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ABSTRACT

This work evaluated the extraction efficiency of silica from diatomaceous earth (DE) by conventional solvent extraction (CSE) and
ultrasound-assisted extraction (UAE) under basic and acidic (HCl) conditions utilizing response surface methodology (RSM). A
common statistical model was used to get the best percentage yield and percentage purity using RSM. Experimental parameters
such as stirring time, NaOH concentration (for CSE), sonication time, NaOH/HCl concentration, cycle and amplitude (for UAE
methods) were optimized using central composite design (CCD). The analytical responses, that is, percentage yield and percent-
age purity, were analyzed using ANOVA and regression analysis. The linear coefficient of determination, R2, was high and
precise. The overall yield and purity were highest for the UAE method under acid condition (pH 1–2, approximately), making it
the most effective silica extraction method from DE. For this method, the optimal conditions for extracting Si from DE were 2 h of
sonication, 220 mL of 2.82 M HCl as a leaching/extracting medium, 0.524 cycles and 72.6 % of amplitude. Under these conditions,
82 % of silica was yielded with a purity of about 95 %. The experimental results indicate that high-quality silica can be produced
from DE in high yield so that DE can be an alternative silica source.
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1. Introduction
Diatomaceous earth (DE), also known as diatomite, tripolite or

kieselgur, is a white powder occurring naturally ubiquitously as
a soft sedimentary rock containing about 80 to 90 % silica.1,2 It has
been used in its raw form as a building material1; as a stabilizer of
nitroglycerine in dynamite1; as a filter aid for water, sugar, sweet-
ened liquors, oils, fats, alcoholic beverages, chemicals, and
pharmaceuticals.3 It is highly porous, has a low density and high
surface area.3 It has also been used as a filler in paints, plastics,
cement, catalysts, and an absorptive carrier in pesticides.4 It has
been used as an absorbent for industrial spills (oils and toxic
liquids), as an abrasive in polishes, as an insulation material1, as a
grain preservative 5, as a natural insecticide 6 and as a stationary
phase in chromatography.6 As a result of the high silica content
in DE, it is commonly used as a road surfacing material. It is used
as filler for paints, rubber and in water filtration and agriculture.7
It is also used as a precursor for silica gels, ferrosilicon and
elemental silicon used in modern-day technology in optical
data transmission fibres, precision casting and solar–hydrogen
energy systems.7

Silica, a major component of DE, can be mined from natural
ores. However, the silica supply that can be obtained from these
ores is too low to meet market demand for the oxide and elemen-
tal silicon.8 There is, therefore, the need to consider other sources
of silica. High-grade pure silica has been extracted from a variety
of bio-resources such as rice husk9–12, sugarcane bagasse13,14,
palm ash15 and corn cob16,17, and others. Acid pretreatment or

hydrothermal treatment, or a combination of both were used to
extract the silica. Treatment at high temperatures yielded high
particle size silica, while acid pretreatment before thermal treat-
ment gave lower particle size silica. However, the purest silica
(about 99.9 %) came from samples treated hydrothermally after
either treatment method. From the data available from literature
on silica extraction, it is evident that the extraction method
influences the particle size with thermal treatment giving the
highest particle size.

Sekar et al.18 reported success in using sonochemical methods
to extract silica from rice husk. They reported that one advantage
of this method is that the porosity of the nanopores can be
controlled by changing the sonication time and ultrasonic condi-
tions such as frequency, power and cycle.

Response surface methodology (RSM) is a statistical approach
to an experimental design that can optimize the extraction of
silica and other analytes. It is suitable for the simultaneous
optimization of independent variables that affect experimental
outcomes like extraction yield and purity of analytes from one
phase to the other. For RSM, the variables (extraction conditions)
and their mutual interactions are investigated simultaneously.19

This approach contrasts with the classical experimental
planning or design, where one factor is varied while keeping all
others constant. Thus classical experimental design methods
take up a lot of effort, time and fail to establish meaningful inter-
active patterns between the factors.19

RSM was introduced in 1951 by Box and Wilson20 and utilizes
input data from well-planned experiments and regression
analysis to establish responses or interactive patterns by solving
multivariate equations of the variable factors simultaneously.
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Graphical solutions of these equations are used to tell the effect
of the test factors and their possible interactions on the
responses. RSM takes complicated responses and replaces them
with a simpler approximate function by looking at the relative
significance of the effects of the factors on the responses. Fewer
and more predominating factors are used to represent all possi-
ble points in the design space, thereby reducing the number of
runs required to study the significance of different factors that
may affect interest response.20

Despite the large amount of silica contained in DE, there is still
a lack of literature on silica extraction. The few publications8,21

available have not reported in detail, the optimal conditions
for its extraction from DE. Since silica occurs naturally in DE
combined with other elements and oxides, there is the need for
cheap and innovative ways to purify it. This work employs
the use of RSM to optimize the extraction of silica from DE. It
compares three different silica extraction methods to find the
best in terms of yield and purity.

2. Experimental

2.2. Chemicals, Reagents, and Small Equipment
Diatomaceous earth was obtained from Eco–Earth (Midrand,

South Africa) and used in its natural state. Sodium hydroxide
and hydrochloric acid were of analytical grade and obtained
from Rochelle Chemicals (Johannesburg, South Africa), and
Milli-Q water from Millipore S.A.S (Molsheim, France)
(18.2 µS/cm at 25 °C) was used in all dilutions. Ultrasonic proces-
sor (UP 400S – 400 W, 24 kHz) Hielscher ultrasound technology,
with a variable amplitude of 20 to 100 % and a cycle of 0.1–1
(Berlin, Germany), pH meter from Accsen Instrumental S.L.L.
(Barcelona, Spain) and Bruker handheld S1 Titan XRF
(Cramerview, South Africa) were used in the study.

2.3. Alkali Ultrasound-assisted Extraction (Alkali UAE
Method)

The extraction of silica from DE was carried out by modifying
the method reported by Bessho et al.8 The responses correlated
with those obtained from optimization experiments of the
extraction conditions by central composite design (CCD) in the
Design Expert program version 11, as shown in Table 1.

100 mL of varying NaOH concentrations (1–4 M) were added
to about 20 g of DE in a 250 mL beaker. Varying periods (1–4 h) of
sonicated, cycles sonication waves (0.1–1.0), and amplitudes
(20–100 %) were applied. After that, the mixtures were filtered.
More silica was precipitated out from the filtrate by sequential
pH adjustment to 10.5 and 9, respectively. The combined recov-

ered Si was washed with milli-Q water and dried in the oven at
50 °C for 12 h. The percentage purity of silica extracted was
measured using an XRF (wavelength 0.7 nm), and the percent-
age yield was calculated using Equation 1.

Percentage yield =
weight of silica
weight of DE

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ ×100 (1)

2.4. Acid Ultrasound-assisted Extraction (Acid UAE Method)
150–250 mL of varying HCl concentrations (2.5 to 3.5 M) were

added to 20 g of DE in a 250 mL beaker. It was sonicated for a
varying amount of time (1.5 to 2.5 h) while varying cycle (0.5–0.6)
and amplitude (60–80 % of applied sonication waves) were
applied. After this, the mixture was filtered and washed with
Milli-Q water and dried in the oven at 50 °C for 12 h. The residue
was then stirred in 1M NaOH for 33.5 h and filtered afterwards.
The pH of the filtrate was then adjusted to 10.5 and then to 9. The
residue was further purified by stirring a portion in 1M HCl for
about 33 h, filtered, and the pH of the filtrate adjusted to about 10
and processed in the same way as in the alkali UAE method. The
percentage purity of silica was measured using an XRF, and the
percentage yield was calculated using Equation 1.

2.5. Conventional Solvent Extraction (CSE)
100 mL of varying NaOH concentrations (0.38–4.6 M) was

added to 20 g of DE in a 250 mL beaker. The mixture was stirred
using a magnetic stirrer for between 6.0 and 56.7 h. The resulting
mixture was filtered, and silica was recovered in the same way as
in the alkali UAE method. The percentage of silica extracted was
measured using an XRF, and the percentage yield was calculated
using Equation 1.

2.6. Characterization of Diatomaceous Earth and
Extracted Silica

The extracted silica, which was of the highest purity (based on
XRF analysis), was further characterized. Only the extracted
Si from alkali UAE and CSE methods and the three highest
percentage silica from the acid UAE method were characterized
and compared with raw DE previously characterized2.

The chemical and mineralogical composition of raw DE and
extracted silica, obtained from all the employed methods, were
determined using X-ray fluorescence (XRF) from ThermosFisher
ARL Perform’X Sequential instrument (Basel, Switzerland) and
X-ray diffraction (XRD) from Bruker (Bremen, Germany),
respectively. XRD analysis was done at iThemba Labs, South
Africa, using a PANalytical X’Pert Pro powder diffractometer in
θ–θ cofiguration with an X’Celerator detector, variable diver-
gence, and fixed receiving slits with Fe-filtered Co–Kα radiation
(λ = 1.789 Å). Scanning electron microscope and energy disper-
sion X-ray spectroscope (EDX) with field emission gun (FEI
Nova NanoSEM 230, Eindhoven, Netherlands) were used to
examine the morphology and elemental composition of raw DE
and the extracted silica samples. An FEI T20 transmission elec-
tron microscope (TEM) with a CCD camera embedded (2048 ×
2048) was used for further morphological evaluation. These
were carried out at the Aaron Klug centre for imaging and analy-
sis, University of Cape Town, South Africa.

3. Results and Discussion

3.1. Design of Experiments
The central composite design (CCD) of the response surface

methodology was chosen for experimental design because of
its flexibility and ability to predict the effect factors have on
responses above and below the set points. Two main parameters
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Table 1 Range of parameters optimized in silica extraction in the conven-
tional extraction and alkali UAE method.

Extraction Parameter Low High
method

CSE Stirring time/h 6.00 56.7
NaOH concentration /M 0.38 4.60

Alkali UAE Sonication time/h 1.00 4.00
NaOH concentration/M 1.00 4.00
Cycle of applied sonication waves 0.10 1.00
Amplitude/% 20.0 100

Acid UAE Sonication time/h 1.50 2.50
HCl concentration/M 2.50 3.50
Cycle of applied sonication waves 0.50 0.60
Amplitude 60.0 80.0
HCl volume 150 250
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were selected in the CSE method, four in the alkali UAE method
and five in the acid UAE method to optimize silica extraction
to avoid overfitting, which occurs if the models have too
many parameters.19 The range of parameters optimized in the
methods (shown in Table 1) and their experimental design and
corresponding responses are shown in Table S1.

3.2. RSM Model
The model chosen for the experimental design of the CSE, acid

UAE and alkali UAE methods was a quadratic model of the
central composite design (CCD) based on the number of factors
to be optimized. The model predictions for percentage purity
and percentage yield of extracted silica were compared with the
experimental data. They were plotted in Fig. 1 to provide the
coefficient of determination for each of them. The coefficient of
determination indicated that the predicted and actual values for
all the methods employed are in good agreement13,22, especially
for the alkali UAE method (Figs. 1a and 1b), where the R2 is 1 for
percentage yield and 0.99 for percentage purity.

Analysis of variance (ANOVA) was used to infer which terms
were statistically significant in each quadratic model. The values
are presented in Table S2 and summarized in the Pareto charts in
Fig. 2. In Figs. 2a and 2b, the most significant factors affecting the
yield of silica extracted in the alkali UAE method are the alkali
concentration, stirring time in the CSE method and sonication
time in the acid UAE method. The purity of extracted silica is
mainly determined by the cycle of applied sonication waves in
the alkali UAE method, stirring time in the CSE method and the
interaction of concentration and amplitude of sonication waves.

In Table S1, the p-values for all the models were less than 0.05,
which usually indicates that the models are significant,2 mean-
ing that the quadratic model of the CCD chosen was sufficient to
represent silica extraction. This model is in agreement with what
was found by Adebisi et al.13, Olawale et al.22, Matlob et al.23 and
Qisti et al.24 However, p-values for many of the terms in the CSE
and acid UAE methods were greater than 0.05. This value means
that those terms are not significant model terms implying that
they do not directly impact the percentage yield or the percent-
age purity of silica extracted. The calculated variance, F2,of these
model terms were greater than those predicted by the model.
For example, all modelled factors directly impact the percentage
yield and purity of silica extracted in the alkali UAE method
since the change in Na+ ions, time, and transient temperature
will affect the amount of sodium silicates produced. A study by
Matlob et al.23 also found that a change in NaOH concentration,
exposure time and microwave power level significantly affected
the concentration of Si in coal fly ash extracts. On the other hand,
neither concentration of alkali nor stirring time nor the interac-
tion as their crossed vector of both nor their quadratic functions
had any effect on percentage yield in the CSE method. The
assumption here is that the yield depends on the skill of the
operator in recovering all the silica formed, but this could not be
verified. However, the percentage purity of silica extracted is
influenced by stirring time, the interaction between stirring time
and concentration of alkali, and the quadratic function of stirring
time because there is more time for the silica in DE to interact
with NaOH to form silicates. The influence of the factors listed
above on the percentage purity of silica is in agreement with the
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Figure 1 Comparison between values predicted by response surface methodology (RSM) model and experimentally determined values for percent-
age yield and percentage purity for alkali UAE (a) and (b), CSE (c) and (d) and acid UAE (e) and (f).
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literature findings.23 In the acid UAE method, sonication time,
HCl concentration, the interaction between sonication time and
amplitude, concentration and cycle, concentration and ampli-
tude, and cycle and amplitude are factors that affect percentage
yield. In contrast, only changes in HCl concentration affects the
amount of silica extracted. This effect is because a change in the
amount of Cl– and time of contact between the ion and DE
means a change in the number of ions and the time available to

chloridize elements that form impurities and hence a change in
purity and yield of silica formed.25

Generally, the higher the Fischer’s (F-test) value and the lower
the probability (p-value) for a particular model term, the more
significant, statistically, the model term is. For this study, a high
F-test and low p-value implies that the factors play a greater role
in achieving a higher percentage yield and a larger amount of
extracted silica. The CSE method has a significant lack of fit due
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Figure 2 (a) Pareto Charts of the contribution of model terms to percentage yield and percentage purity of silica extracted using alkali UAE. (b) Pareto
Charts of the contribution of model terms to percentage yield and percentage purity of silica extracted using CSE. (c) Pareto Charts of the contribution
of model terms to percentage yield and percentage purity of silica extracted using acid UAE.

(a)

(b)

(c)
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to the low p-values, which means that the model does not fit
and is not adequate to represent the relationship between the
responses and the independent variables.26

Response surface optimization
Three-dimensional surface plots were constructed to deter-

mine optimal levels of the various factors for the extraction of
silica. The effect of the various factors and their mutual interac-

tion on the percentage yield and percentage of extracted silica
can be seen in Figs. 2, 3 and 4.

3.2.1. Ultrasound-assisted Extraction under Basic Conditions
(Alkali UAE)

Considering the NaOH concentration and the pH used for the
alkali extraction of silica, the OH– ions etched on the DE matrix
dissolve it to form soluble silicates and leave behind impurities.
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Figure 3 Response surface plots for alkali UAE showing how wave cycle, amplitude, NaOH concentration and sonication time affect %yield and
%purity of extracted silica
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Silica is then recovered from the solution by acidification. The
higher the alkali concentration, and the longer the contact time,
the more the silica dissolved and consequently, the higher the
yield of silica. From the percentage yield plots in Fig. 3, the
amount of silica extracted increased with increased sonication

time, concentration, amplitude and cycle. The reason for this
could be that the more time DE was ultra-sonicated in the alkali
medium, the more Si was leached into solution as aided by
cavitation energy. The reason stated above is in line with previ-
ously observed trends.23,24,27 The optimum parameters for silica
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Figure 4 Response surface plots for acid UAE showing how wave cycle, amplitude, HCl concentration, the volume of acid and sonication time affect
%yield and %purity of extracted silica. (Continued on p. 86.)
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extraction using the Alkali UAE method were chosen as 1.6 h for
sonication time, 1 M NaOH, 0.66 for the cycle and 60 % ampli-
tude with a desirability of 1.

3.2.2. Ultrasound-assisted Extraction under Acidic Conditions
(Acid UAE)

The response surface plots for the acid UAE method (Fig. 4)
showed that percentage yield increased up to a maximum and
then decreased as the volume of HCl, amplitude, HCl concentra-
tion, and sonication time increased (a, d, e, g, h, j). Also, the
percentage yield increased slightly as the cycle increased (b, c, f,
i), probably because HCl dissolves the impurities by chloridizing
them, that is, by attacking the basic component in DE, releasing
silica in the process.25 This process is aided by the ultrasonic
boom waves and cavitation energy transferred to the DE,
thereby increasing the yield. However, as more HCl is intro-
duced or as the HCl concentration, sonication time and ampli-
tude increase, the silica begins to polymerize, resulting in a lower
yield.28 This explanation is consistent with findings by Gorrepati

et al.28 Percentage purity, on the other hand, decreases up to a
minimum and increases with amplitude and cycle (k, l, m, p, r, s).
It also increases to a maximum and decreases with HCl volume
(k, l, n, q). It increases with HCl concentration (n, o, p, t) and
increases slightly with sonication time (q, r, s). The increase in
percentage purity with sonication time, volume and concentra-
tion of HCl could be for the same reason as the percentage yield
change. The change in the percentage extracted silica could be
due to polymerization of silica as the amplitude and the cycle
increase, particularly in the pockets of high temperature formed
during sonication, re-precipitation, and silica aggregation as a
result of supersaturation of the solution.

3.2.3. Conventional Solvent Extraction (CSE)
From the response surface plots for stirring (Fig. 5a), we see

that percentage yield and percentage purity increases with
NaOH concentration and stirring time. There are more hydrox-
ide ions available and longer contact time between silica and
NaOH to form silicates. In Fig. 5b, the percentage purity
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Figure 4 (continued).
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increased, reaching a maximum and then decreasing. The
percentage purity trend could be due to the silica re-precipita-
tion from the silicates, making it unavailable for recovery from
the filtrate. The optimum parameters were 33.5 h stirring
time and 1 M NaOH concentration with a desirability of 0.9.
These results are similar to those from previously published
works.23,24,27

3.3. Characterization of Diatomaceous Earth and
Extracted Silica

Silica extracted using the methods listed above were character-
ized using SEM, SEM-EDX and TEM and compared with those
of raw DE.

3.3.1. Raw DE
Figure 6a is the SEM image of raw DE (10 µm magnification),

shows rectangular pores arranged in a regular pattern on each
diatom and Fig. 6b shows the energy dispersion spectroscopy
(EDS) spectrum as obtained on similar DE samples by Izuagie

et al.2 The spectral data shows the major elements of DE are Si, O
and C, confirming that DE is a silicate material. The C content
may be due to the carbon coating during SEM analysis.29

3.3.2. Alkali UAE
The SEM image for the extracted silica sample with a percent-

age purity of 79.2 % obtained from the alkali UAE method
(Sample 9, Table 2) is shown in Fig. 7a. The figure shows no
visible external pores at 10 µm magnification. The absence of
external pores may limit its application as adsorbents, as opined
by Tae et al.30 The TEM image (Fig. 7c) shows that the silica parti-
cles are clustered in aggregates, brought about by attraction
(possibly Van der Waals forces).31 Their mean particle size was
about was 40.25 nm. The dark portions on the image may indi-
cate the presence of pores.32 EDS spectrum (Fig. 7b) showed the
sample contains O, Na and Si, showing a higher Si percentage
than in DE. The presence of C is a result of the carbon tape hold-
ing the material during SEM analysis. The low Na content
recorded is likely due to the use of NaOH in extraction.
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Figure 5 Response surface plots for CSE showing how NaOH concentration and stirring time affect (a) %yield and (b) %purity of extracted silica.

Figure 6 (a) SEM and (b) EDS for raw DE.

Figure 7 (a) SEM (b) EDS and (c) TEM of silica extracted using alkali UAE.
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3.3.3. Acid UAE
The morphology and chemical composition of three samples

from the acid UAE method were studied. Sample 1 (sample 25 in
Table 2), had 95.1 % silica (as obtained from an XRF), sample 2
had 94.3 % (sample 7 in Table 2) and sample 3 had 94.0 % SiO2
(sample 30 in Table 2). The SEM pictures of samples 1 and 3
(Figs. 8a1 and 8a3) show pores arranged in a regular pattern on
the surface, while the picture of sample 2 (Fig. 8a2) does not
show external pores. All three SEM images show rod-like silica
particles. The TEM images for samples 2 and 3 (Figs. 8c2 and 8c3)
show oval pores arranged in a regular pattern on the surfaces
with additional aggregated particles on sample 2. Sample 1
(Fig. 8a1) shows a dense mass of silica particles with clusters
around irregularly shaped pores. The EDS spectra (Figs. 8b1, 8b2
and 8b3) show that all the compounds contain mostly Si and O.
The presence of N, S, Al and C could result from impurities dur-

ing sample handling. Particle size obtained from the TEM im-
ages using Image-J software was as follows: Sample 1 – 35.3 nm;
Sample 2 – 31.5 nm and Sample 3 – 38.8 nm.

Two parallel experiments were carried out using the optimized
conditions, 2 h for sonication time, 2.82 M for HCl concentration,
220 mL for volume, and 0.524 for the cycle and 72.6 % amplitude.
The Design Expert software predicted the responses to be 76.9 %
for yield and 84.1 % for silica percentage, and the experimental
results were 84.1 % and 98.5 % for percentage yield and percent-
age purity. These values are consistent with the about 60 %
correlation observed in Fig. 1, which shows that the optimiza-
tion parameters proposed are reliable.

3.3.4. Conventional Solvent Extraction (CSE)
Figures 9a, 9b, and 9c are pictures for SEM, TEM and EDS for

sample 2 (Fig. 2), respectively. The pictures are identical to those
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Figure 8 (a) SEM (with higher magnification inset) (b) EDS (c) TEM of silica samples extracted using acid UAE.

Figure 9 (a) SEM (b) EDS and (c) TEM of silica extracted using CSE.
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from the alkali UAE method because the methods of synthesis
are identical. The SEM image shows no external pores, but the
TEM image shows a well-formed pore system in an aggregated
system similar to that in Fig. 7b. Major elements present as seen
in the EDS spectra are Si and O. The TEM image shows that silica
exists as small particles which come together to form a giant
particle, possibly as a result of attractive forces. The calculated
average particle size was 36.77 nm. The same trend was observed
by Adebisi et al.33

3.4. XRD Plots of Silica extracted under Alkali UAE, 
Acid UAE and CSE

The XRD plots in Fig. 10 show that silica obtained from the acid
UAE method (Samples 7, 25 and 30) are mainly crystalline. In
contrast, samples obtained from the alkali UAE and CSE
methods are amorphous. Most researchers have reported the
amorphous nature of silica produced from several sources.12,16,31

This is because NaOH used in these methods and the CSE and
alkali UAE methods only dissolve amorphous silica. However,
Fernandes et al.12 reported crystalline silica formation at temper-
atures above 800 °C. The findings by Fernandes et al.12 would
explain the crystalline phases observed in the acid UAE
method4.

4. Conclusions
Response surface methodology was successfully employed to

optimize silica extraction from DE. However, the amount of silica
extracted was less than that contained in DE in the CSE and
alkali UAE methods, probably because extraction time was not
long enough or the temperature not high enough to dissolve all
the silica in DE. The acid UAE method gave the best results for
the recovery and purity of Si. The optimum parameters for the
acid UAE were found to be 2 h for sonication time, 2.82 M for HCl
concentration, 220 mL for volume, 0.524 for the cycle and 72.6 %
amplitude with a desirability of 1.00 for 20 g of DE. The results
proved that acid leaching is an important step in the extraction
and purification of silica from DE and RSM is useful to determine
optimum conditions for extraction accurately. The experimental
results indicate that that high-quality silica can be produced
from DE in high yield and so, DE can be an alternative silica
source.
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Supplementary information is provided in the online supple-

ment.
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Table S1 Central composite experimental design for Ultrasound-assisted extraction and 

conventional solvent extraction. 

 Run Factor A: 

Sonication/ 

stirring time (h) 

Factor B: Extracting 

medium 

(NaOH/HCl) 

Concentration (M) 

Factor C: 

Cycle of 

applied 

sonication 

waves 

Factor  

D: Amplitude 

(%) 

Factor  

E: 

Volume of 

Acid (mL) 

Response 1 

%Yield 

Response 2 

Percentage 

purity 

Alkali 1 2.5 2.5 0.6 60 - 1.15 76.1 

UAE 2 1.0 4.0 0.1 100 - 0.15 53.7 

 3 4.0 1.0 0.1 100 - 0.50 52.0 

 4 2.5 2.5 0.6 60 - 1.20 76.1 

 5 1.0 1.0 1.0 100 - 23.3 77.9 

 6 2.5 2.5 0.6 60 - 1.17 76.0 

 7 4.0 1.0 1.0 20 - 17.0 74.6 

 8 4.0 4.0 1.0 100 - 0.45 73.7 

 9 1.0 1.0 0.5 70 - 16.4 79.2 

 10 2.5 2.5 0.6 60 - 1.30 76.5 

 11 4.0 4.0 0.1 20 - 0.45 73.6 

 12 4.0 2.5 0.5 70 - 28.1 77.8 

 13 1.0 1.0 0.1 20 - 0.25 57.7 

 1 27 2.5 - - - 2.15 80.3 

CSE 2 48 1.0 - - - 13.1 87.1 

 3 27 2.5 - - - 2.20 80.8 

 4 27 4.6 - - - 4.61 77.2 

 5 6.0 4.0 - - - 1.93 75.1 

 6 27 2.5 - - - 2.20 80.0 

 7 48 4.0 - - - 1.37 78.4 

 8 6.0 1.0 - - - 2.37 66.3 

 9 57 2.5 - - - 15.4 77.3 

 10 27 0.4 - - - 1.62 81.8 

 11 27 2.5 - - - 2.19 80.3 

 12 27 2.5 - - - 2.09 80.2 

 13 48 2.5 - - - 3.95 80.5 

 1 2.5 3.0 0.55 60 200 60.7 90.5 



 2 2.0 2.5 0.60 70 200 77.0 88.2 

Acid 3 1.5 3.0 0.55 80 200 76.7 93.1 

UAE   4 2.5 3.0 0.55 70 250 70.3 85.3 

 5 2.0 3.0 0.55 60 150 80.3 89.1 

 6 2.5 2.5 0.55 70 200 74.6 86.7 

 7 2.0 3.0 0.50 80 200 73.0 94.3 

 8 2.0 2.5 0.55 70 150 72.6 86.1 

 9 2.0 2.5 0.55 80 200 75.2 89.7 

 10 2.0 3.0 0.50 70 190 74.3 92.3 

 11 2.0 3.5 0.55 80 200 81.4 88.5 

 12 2.5 3.0 0.60 70 200 73.5 93.6 

 13 1.5 3.5 0.55 70 200 81.6 88.1 

 14 2.0 3.0 0.55 70 200 84.4 87.2 

 15 2.0 3.0 0.55 80 250 82.4 88.6 

 16 2.0 3.0 0.60 70 250 84.3 92.1 

 17 1.5 3.0 0.50 70 200 86.2 87.9 

 18 2.0 3.0 0.55 80 150 84.4 85.8 

 19 2.0 3.0 0.60 60 200 74.7 93.2 

 20 2.5 3.0 0.50 70 200 84.7 90.4 

 21 2.0 2.5 0.50 70 200 83.3 94.0 

 22 2.0 3.5 0.55 60 200 83.5 95.1 

 23 2.0 3.5 0.55 70 150 79.2 87.8 

 24 1.5 3.0 0.55 60 200 82.5 87.2 

 25 2.5 3.0 0.55 80 200 82.3 95.1 

 26 2.5 3.5 0.55 70 250 81.1 87.1 

 27 2.0 3.5 0.55 70 200 77.9 89.5 

 28 2.0 3.0 0.55 70 200 84.8 88.7 

 29 1.5 3.0 0.55 70 150 80.2 88.1 

 30 2.0 3.0 0.50 70 150 82.9 94.0 

 31 2.0 3.0 0.55 70 200 81.8 87.2 

 32 2.0 3.5 0.50 70 200 70.5 94.9 

 33 2.0 3.0 0.50 60 200 86.1 90.6 

 34 2.0 3.0 0.55 60 250 81.1 83.0 

 35 2.5 2.5 0.55 70 200 74.6 85.8 

 36 2.0 3.00 0.50 70 250 84.0 86.6 

 37 2.0 2.5 0.55 70 250 77.9 89.8 

 38 1.5 2.5 0.55 70 200 84.1 87.9 

 39 2.0 3.0 0.60 80 200 84.8 89.4 

 40 1.5 3.0 0.60 70 200 82.2 91.5 

 41 2.0 3.0 0.55 70 200 82.8 87.0 

 42 1.5 3.0 0.55 70 250 83.9 88.1 

 43 2.0 3.0 0.55 70 200 85.6 90.3 

 44 2.0 2.5 0.55 60 200 83.6 86.3 

 45 2.5 3.0 0.55 70 150 70.7 88.2 

 46 2.0 3.0 0.55 70 200 81.2 91.9 

 47 2.0 3.0 0.60 70 150 77.9 93.6 

 

 

  



Table S2 Analysis of the variance of all model terms. 

Responses Model terms F-value p-value 

Percentage yield  Model 43278.17 < 0.0001 

(Alkali UAE) A-Sonication time 1.213E+05 < 0.0001 

 B-Concentration 2.044E+05 < 0.0001 

 C-Cycle 482.42 < 0.0001 

 D-Amplitude 15339.39 < 0.0001 

 AB 14461.52 < 0.0001 

 AC 92595.77 < 0.0001 

 AD 1.100E+05 < 0.0001 

 BC 1.274E+05 < 0.0001 

 BD 85655.43 < 0.0001 

Amount of silica  Model 3889.16 < 0.0001 

extracted  A-Sonication time 4366.42 < 0.0001 

(Alkali UAE) B-Concentration 2273.32 < 0.0001 

 C-Cycle 15140.1 < 0.0001 

 D-Amplitude 7411.63 < 0.0001 

 AB 1459.62 < 0.0001 

 AC 5769.73 < 0.0001 

 AD 4961.79 < 0.0001 

 BC 4697.07 < 0.0001 

 BD 6318.06 < 0.0001 

Percentage yield Model 4.19 0.0443 

(CSE) A-Stirring time 4.25 0.0783 

 B-Concentration 0.8900 0.3769 

 AB 3.57 0.1007 

 A² 5.04 0.0597 

 B² 0.0710 0.7975 

 Residual lack of fit 9756.64 < 0.0001 

Amount of silica  Model 23.21 0.0003 

extracted (CSE) A-Stirring time 67.14 < 0.0001 

 B-Concentration 2.35 0.1695 

 AB 35.40 0.0006 

 A² 38.97 0.0004 

 B² 0.0508 0.8282 

 Residual lack of fit 290.15 < 0.0001 

Percentage yield 

(Acid UAE) 

Model 

A-Sonication time 

2.11 

10.9 

0.0370 

0.00285 

 B-Concentration 0.384 0.541 

 C-Cycle 0.0152 0.903 

 D-Amplitude 0.186 0.670 

 E-Volume of acid 1.69 0.205 

 AB 0.479 0.495 

 AC 0.648 0.428 

 AD 9.63 0.00458 

 AE 0.00513 0.943 

 BC 4.33 0.0475 

 BD 0.509 0.482 

 BE 0.0248 0.876 



 CD 6.95 0.0140 

 CE 0.193 0.664 

 DE 0.111 0.742 

Amount of silica  Model 2.24 0.0273 

extracted  A-Sonication time 0.767 0.389 

(Acid UAE) B-Concentration 3.81 0.0619 

 C-Cycle 0.167 0.686 

 D-Amplitude 0.941 0.341 

 E-Volume of acid 1.86 0.184 

 AB 1.65 0.211 

 AC 0.0119 0.914 

 AD 0.0706 0.793 

 AE 0.621 0.438 

 BC 1.06 0.312 

 BD 4.20 0.0506 

 BE 1.16 0.292 

 CD 2.42 0.132 

 CE 1.50 0.232 

 DE 3.35 0.0788 
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