base
area of the solidified body, in m?; V, is the effective volume
in radon collecting space except for solidified bodies, m>.

The leaching test was conducted according to the China
standard GB/T 7023—2011. The DI water with pH=7.0 was
chosen as the leaching solution, and the prepared uranium
tailings solidified bodies were completely immersed in the
500 mL experiment devices. The supernatant was extracted
at1d,3d,74d,14d,21d, 28d,35d, and 42 d. The ura-
nium concentration was analyzed by an inductively coupled
plasma (ICP) mass spectrometer (MS). The leaching rate and
cumulative amount of leaching of uranium were calculated
following the equation:

_ an/AO

" /v, @
_ Z an/AO

sV ©)
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Fig.2 a The compressive strength curve of PAG solidified uranium tailings. b The mass ratio of phosphoric acid/DI water. ¢ The measured com-
pressive strength and fitting regression results from the PSO-SVM model. d The compressive strength prediction curve of PAG solidified bodies

where R, is the leaching rate of group i in the nth leaching
cycle, in cm/d; a, is the mass of group i solidified body in
the n™ leaching cycle; A, is the initial mass of group i in the
solidified body sample; S is the contact geometric surface
area between the solidified body and the leached solution;
V is the volume of solidified body; (At), is the time required
for the n™ leaching cycle; P, is cumulative amount of leach-
ing of uranium, in cm.

Results and discussion

The XRD patterns of the sample of kaolin and PAG with
the raw ratio of G16 are shown in Fig. 1a and b, respectively.
Figure 1a exhibits the kaolinite and quartz phase in the kao-
lin. After the kaolin was activated by phosphoric acid, as
shown in Fig. 1b, the presence of quartz is indicated by the
strongest peak at 26.8°, which does not contribute to the
geopolymerization reaction [16]. The peak at 23.6° is the
residual kaolinite peak with reduced intensity. Apart from
this, the peak appears at 33.7°, which can be indexed to
metavariscite (AIPO,-2H,0), resulting from the reaction

@ Springer

between the leached aluminum and the PO, tetrahedra of
phosphoric acid. Significantly, the broad and diffuse peak
from 17.9° to 32.9° is considered the amorphous phase in
PAG [17]. The metavariscite phase and the diffuse halo dem-
onstrate the successful synthesis of PAG. The FTIR spectra
in Fig. 1c schematically illustrates the existence of various
chemical bonds of PAG. As shown in Fig. Ic, the bands at
3689 cm™!, 3238 cm™! and 540 cm™! are the consequences
of unreacted kaolin in the product of PAG [17]. The bands
at 470 cm™! and 779 cm™! are related to Si—-O-Si bending
vibration, corresponding to stretching vibration and in-plane
bending vibration, respectively [18, 19]. The main band at
682 cm~! is attributed to Al-O—P symmetric stretching
vibration [19], while the peaks at 1020 cm™' and 920 cm™!
are considered as P-O stretching asymmetric vibrations of
[PO,]. Apart from this, the band that appears at 1100 cm™!
is assigned to the O—P-O vibration corresponded to [PO,]
[20, 21].

As shown in Fig. 2a, the compressive strength values of
the solidified bodies display irregular changes but generally
increase with the rise of the phosphoric acid solution ratio
and reaches a peak at 18.964 Mpa, which was in accordance
with the Chinese standards GB 14,569.1-2011 (no less than
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Fig.3 a The leaching rate and b cumulative leaching fraction of ura-
nium in uranium tailings solidified with PAG in raw material ratio of
G16. ¢ The fitted curve of cumulative radon concentration of uranium
tailings solidified with PAG in raw material ratio of G16

7 Mpa). A leading cause of irregular change in compres-
sive strength is the concentration variation of the phosphoric
acid solution, which means the simultaneous mass change of
phosphoric acid and water (Fig. 2b). Samet and co-workers
revealed that the reaction mechanism of phosphoric acid-
based geopolymer is Ht destroys Al-O bond in kaolin, and
then [PO,] tetrahedron reacts with AI** and kaolin to form

AlIPO, and Si—O-P bonds, finally [Si—O-P] polycondensa-
tion forms a new three-dimensional network structure [16].
Therefore, the molar ratio of P/Al is vital for the prepara-
tion of phosphoric acid-based geopolymer, which means
the high or low content of phosphoric acid will result in
an excessive reaction and incomplete reaction, respectively.
Specifically, originating from a dearth of H* at a low pro-
portion of phosphoric acid content will result in the inad-
equate dissolution of Al and subsequent incomplete reac-
tion that reduces the compressive strength; while at a high
proportion of phosphoric acid content, superfluous PO,*~,
HPO,*", H,PO,~ will be consumed by metal ions to bal-
ance the charge and cause a reduction in geopolymer. Apart
from this, the compressive strength is also correlated with
a water content that affects the dissolution of AI’** in kaolin
and the accumulation of heat during the preparation reaction
[22-24]. Therefore, the rational design of phosphoric acid
and water content ratio is of great significance to the excel-
lent mechanical property of PAG solidified bodies.

The compressive strength curve of solidified bodies
with irregular variation delivered a complex nonlinear rela-
tionship between raw material mix ratio and compressive
strength. It is formidably difficult for orthogonal design
to comprehensively analyze the insight link between the
content of raw material ratio and strength properties. The
support vector machine (SVM) is an efficient algorithm to
solve complex nonlinear problems, with the main features of
small data volume requirement, low algorithm complexity
and high-performance computing. The core idea of SVM is
the map the nonlinear low-dimensional sample data into the
linear high-dimensional space through the kernel function,
so that the relationship between the data becomes linear and
the optimal global solution can be obtained theoretically [25,
26].

Based on the SVM algorithm, we constructed linear
regression functions for 17 sets of sample data in high-
dimensional space:

f(x) = o’ @(x) + b @

where o is weight vector; ¢(x) is nonlinear mapping func-
tion, and b is offset vector.

The objective function and constraint condition of SVM
can be described as formulas (5) and (6), respectively.

1 c .
g}ggiw+Cl§(§+é‘) (5)
st.—(e+&) <y—wo(x) —b<et ©)

where C is the penalty factor; € is the insensitive parameter;&
and &* are slack variable.
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Fig.4 a-d SEM images of uranium tailings solidified samples with PAG in raw material ratio of G16. e EDS spectra of a. f EDS scanning

images of a

In order to solve Egs. (5) and (6), the Lagrangian func-
tion is introduced to transform it into a dual optimization
problem and the radial basis function is chosen for the kernel
function. The formula can be described as:

L
f0) = 0 0@ +b = Y (a,-a )K(x.x) +b* (D)
=1
_ Il x—x; |l
K(x;.x;) = exp Ty 8)

Therefore, the penalty factor C and the kernel function
parameter g are involved in the algorithm’s calculation. Estab-
lishing a precise SVM model requires the determination of
reasonable parameters C and g, the particle swarm optimiza-
tion (PSO) is chosen to optimize parameters [27, 28]. PSO is
inspired by the predation behavior of birds, the process of PSO
can be described as setting a swarm of random particles firstly,
then the optimal solution is obtained by constantly updating
the optimal position of all particles through iteration. The core
formula of PSO can be expressed as:

vf = covl‘.i_1 +cry (pbestl‘.i - x‘li) + czrz(gbestd —xf’) 9)

X =+ (10)

where v is the particle velocity; o is the inertia weight; c;
and c, are the learning factor; r; and r, are the random num-
bers on [0,1].

@ Springer

Taking the 17 groups of experiments data as training sets
to form an accurate PSO-SVM model, meantime imports
the forecast ratio of phosphoric acid and DI water to cal-
culate the strength variation tendency of solidified bodies.
As shown in Fig. 2c, the fitted regression curve is basically
coincident with the original strength curve and the mean-
square error (mse) is 4.33%, which means an accepted level.
Meanwhile, it is observed that peak intensity appears at G16,
subsequently the compressive strength gradually decreases
with the proportion increase of phosphoric acid/DI water,
indicating that the G16 experiment is the optimal mix of
raw materials (Fig. 2d). Although the training sets data is
limited, the accuracy of the PSO-SVM model indicates the
feasibility of this method, simultaneously providing refer-
ence and guidance for the design of raw material ratio of
geopolymer precursor and the research of performance opti-
mization of dopants like polyvinyl alcohol fiber, fiberglass,
and etc.

As we all know, the strength of solidified bodies is related
to porosity. The smaller porosity represents the more tightly
the phosphoric acid-based geopolymer binds the uranium
tailings, which means better resistance performance of radio-
nuclide leaching and radon exhalation rate of solidified bod-
ies. Therefore, the radon exhalation rate and uranium leach-
ing were measured for the solidified tailings at a G16 ratio of
phosphoric acid to DI water. The leaching rate and accumu-
lative leaching fraction of uranium in solidified bodies are
shown in Fig. 3a and b, respectively. As shown in Fig. 3a,
the curve of the leaching rate gradually decreases and tends
to be stable after 28 d. The leaching rate of PAG solidified
uranium tailing on the 42™ day is 0.70x 10~® cm/d, which
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is much lower than alkali-activator geopolymer solidified
bodies of 0.29 x 1072 cm/d, 1% polyvinyl alcohol (PVA) fib-
ers doped geopolymer solidified bodies of 0.393 x 10~ cm/d
and 1% basalt fibers doped geopolymer solidified bodies of
0.323 x 1073 cm/d [29]. The results revealed the exceptional
nuclide packaging performance of PAG solidified bodies. As
shown in Fig. 3b, the cumulative leaching fraction of ura-
nium increases gradually and tends to level off at 42 d with
7.38 x 107> cm. The cumulative radon concentration fitted
curve is displayed in Fig. 3c, and the radon exhalation rate
calculated according to Eq. (1) is 0.42 Bqem2es~!, which
complies with the China standard of radiation protection in
uranium mining and metallurgy (below 0.74 Bqem 2es™!)
(GB 23,727-2020).

The micromorphology and the energy dispersive spec-
trometer (EDS) spectra of the solidified bodies with PAG in
raw material ratio of G16 are shown in Fig. 4. Figure 4a, b
manifested an amorphous structure of PAG solidified bodies,
which also featured the heterogeneous system. In addition,
the higher resolution SEM image (Fig. 4c, d) reveals the
smooth surface and heterogeneous distribution of the solidi-
fied bodies. As shown in Fig. 4e, f, the EDS spectra displays
that the elements of O, Si, Al and P in PAG solidified bodies
are homogeneously distributed without obvious enrichment,
the content of Si is the largest.

Conclusion

In this study, the solidification efficiency of mechanical acti-
vated kaolin-based geopolymer on radioactive waste i.e.,
uranium tailings was evaluated. The PSO-SVM model was
constructed to investigate the optimal ratio of raw materials
in the geopolymer precursor synthesis. Under the optimum
mass ratio of phosphoric acid/kaolin as 2.8, the compressive
strength of PAG solidified uranium tailings was 18.964 MPa.
The leaching rate of uranium in solidified bodies was
0.70 x 107% cm/d after 42 days of leaching, which was three
orders of magnitude lower than the leaching rate of alkali-
based geopolymer immobilized uranium tailings, showing
excellent performance in preventing uranium leaching. The
XRD and FTIR results showed the successful synthesis of
geopolymer. The SEM of solidified bodies showed the com-
pact microstructures, which contributed to the high compres-
sive strength and low leaching of radionuclide uranium.
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