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Abstract

The Response Surface Methodology was employed to optimize the leaching parameters for SiO, during NaOH alkaline leach-
ing from vanadium acid leaching residues. The kinetic aspect of the process was also investigated. The results illustrate that
each factor positively influences the SiO, leaching rate, with the significance of these factors ranking as follows: leaching
temperature > alkali residue mass ratio > leaching duration. Under these optimal circumstances, the SiO, leaching rate can
attain a value as high as 95.55%. A kinetic examination of the alkaline leaching process implies that the reaction process is
predominantly governed by internal2 diffusion. The apparent activation energy of the reaction is 11.92 kJ-mol™'. The kinetic
equationis: 1 +2(1 —x) —3(1 —x)3 = 10.82exp(—%)t, and the reaction order of NaOH is 0.7284.
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1 Introduction

Vanadium is an important metal with widespread applica-
tions in various sectors of the national economy [1-3]. China
holds the leading position in both vanadium production and
consumption globally. Notably, vanadium-bearing shale
accounts for 87% of China's vanadium reserves, surpass-
ing the combined reserves of other countries worldwide [4].
Consequently, the development and utilization of vanadium-
bearing shale resources hold significant importance for Chi-
na's vanadium industry. Currently, acid leaching represents
the predominant method employed for extracting vanadium
from vanadium-bearing shale resources. However, due to
the generally low vanadium content in the shale (typically
ranging from 0.1% to 2.0%), the acid leaching process inevi-
tably generates a substantial quantity of acid leaching slag,
hereinafter referred to as acid leaching slag [5, 6]. If large
amounts of acid leaching residue are completely stored and
landfilled, it not only occupies substantial land area but also
poses potential threats to soil and water resources, thereby
impacting the industrial development of vanadium extraction
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from vanadium-bearing shale. Given these circumstances,
the current research hotspot revolves around exploiting the
key physical and chemical properties of acid leaching resi-
due to achieve reduction and resource utilization, thereby
promoting efficient and sustainable development within the
vanadium extraction industry.

Currently, the treatment of acid leaching residue is primar-
ily focused on the production of building materials such as
ceramsite and geopolymer [7, 8]. However, the low reactiv-
ity of acid leaching residue often requires high-temperature
roasting for activation or the addition of significant amounts
of non-renewable clay as additives when used in building
material preparation. This process is associated with chal-
lenges including a relatively lengthy duration, high produc-
tion costs, and relatively low added value of the resulting
products. Acid leaching residue typically contains a SiO,
content of over 80%, making it an ideal silicon source for
silicon-based materials. The main research direction for the
value-added utilization of silicon-containing solid waste
involves leaching silica from high-silicon solid waste to pro-
duce silica, silica aerogel, ordered mesoporous silica, zeolite,
sodium metasilicate, and other silicates and compounds [9].
In order to utilize low-grade high-sulfur bauxite, Wu et al.
[10] first employed suspension calcination for desulfurization
and subsequently conducted NaOH alkali leaching desilica-
tion tests on the calcined bauxite under atmospheric pres-
sure. Optimal conditions allowed for the removal of 44.9%
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of silicon. Mu et al. [11] investigated the high-concentration
alkali leaching process for silicon extraction from laterite
nickel ore, achieving an extraction rate of 89.89% under
optimal conditions. Wang et al. [12] focused on the kinet-
ics of alkali-soluble SiO, using slag as a raw material after
extracting Al,O5 from fly ash. Under optimal conditions, the
leaching rate of SiO, reached 95.66%. The overall leach-
ing process follows the shrinking core model and is con-
trolled by internal diffusion through the solid product layer.
Hence, investigating the alkali dissolution and desilication
process of acid leaching residue from shale vanadium extrac-
tion can address issues such as low effective utilization rate,
land occupation, and soil contamination. This research can
enhance the comprehensive utilization value of acid leaching
residue and yield substantial economic benefits. However,
there is currently limited research on the alkali dissolution
process and kinetic mechanism of acid leaching residue
from shale vanadium extraction, underscoring the need for
in-depth exploration.

This study utilizes acid leaching residue as the primary
material and applies NaOH alkaline leaching treatment to
extract SiO, from it. The study investigates the effects of
the mass ratio of NaOH to acid leaching residue, leaching
temperature, leaching time, and liquid—solid ratio on the
leaching rate of SiO, in the residue. The optimization of
Si0, leaching rate parameters was carried out utilizing
the response surface methodology. Moreover, the release
kinetics of SiO, in acid leaching residues during NaOH
alkali dissolution were thoroughly examined. The aim of
this investigation was to offer a robust theoretical founda-
tion for the multifaceted development and utilization of
acid leaching residue in the process of shale vanadium
extraction.

2 Materials and Methods
2.1 Material Characterization

The acid-leaching residue was obtained from Shangluo,
Shaanxi, China Province, and was derived from the sulfu-
ric acid leaching of vanadium shale ore crushed to a -4 mm
particle size. The resulting residue exhibited a granular,
black coloration. The residue has a granular shape and
appears gray-black in color. Prior to the extraction pro-
cess, tthe acid leaching residue and water were subjected
to two wash cycles using a specific ratio, with the objec-
tive of achieving a near-neutral pH for the acid leaching
residue. Following this, the material underwent ball milling

treatment until it reached a particle size of -74 pm. Sub-
sequently, it was mixed for SiO, extraction through alkali
leaching. Table 1 provides the results of the main chemical
multi-element analysis, while Figs. 1 and 2 depict the X-ray
diffraction (XRD) and scanning electron microscopy (SEM)
images, respectively.

Table 1 reveals that the primary chemical component
present in the acid leaching residue from shale vanadium
extraction is SiO,, accounting for 86.88% of the composi-
tion. Additionally, it contains a certain amount of Al,Oj,
comprising 2.49% of the residue. Other components, such
as CaO, MgO, and K,O are also present. Based on the
chemical composition, it is evident that the acid leaching
residue is rich in SiO,, making it a valuable raw material
for silicon extraction and classifying it as a typical high-
silicon industrial solid waste. The dominant mineral phase
observed in Fig. 1 is quartz, characterized by numerous dif-
fraction peaks with narrow, symmetrical shapes and strong
intensity, indicating a high degree of crystallinity in the
silica. Combining the chemical composition analysis, it
can be inferred that the silicon component in the vanadium
tailings predominantly exists in the form of quartz min-
erals, while the aluminum component primarily exists as
albite minerals. From the analysis of Fig. 2a, it is evident
that the layer or frame structure of feldspar aluminosilicate
minerals aligns with the XRD results for feldspar. Typi-
cally, feldspar particles exhibit irregular granular charac-
teristics, and in the tailings, they are distributed along the
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Fig. 1 XRD analysis spectrum of vanadium tailings

Table 1 Main chemical

8 . Chemical components
components of acid leaching

Sio,

ALO, CaO Fe  MgO K, 0 V,0, S P,0;

residue of shale vanadium
extraction%

Content/% 86.88

2.49 1.28 0.78 0.41 0.39 0.06 1.17  0.06
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Fig.2 SEM of acid leaching residue of shale vanadium extraction

edges of quartz particles, embedded or enveloped within
quartz crystals, and arranged in a stacked manner. Fur-
thermore, as depicted in the SEM images in Fig. 2b the
acid-leaching residue consists of irregular blocky or flake
particles with rough surfaces and varying sizes. Combined
with the chemical composition analysis and XRD diagram,
it is evident that most of the silicon in the acid leaching
residue exists in the form of quartz (Si0O,), characterized by
high crystallinity. The particle surfaces also feature some
pores, which facilitate effective leaching when subjected
to NaOH treatment.

2.2 Methods
2.2.1 Leaching Tests

A specific quantity of acid leaching residue was intro-
duced into the reaction vessel, followed by the addition
of NaOH in a predetermined ratio. The reaction vessel
was sealed and placed inside a heating sleeve. The control
system was utilized to set the reaction temperature and
duration. Once the reaction was completed, the hot filtrate
was filtered, and the SiO, content in the filtrate was deter-
mined using silicon molybdenum blue spectrophotometry.
Subsequently, the leaching rate x was calculated using the
following method:

x= Y s 100% (1
wXm

where x denotes the leaching rate of SiO,, ¢ denotes the
concentration of SiO, in the filtrate(g/L), V represents the
volume of the filtrate (L), m represents the mass of the acid
leaching residue (g), and w represents the grade of SiO, in
the acid leaching residue (%).

2.2.2 Experimental Design and Statistical Analysis

In accordance with the procedure outlined in Section 2.2.1,
the impact of the alkali slag mass ratio, leaching tempera-
ture, leaching time, and liquid—solid ratio on the leach-
ing rate of SiO, was investigated using a single-factor
approach. Subsequently, the response surface methodol-
ogy was employed to optimize the process. The response
surface methodology is a mathematical and statistical
optimization technique that utilizes regression analysis to
establish the relationship between factors and response
variables in multifactor experiments. It facilitates the eval-
uation of influential factors and their interactions, enabling
the determination of optimal factor levels to achieve the
optimal response value [13, 14]. Given the complex nature
of the Si0, extraction process from acid leaching residue
through alkali leaching, the response surface method pro-
vides a rapid and accurate means to identify the optimal
reaction conditions.

For the experimental analysis, Design-Expert 13 soft-
ware was utilized. Based on the results of the single-fac-
tor tests, the alkali slag mass ratio, leaching temperature
(K), and leaching time (min) were identified as significant
factors affecting the leaching rate of SiO, and denoted
as A, B, and C, respectively. The leaching rate of SiO,
was selected as the evaluation criterion. The experimental
factor levels and their corresponding codes are presented
in Table 2.

2.2.3 Kinetic Analysis of Silica Leaching
Leaching kinetics analysis plays a vital role in determin-

ing the extent of leaching reactions, assessing the impact
of factors such as temperature and alkali slag ratio on the
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Table 2 Different factor values and horizontal coding of response
surface design

Factors Notation ~ Range of level

-1 0 1
Alkali residue mass ratio A 1 1.25 1.5
Leaching temperature/K B 453.15  473.15 493.15
Leaching time/min C 60 90 120

reaction rate, and identifying the rate-controlling step
[15]. The leaching process of the acid leaching residue
sample represents a typical non-catalytic heterogeneous
solid-liquid reaction. Initially, the reaction initiates at
the surface of the solid material and gradually progresses
toward the interior. A distinct interface is observed
between the raw material and the product. As the reaction
proceeds over time, the solid reactant diminishes in size
until it eventually disappears. Hence, the unreacted core
reduction model is employed [16]. The rate-controlling
steps within the unreacted core reduction model encom-
pass chemical reaction control, internal diffusion control,
and mixed control, as depicted in Eqgs. (2-4) [17]. By fit-
ting the experimental data, it becomes possible to deter-
mine the rate-controlling steps of the leaching reaction.

1-(1- x)l/ 3 “klt(controlled by chemical reaction) 2)
1 = 2(1 —x) = 3(1 = x)*3~k2t(pore diffusion control)  (3)

(1 =73 =14 1/3In(1 — x) = kyt(hybrid control) ~ (4)

where x-vanadium leaching rate; t-leaching time; k,
(n=1,2,3) -leaching rate constants.

The apparent activation energy of the leaching reaction
provides valuable insights into the impact of temperature
variations on the leaching rate, serving as a critical criterion
for determining the rate-controlling steps. By employing the
Arrhenius formula (5), we can derive Eq. (6) to elucidate
this relationship.

Ea
k= Bexp(—ﬁ) 5

E
Ink = ——= + InB
n =7 Tl (6)

Where B is the frequency factor; E, is the apparent
activation energy of the reaction, kJ-mol™'; R is the gas
constant, 8.314 kJ-mol™'; T is the thermodynamic tem-
perature, K.
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3 Results and Discussion
3.1 Single Factor Leaching Tests

To optimize the alkali leaching conditions for SiO,, a spe-
cific acid leaching residue was chosen for a single-factor
experiment. The study investigated the impacts of the alkali
slag mass ratio, leaching temperature, leaching time, and
liquid—solid ratio on the leaching rate of SiO,. The results
are presented in Fig. 3. The primary reaction of the acid
leaching residue in the NaOH solution is illustrated by Eq. 7.

In Fig. 3(a), it is evident that the leaching rate of silica
rises as the alkali slag mass ratio increases. The highest
leaching rate of silica is achieved when the mass ratio of
alkali slag reaches 1.25:1. This phenomenon arises from
the augmentation of alkali concentration within a defined
range, which in turn elevates the OH- concentration. Con-
sequently, it expedites the rupture of Si—O chemical bonds
in the acid leaching residue and markedly amplifies the
dissolution of SiO, [18, 19]. Beyond this ratio, further
increases in the mass ratio of alkali slag do not signifi-
cantly enhance the leaching rate of silica. This behavior
can be attributed to the improved contact between hydrox-
ide ions in the solution and the surface of acid leaching
residue particles at higher sodium hydroxide concentra-
tions, leading to a more efficient reaction. However, once
the maximum contact is achieved, the leaching rate of
silica no longer increases with higher sodium hydrox-
ide concentrations [20]. From an economic standpoint,
the optimal alkali-slag ratio for leaching silica from acid
leaching residue is determined to be 1.25:1.

Figure 3(b) indicates that the leaching rate of SiO,
exhibits a significant increase within the temperature
range of 413.15 to 473.15 K. This trend indicates that
higher temperatures facilitate enhanced diffusion and
reaction rates between mineral particles and the leach-
ing agent, thereby improving the leaching effectiveness.
The leaching rate reaches its peak when the temperature
reaches 473.15 K. Research indicates that in a solid—liquid
reaction system, an increase in temperature enhances the
thermal motion of molecules, and also promotes the transi-
tion of non-activated molecules into activated molecules,
leading to more molecules participating in the reaction
and accelerating the reaction rate. As a result, the leach-
ing temperature increases, and the leaching rate of sili-
con dioxide in the acid leaching residue is increased [21].
However, excessively high leaching temperatures may also
inhibit the leaching of silicon dioxide in the acid leaching
residue.This may be attributed to the formation of larger
aggregates formed by fused sodium silicate clusters at
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Fig.3 a Influence of alkali-slag mass ratio on SiO, leaching rate
(conditions: liquid—solid ratio 5:1, alkali leaching temperature
453.15 K, leaching time 90 min, stirring speed 500 rpm). b Impact of
leaching temperature on silica leaching efficiency (conditions: alkali
residue ratio 1.25:1, liquid—solid ratio 5:1, leaching time 90 min, stir-
ring speed 500 rpm). ¢ Effect of leaching time on silica leaching effi-

excessively high temperatures, which coat the surface of
unreacted acid leaching residue and hinder the reaction.
Consequently, the appropriate leaching temperature is
determined to be 473.15 K.

Regarding Fig. 3(c), the leaching rate of silica
increases with prolonged leaching time until reaching
90 min. Longer leaching times enhance the probability
of collision between hydroxide ions and quartz particles,
leading to higher leaching rates [22]. However, after
90 min, the leaching rate of silica tends to reach a plateau.
This is indicative of the reaction reaching an equilibrium
state under these conditions, making further enhancement
difficult. Therefore, from a process perspective, the opti-
mal leaching time for acid leaching residue is determined
to be 90 min.
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ciency (conditions: alkali residue ratio 1.25:1, liquid—solid ratio 5:1,
leaching temperature 473.15 K, stirring speed 500 rpm). d Influence
of liquid—solid ratio on silica leaching efficiency (conditions: alkali
residue ratio 1.25:1, leaching temperature 473.15 K, leaching time
90 min, stirring speed 500 rpm)

As observed in Fig. 3(d), the leaching rate of silica ini-
tially increases and then decreases with an increase in the
liquid—solid ratio. This behavior can be attributed to the fol-
lowing factors. When the liquid—solid ratio is low, the slurry
viscosity becomes high, impeding sufficient contact between
Si0, in the acid leaching residue and OH™ in the solution.
Consequently, increasing the liquid—solid ratio to a certain
extent enhances the fluidity of the slurry, promoting more
thorough contact between SiO, and OH™ [23, 24]. However,
when the liquid—solid ratio continues to rise, the concentra-
tion of OH™ in the solution decreases, leading to a reduced
collision frequency between OH™ and SiO, in the reactor. This
decrease in collision frequency adversely affects the leaching
of silica, resulting in a decline in the leaching rate. Therefore,
a liquid—solid ratio of 5:1 is chosen as the optimal condition.
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3.2 Modeling and Statistical Analysis
3.2.1 Response Surface Design and Results

Building upon the single-factor experiment, the present
study focuses on three key factors that influence the leaching
rate of SiO,: alkali residue mass ratio, leaching temperature,
and leaching time. To systematically explore the effects of
these factors, the Box-Behnken optimization method was
employed to design an experimental plan consisting of three
factors and three levels. A total of 17 experimental points

Table 3 Box-Behnken experimental design matrix and results

Run A B C Si0,/%
1 1 453.15 90 73.21
2 1.5 453.15 90 77.98
3 1 493.15 90 85.32
4 1.5 493.15 90 92.98
5 1 473.15 60 80.92
6 1.5 473.15 60 90.41
7 1 473.15 120 86.81
8 1.5 473.15 120 93.91
9 1.25 453.15 60 70.87
10 1.25 493.15 60 85.2
11 1.25 453.15 120 79.2
12 1.25 493.15 120 92.81
13 1.25 473.15 90 9291
14 1.25 473.15 90 93.30
15 1.25 473.15 90 93.90
16 1.25 473.15 90 92.98
17 1.25 473.15 90 92.10

were conducted [25]. The outcomes of these experiments
are presented in Table 3.

3.2.2 Establishment of Regression Model and Significance
Analysis

By employing Design-Expert 13 software, the data from
Table 3 were subjected to multiple regression analysis to
establish a quadratic polynomial regression equation. This
equation relates the SiO, leaching rate to the mass ratio of
alkali slag, leaching temperature, and leaching time. The
resulting equation is as follows:

Y = 93.04 + 3.63A + 6.88B + 3.17C
+0.7225AB — 0.5975AC — 0.1800BC 8)
— 2.34A%"8.33B>2.69C>

Table 4 presents the results of the significance test and
variance analysis conducted for the model.

Table 4 reveals several key findings. Firstly, the
F-value of the model is 78.26, indicating its signifi-
cance. Additionally, the p-value for lack of fit is 0.0592,
which is greater than the significance level of 0.05, sug-
gesting that the lack of fit is not significant. The deter-
mination coefficient, R2, is calculated to be 0.9902,
indicating a strong agreement between the predicted
and observed values for silica leaching rate. Moreover,
the adjusted determination coefficient, RzAdj, is 0.9775,
indicating that the model can explain approximately
97.75% of the variance in the silica leaching rate. The
model demonstrates a high level of accuracy and a small
error. Both the coefficient of variation (CV) and the
signal-to-noise ratio serve as measures of the model's
accuracy. A lower coefficient of variation and a higher

Table 4 Variance analysis of

. h Source Sum of Squares df Mean Square F-value p-value
regression equation

Model 938.14 9 104.24 78.26 <0.0001 significant
A-Alkali residue mass ratio  105.27 1 105.27 79.04 <0.0001
B-Leaching temperature 378.81 1 37881 284.41  <0.0001
C-Leaching time 80.20 1 80.20 60.21 0.0001
AB 2.09 1 209 1.57 0.2508
AC 1.43 1 143 1.07 0.3349
BC 0.1296 1 0.1296 0.0973  0.7642
A? 22.99 1 2299 1726 0.0043
B? 292.09 1 292.09 21930  <0.0001
C? 30.45 1 3045 22.86 0.0020
Residual 9.32 7 1.33
Lack of Fit 7.61 3 254 5.93 0.0592 not significant
Pure Error 1.71 4 04278
Cor Total 947.46 16

R%0.9902, R?,;;:0.9775, CV:1.33, Adeq Precision:25.3250
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signal-to-noise ratio indicate greater experimental accu-
racy. In this case, the coefficient of variation is 1.33%,
and the signal-to-noise ratio is 25.325, affirming the
high accuracy of the quadratic model [26]. Therefore,
this model can effectively analyze and predict the pro-
cess of silica separation from acid leaching tailings in
shale vanadium extraction.

3.2.3 Response Surface Analysis and Optimization

The response surface plot serves as a valuable tool for ana-
lyzing the impact and interaction of different factors, aiding
in the determination of optimal process conditions. By con-
sidering the influence of various factors and their interac-
tions on the leaching efficiency of SiO,, response surface,
and contour maps were generated. These graphical represen-
tations are presented in Fig. 4.

The shape of the response surface and contour plots
provides insights into the influence of experimental fac-
tors and the significance of their interactions. Steeper sur-
faces indicate more significant factor influences, while
flatter surfaces suggest less pronounced effects. Addi-
tionally, the contour shape and surface curvature can be
utilized to determine the significance of factor interac-
tions. Elliptical contours and larger surface curvatures
indicate more pronounced factor interactions, whereas
circular contours and smaller curvatures suggest less sig-
nificant interactions [27]. Analyzing Fig. 4(a) and (b),
it is observed that within a certain range, the leaching
rate of SiO, increases with an increase in the alkali slag
mass ratio and leaching temperature. Notably, the effect
of leaching temperature is more prominent than that of
the alkali slag mass ratio. As the leaching temperature or
alkali slag mass ratio continues to increase, the impact on
the leaching rate of SiO, diminishes, indicating the pres-
ence of an optimal region for the alkali slag mass ratio
and leaching temperature that maximizes the synergistic
leaching effect. The contour plots and surface curvatures
demonstrate that the interaction between the alkali slag
mass ratio and leaching time is not significant. Similar
conclusions can be drawn from Fig. 4(c)-(f), aligning with
the observations in Fig. 4(a) and (b). The leaching rate
of Si0O, increases with an increase in the alkali slag mass
ratio and decreases when it exceeds a certain range. This
suggests the existence of an optimal parameter combina-
tion within the experimental design range that maximizes
the leaching rate of SiO,. Based on the shape of the sur-
face and contour plots, it is evident that the interaction
between the alkali slag mass ratio and leaching tempera-
ture, as well as between the alkali slag mass ratio and
leaching time, is not significant.

In summary, in conjunction with the results of vari-
ance analysis, it is evident that all variables exert a

significant influence on the leaching rate of vanadium,
while the interactions between variables are not signifi-
cant. The order of the influence of the three preparation
factors on the leaching efficiency of silica is as follows:
leaching temperature (B) > alkali slag ratio (A) > leach-
ing time (C).

3.2.4 Determination of Process Conditions

Based on the above model, the leaching conditions for
extracting silica from acid leaching residue were optimized
by Design-Expert13 software and over 100 solutions were
suggested. Taking into account various factors, including
energy consumption, NaOH dosage, and silica leaching rate,
the outcomes of selecting the most favorable conditions are
depicted in Fig. 5.

Considering the equipment limitations, the optimal
conditions were adjusted accordingly. The adjusted con-
ditions for extracting SiO, from vanadium tailings were
as follows: a leaching temperature of 480.13 K, a reaction
time of 96 min, an alkali residue mass ratio of 1.34, a
liquid—solid ratio of 5:1, and a rotation speed of 500 rpm.
Under these conditions, the achieved leaching rate was
95.55%. The actual results align closely with the predicted
outcomes, indicating the reasonableness and feasibility of
optimizing the process conditions for SiO, extraction from
vanadium tailings using response surface methodology.
Additionally, under these leaching conditions, the release
of acid leaching residue can be diminished by 89.7%. This
process not only enables the conversion of silica into an
alkali-soluble form, thereby increasing its value, but also
significantly mitigates the discharge of acid leaching resi-
due, addressing various issues stemming from inadequate
tailings pond and tailings storage.

3.3 Microstructure Evolution of Leaching Residue

By employing a leaching temperature of 480.13 K, a reac-
tion time of 96 min, an alkali residue mass ratio of 1.34, a
liquid—solid ratio of 5:1, and a rotation speed of 500 rpm,
the optimal alkali leaching process was achieved, result-
ing in the formation of high-quality silicon residue and
leaching silicon solution. The obtained leaching residues
were characterized using XRD, SEM and chemical multi-
element analysis techniques, while the elements present in
the alkali leaching solution were analyzed using ICP. The
obtained results are presented in Fig. 9, Fig. 10, Tables 5
and 6, respectively.

Figure 6 reveals notable differences between the XRD
spectra before and after leaching. The appearance of new
diffraction peaks and the weakening or disappearance of
main mineral peaks are observed. Following NaOH alkali
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Fig.5 Model optimal process
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Table 5 The main chemical Chemical components SO, ALO,  CaO Fe MgO  V,05 S
components in alkaline leaching
residue% Content/% 37.51 5.64 18.92 12.02 6.86 0.23 12.56

Table 6 The main elements in alkali leaching solution%

Chemical element Si Na Al Fe P

Content/g-L~"! 46.43 100.74 0.12 0.02 0.01
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Fig.6 XRD patterns of samples before and after leaching (a) residue
and (b) solid phase after alkali leaching

leaching, a low-intensity diffraction peak of nepheline
emerges, while the diffraction peaks of quartz and feld-
spar experience a significant decrease or complete disap-
pearance. This indicates the relatively complete reaction

between silicon dioxide and sodium hydroxide in the
acid leaching residue, with only a small residue of sili-
con dioxide and a limited amount of silicon converting
into nepheline. These findings align with the previously
observed high leaching rate of silica, confirming that nearly
all of the silicon in the tailings enters the solution. The
SEM analysis in Fig. 7 demonstrates the absence of visible
quartz and feldspar. A comparison with the SEM image
in Fig. 2 clearly reveals extensive particle breakage in the
acid-leaching slag, increased porosity in the alkaline leach-
ing slag, and significant damage to the mineral structure.
This further validates the substantial dissolution of SiO, in
minerals in the NaOH solution. Table 5 illustrates that the
proportion of SiO, components in the residue after alka-
line leaching of silicon from the acid leaching residue is
37.51%, while the proportions of Al,O5;, CaO, and Fe are
5.64%, 18.92%, and 12.02%, respectively. The mass of the
alkaline leaching residue after combined alkaline leaching
accounts for only 10.3% of the mass of the acid leaching
residue, indicating nearly complete leaching of silica from
the acid leaching residue. However, only a small fraction of
Al,O; is leached into the solution, with minimal impact on
the subsequent preparation of silicon-based products, while
CaO and Fe are almost not leached. Analysis of Table 5
reveals that the alkaline leaching solution predominantly
comprises significant quantities of Si and Na elements,
while the presence of other metal elements is negligible,
aligning with the observations made through XRD, SEM,
and chemical multi-element analysis of the alkaline leach-
ing residue.
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Fig.7 SEM image of acid leaching residue alkali leaching silicon tailings

3.4 Leaching Kinetics of Silica
3.4.1 Silica Leaching Control Steps

To determine the control steps of the leaching process,
further investigations were conducted to assess the
impact of different temperatures on the leaching effi-
ciency under optimal conditions. The effects of tempera-
tures ranging from 443.15 K to 473.15 K on leaching
efficiency were studied. Figure 8 illustrates the relation-
ship between silica leaching efficiency (x) and time (t)
at various temperatures.

100

B 443.15K
®  453.15K
—A— 463.15K
v 473.15K

Leaching efficiency/%

0 1 1 1 1
0 20 40 60 80 100

Time/min

Fig. 8 Relationship between time and leaching efficiency at different
temperatures
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Figure 8 demonstrates the impact of temperature on
the extraction of silicon dioxide through alkali leaching
of acid leaching residue. Lower temperatures result in
noticeably lower leaching efficiency, while increasing
the leaching temperature enhances the leaching effi-
ciency of silicon dioxide to a certain extent. This obser-
vation aligns with the findings of previous experiments,
highlighting the substantial influence of temperature on
silicon dioxide leaching efficiency. To determine the
rate control step of the leaching process, the data from
Fig. 8 were utilized in the kinetic equations for chemical
reaction control, mixing control, and diffusion control.
By analyzing the linear relationship between the plotted
lines and time (t), the rate control step of the reaction
was identified. The results are presented in Fig. 9 and
Table 7.

The correlation coefficient (R?) obtained from fitting
the data aligns closely with 1, indicating a stronger lin-
earity and a better fit to the actual leaching kinetics of the
control process. Combining the findings from Fig. 9 and
Table 6, it is evident that within the temperature range
of 443.15 K to 473.15 K, there is a stronger linear cor-
relation between 1+2(1-x)-3(1-x)** and time (t). This
suggests that the control step for extracting silica from
acid leaching residue belongs to diffusion control [28].
To determine the apparent activation energy, the relation-
ship between In(k) and 1/T was plotted using the Arrhe-
nius formula. The fitted result is presented in Fig. 10 (the
equation shown in the figure represents the fitted straight
line, with y representing the ordinate in each figure and x
representing the abscissa).

From Fig. 10, it is evident that there is a strong linear
relationship between In(k) and 1/T. By using the fitted linear
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Table 7 Ap;.)arent rate constants Temperature/K  1-(1-x)'"3 14+2(1-%)-3(1-x)%3 (1-x)"3 4 1/3 In(1-x)-1

and correlation coefficients at

different temperatures kael0™#/(min) R? kyel 0*(min) R? k.o 10%(min)  R®
443.15 28.7 0.98037 364 099115  20.0 0.97795
453.15 28.5 0.98432  38.8 0.99238  26.8 0.96493
463.15 29.0 098814 414 0.99312 358 0.96942
473.15 30.4 099182 4438 0.99399  54.6 0.97291

equation and the Arrhenius variable form, the apparent acti-
vation energy for silica extraction from acid leaching residue
is calculated to be 11.92 kJ-mol!. This value falls within
the typical range of activation energies for diffusion con-
trol processes, which is usually between 4 and 12 kJ-mol ™,
while the activation energy for chemical control processes is
typically greater than 41.8 kJ-mol~! [29-31]. The activation
energy further supports the conclusion that the leaching pro-
cess of SiO, from acid leaching residue using NaOH solution

is controlled by internal diffusion within the product-free
layer. Therefore, increasing the leaching temperature and lig-
uid-solid ratio appropriately can enhance the leaching rate
of silica. The frequency factor (A) is determined to be 10.82.
Thus, the kinetic equation for silica extraction from acid

leaching residue can be expressed as 1+ 2(1-x)-3(1-x)*.
1+2(1—-x)—3(1 - x)§ = 10.82 exp(—%)t 9)
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Fig. 11 The relationship between time and leaching efficiency under
different mass ratios of alkali slag

3.4.2 Reaction Order of Sodium Hydroxide

The investigation was conducted to determine the reaction
order of NaOH in the leaching process of acid leaching resi-
due by examining the impact of alkali slag mass ratio on
Si0, leaching under optimal conditions. The relationship

@ Springer

between vanadium leaching efficiency (x) and time (t) at
different temperatures is depicted in Fig. 11.

It is evident from Fig. 11 that, with the increase in the
mass ratio of alkali slag, the leaching rate of silica also
increases. The reaction is approximately 80% complete
within the first 20 min, which aligns with the findings of
previous single factor tests. To determine the reaction order
of NaOH in the leaching process of acid leaching residue,
the data from Fig. 11 were utilized in kinetic equations rep-
resenting chemical reaction control, hybrid control, and dif-
fusion control. The linear relationship between the leaching
efficiency and time (t) was analyzed. The results are pre-
sented in Fig. 12 and Table 8.

Based on the analysis of Fig. 12 and Table 8, it is evident
that the diffusion control step exhibits a higher correlation
coefficient compared to other control steps, with a larger
R? value than chemical reaction control and mixed control
steps. This indicates that the leaching process of silica is pri-
marily governed by internal diffusion across different alkali
slag mass ratios. The relationship between the leaching rate
(k) and alkali slag ratio (B) at various alkali slag mass ratios
is represented by the linear fitting of Ink and InB, as depicted
in Fig. 13.

It can be seen in Fig. 13 that the fitted R? value is
0.99532, indicating a significant influence of different
alkali-slag mass ratios on the apparent rate constant (k)
with a non-linear relationship within a certain range. When
extracting silica through alkali leaching, the apparent reac-
tion order of sodium hydroxide is determined to be 0.7284.
The coefficient of the regression value R? is moderate, and
the liquid—solid ratio is sufficient. Thus, the reaction can be
considered a pseudo-first-order reaction to a certain extent
[32, 33]. Increasing the mass ratio of alkali residue appro-
priately enhances the dissolution of silica in acid leaching
residue, thereby improving the leaching efficiency of silica.
This finding aligns with the previous experimental results.

4 Conclusion

The effects of important operational parameters on alkali
leaching of silicon from acid leaching residue were exam-
ined through Box-Behnken experimental optimization. The
variance analysis results demonstrated that the quadratic
polynomial model exhibited better fitting performance.
Each factor exhibited a significant positive impact on the
leaching rate of SiO,. The alkali slag mass ratio, leaching
temperature, and leaching time exerted a notable influence
on the leaching rate of SiO,, while the liquid—solid ratio had



Silicon (2024) 16:3217-3231

06 L @ 0751R=098043 ) 4
® 111 R=0.99372 v
A 125:1,R™=0.99163 v A
v 1.5:1, R=0.99645 v
05| v &
v " .
“ . v A °
= A ¢
= 04 | )
— v A ] ¢ .
-
~ A ® -
o
-
0.3 . n
[ ] .
[ s
&
(a)
02 u
1 1 L 1
0 20 40 60 80 100
Time/min
0.7
B 0.75:1,R>=0.98923
. 2_( v
06L ©® 1l R=0961I
A 125:1,R=0.96243
v 1511, R*=0.93899
QO.S o v
|
= A
™ 04+ v _
- A
+ v
< 03 v A
— A
5 e
Zo02f 'y o
v A
v _ A~ i =
0.1 F A - ° a—
° o
[ = (c)
e I
s =
00 1 1 1 1
0 20 40 60 80 100
Time/min

Fig. 12 a The relationship between 1-(1-x)"® and time under differ-
ent alkali residue mass ratios; b The relationship between 14 2(1-x)-
3(1-)()2/3 and time under different alkali residue mass ratios; ¢ The

3229
0.7
y
B 0.75:1,R>=0.99102
0.6 L ® 111 R>=0.99236 v
A 125:1,R?=0.99302 v e A
v L5:1, R*=0.99705 v A
05 | v A
I v -
B &
¥ ooat M S e
5 Y s °
[sg] _ L
3 v A
qo03fF ¢ —
— A ° e
° "
02| . -—
- }
° ()
01} =
1 1 1 1
0 20 40 60 80 100
Time/min

relationship between (1-x)""3-141/3 In(1-x) and time under different
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Table 8 Apparent rate constants

; . 1-(1-x)"?
and correlation coefficients

1+2(1-x)-3(1-x)*? (1-x)""3+1/3 In(1-x)-1

at different NaOH/SiO, mass

kae10~*/(min) R?

k,®107/(min) R? k e 10™#/(min) R?

ratios
443.15 20.0 0.98043 24.6 0.99102 11.9 0.98923
453.15 22.4 0.99372 30.3 0.99236 19.1 0.96111
463.15 24.7 0.99163 36.4 0.99302 39.0 0.96243
473.15 27.3 0.99645 40.4 0.99705 56.6 0.93899

a minor effect. Taking into account various considerations,
the optimal conditions for achieving the highest leaching
efficiency of SiO, were determined to be a leaching tem-
perature of 470.13 K, a reaction time of 96 min, an alkali
residue mass ratio of 1.34, a liquid—solid ratio of 5:1, and
a rotation speed of 500 rpm. Under these conditions, the
leaching rate of SiO, reached 95.55%. The kinetic fitting

data for the alkali dissolution reaction of acid leaching resi-
due indicated that the alkali leaching process in this study
adheres to the unreacted core reduction model, primarily
controlled by external diffusion. Through kinetic model
analysis, the apparent activation energy of the reaction is
11.92 kJ-mol™, and the kinetzic equation can be expressed
as: 1+42(1=-x)=3(1—x)5 = 10.82exp(—%)z . The

@ Springer
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Fig. 13 Arrhenius plot of alkali leaching silicon from acid leaching
residue with different alkali residue mass ratios

reaction order of NaOH is approximately 0.7284, indicat-
ing that it can be considered a pseudo-first-order reaction
to a certain extent.
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