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Abstract
Multi-parameter effect consideration duringmetakaolin conversion gives the best optimum
processing conditions. Kaolin deposits have different properties, whichmakes it vital to establish
optimumconditions for a distinctive kaolin deposit. The Response SurfaceMethodology under the
Box-BehnkenDesign has been adopted in the current study to optimize the processing conditions for
kaolin-to-metakaolin conversion. The temperature of 765 °C, the rate of 10 °Cmin−1, and 6.46 h of
soakingwere the optimumconditions for yielding the highly reactive (1382.15mgCa (OH)2/g)
metakaolin. The kaolin sample’s distinctive reflections on two theta degrees at 14.32° and 29.03°
proved that kaolinite was present. However, x-ray diffraction suggested that the optimizedmetakaolin
was lacking those reflections. The Fourier-transformation infrared spectroscopy confirmed the
presence of kaolinite in the sample withwave number range at the bands 3692, 3650, and 3620 cm−1,

which disappeared to form a broad band in this region, which validates the formation of reactive
amorphousmetakaolin.

1. Introduction

Portland cement is one of themost commonly usedmaterials in the construction industry. Its production
involves carbon dioxide emissions during rawmaterial transportation and clinker formation. Theworld’s
carbon dioxide contribution from cement production is approximately 8%–9% [1, 2]. However, using pozzolan
to replace cement in cement-basedmaterials like geopolymer concrete reduces global carbon dioxide emissions
and energy demand [3]. Aluminosilicate-richmaterials, likemetakaolin, are the primary source of geopolymer
mortar and concrete. Other aluminosilicate sources includemine tailings, fly ash, blast furnace slag, incinerator
bottom ash, ladle slag,metallurgical slag, ceramicwaste, highmagnesiumnickel slag, and demolition and
building debris [4]. Due to its inherent silica and alumina,metakaolin has been exploited as amineral additive in
Portland cement concrete to improvemechanical qualities and durability [5, 6]. The ingredients’ characteristics
will significantly influence thefinal properties of the end product. In that instance, producing themost effective
metakaolin is crucial because it will generate the bestmetakaolin-based geopolymer. Kaolin and other
aluminosilicates have little or no cementitious value but can bemodified to become reactive.

A high level of amorphousness, a strong pozzolanic reactivity, and a specific surface area define the ideal
metakaolin for geopolymer concrete [7, 8]. The preparation ofmetakaolin involves the calcination of kaolin,
which produces highly reactivemetakaolin. Amorphous aluminosilicate (Al2O3.SiO2) is left behind after
removing structurally boundwater in kaolinite (Al2O3.SiO2.2H2O) through calcination [9–11]. The calcination
temperature for producing the reactivemetakaolin varies from500 to 900 °C, subject to the kaolinite source
[12, 13]. Overheating leads to recrystallization, which reduces the pozzolanic reactivity ofmetakaolin [9, 14, 15].
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Of course, thefinal properties of the calcined kaolin depend on the processing conditions, including calcination
temperature, rate, and holding time [7, 16, 17].

The effect of heating rate on themetakaolin employed in geopolymer concrete productionwas from1 °C–
20 °Cmin−1 at a constant temperature of 700 °Cand duration of 30 min [17], and it was found that the best
properties were obtained at a lowheating rate. Also, Elimbi et al [18] premeditated the effect of calcination
temperature at a rate of 5 °Cmin−1 and a holding time of 10 h in a temperature range of 500 °C–800 °C in 50 °C
increments. They found 700 °C to give the bestmetakaolin properties. A study on the influence of the degree of
de-hydroxylation on the pozzolanic activity ofmetakaolin at a temperature range of 500 °C–850 °Cat a time
interval of 30 min to 15 h concluded that prolonged heating above 5 h resulted in a reduction of the pozzolanic
reactivity of the producedmetakaolin [19].

Another study on calcined kaolin from the Perak state ofMalaysia found that a calcination temperature of
800 °C for 3 hwas enough to convert kaolin to highly reactivemetakaolin [16]. Also, a study on four kaolin
deposits in thewestern region of Turkey concluded that the optimumcalcination conditionwas at 850 °C for
3 h [20]. Several previous studies have also reported a 2-hour calcination time as the optimum soaking time to
convert kaolin to highly reactivemetakaolin at a temperature above 600 °C [11, 21]. This conclusion contradicts
the study byMehsas et al [22] that studied twometakaolin samples fromAlgeria and concluded that at any
calcination temperature, a soaking time of 2 hwas insufficient to convert the kaolin to the reactive phase. Table 1
summarizes themetakaolin processing condition from the previous studies.

It is well observed that kaolin fromdifferent sources would result in various properties, and the optimum
processing conditionsmay also differ. Therefore, it is vital to establish the optimumprocessing conditions for a
specific source of kaolin. The best way to achieve the critical optimumparameter is to usemulti-parameter effect
consideration rather than one factor at a time, which has been used formost reportedworks
[11, 14, 17, 18, 23, 24]. The Response SurfaceMethod (RSM) is one of themost widely used experimental
approaches for optimisation. TheRSMoptimisation technique associates statistical andmathematical
procedures for experimental design,modelfitting, and regression analysis, thereby assessing the impacts of
various factors and their interactions on one ormore response variables [25]. This study aimed to evaluate the
optimal processing conditions ofmetakaolin along PuguHill kaolin deposits for producing highly reactive
metakaolin for geopolymer concrete production. This process was achieved by simultaneously considering the
multi-parametric effect by varying three factors (heating rate, soaking time, and temperature)with the RSM-
Box-Behnken-Design (BBD) technique tomaximise pozzolanic reactivity.

2.Materials andmethods

2.1. Rawmaterials
The kaolin used in the present studywas sampled from anatural deposit in Pugu, Tanzania (6° 55’ S; 39° 2’ 54’E;
and 215maltitude). The rawmaterial was sun-dried for a day before being ground. The rawmaterial was oven-
dried at 110± 5 °C for 24 h and then sieved by a 45 μmsieve. The chemical composition of the kaolin used in
this studywasmore reflected and characterized by silica, alumina, and iron oxide, as shown in table 2.Other
oxides were also found to be present at a deficient percentage. It is noted that silicon dioxide, aluminumoxide,
and iron oxide account formore than 70%of thematerial’s composition, indicating that it can be employed as a
cementitious starting rawmaterial as ASTMC618 [26].

2.2.Optimization by response surfacemethodology
The response surfacemethodology (RSM) is amathematical and statistical technique used inmodelling and
analyzing a process to optimize a desired response impacted by several input variables [25, 27, 28]. RSMunder
Box-Behnken, aided byDesign-Expert 13 software, was used to design the experiment for studying the effect of
calcination temperature, soaking time, and heating rate onmaximizingmetakaolin’s pozzolanic reactivity.
Hence, seventeen (17) experimental workswith five replicates of the center point runwere designed and, at the
same time, randomized to ensure no unexplainable results occurred due to the variance of unrelated variables.
The independent variables and related responses from the seventeen designed experiments were recorded, as
shown in table 3. The table also indicates the residual values to experimental values and the predicted values of
themetakaolin’s pozzolanic reactivity.

2.3. Calcination process of kaolin
The Lindberg/BlueM (BF51731BC-1) box furnacewas used for calcination. Thematerials were put in a crucible
and placed inside the box furnace. Thematerial was calcined to a 650 °C–850 °C temperature array at a 1 °C–
19 °Cmin−1 rate for 1–12h. The calcination temperaturewas set, and the time to reach the designed
temperaturewas calculated depending on the selected rate. Then, when the calcination temperature reached,
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Table 1.Various Kaolin tometakaolin conversion parameters.

Reference Temperature Rate Soaking time Comment

B.B. KenneDiffo et al [17] 700 °CConstantly 1, 2.5,5,10.15 and 20 °Cmin−1 Constant duration of 30 min A lowheating rate was found to be ideal.

A. Elimbi et al [18] 450 °C–800 °Cconstant at a 50 °C
increment.

5 °Cmin−1 constant Soaking time of 10h constant 700 °C resulted in the best properties.

C. Bich et al [19] 500 °C–850 °C Not stated 30 min—15h Calcination duration of 5h and below at a temperature above 650 °Cbrought the best

properties.

N. Shafiq et al [16] 600 °C–800 °Cat a 100 °C increment. Not stated 1–5h 800 °C for a time of 3h found to be the optimum

Güneyisi et al [20] 550 °C–850 °Cat a 50 °C increment. Not stated Soaking time of 3h constant 750 °Cwas found to be the optimum
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samples were held for the scheduled soaking time isothermally before letting the furnace cool gradually to
ambient temperature. The specimenswere subsequently removed from the box furnace and prepared for the
necessary examination.

2.4. Pozzolanic reactivity determination
The pozzolanic reactivity ofmetakaolinwas determined following themodifiedChappelle test procedure [29].
The 1 g ofmetakaolin sample and 2 g of calciumoxidewere added to a clean, dry Elmer flask. ATeflon stirrer bar
and 250ml of carbon dioxide-free waterwere introduced to theflask to homogenize its contents. Theflaskwas
attached to the reflux apparatus, set on a heatingmantle at 90 °C for 16 h, and continuously stirred. After
heating, the flaskwas cooled to room temperature, after which 250ml of 0.7M sucrosewas added. Theflaskwas
then stirred for 30 min, then collected 25ml aliquots of the sample. The collected aliquot was titratedwith 0.1M
HCl using an auto-titrator, and then thefixedmgCa (OH) 2 was calculated.

2.5. Characterization of the optimizedMetakaolin
X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) examinationswere done for the
raw and calcined kaolin to confirm the transformation of kaolin tometakaolin.Material for the XRD analysis
was prepared using the back-loading technique. Before scanning, thematerial wasmicronizedwith aMcCrone
micronizingmill. The addition of 20% siliconwas done to quantify the amorphous content in thematerial
quickly. AMalvern Panalytical Aeris diffractometer equippedwith a PIXcel detector, fixed slits, and Fe-filtered
Co-K radiationwas used to produce the diffractograms. The phases were recognizedwith the aid of X’Pert
Highscore Plus software. The Rietveldmethod calculates the relative phase quantities byweight percent. Then,
the samplewas scanned for FT-IR using the Shimadzu IRSpirit series within the 400–4000 cm−1 wave number
range to acquire the FT-IR spectrum.

3. Results and discussion

3.1. Response surface analysis
Design expert software generated a quadratic regressionmodel with the experimental results obtained in the
kaolin tometakaolin conversion. Equation (1) describes the relationship between the independent variables
under study (temperature, rate, and soaking time) and the pozzolanic reactivity, considered the response during
the study.

( )

R A B

C AB AC

BC A B C

1, 375.19 74.5175 76.8675

35.6925 273.797 170.063

104.412 211.688 623.893 493.218 12 2 2

* *
* * *

* * *

= + + - +
- + + +

- + - + - + -

WhereR is pozzolanic reactivity (mgCa (OH) 2/g), A is Temperature (°C), B is the rate (°C/min), andC is the
soaking time (h).

3.2. ANOVAAnalysis andmodelfitting
ANOVA statistically evaluated and validated the derivedmodel fit by testing the significance of the regression
model, individualmodel coefficients, lack offit, and pure error. The higher F-values and the smaller probability
values (p< 0.05) indicatemore significance for the corresponding coefficients. From table 5 and equation (1),
the obtained F-value of 804.67 had a very small p-value (p< 0.0001), implying that themodel is significant and
that there is only a 0.01% chance that an F-value this large could occur due to noise. The termsA, B, C, AB, AC,

Table 2.Chemical composition.

Component SiO2 Al2O3 Fe2O3 Na2O MgO CaO K2O P2O5 MnO TiO2

Kaolin (%) 61.5 33.7 3.1 0.08 0.4 0.2 0.27 0.07 0.24 0.44

Table 3.Box-behnken experimental design coding.

Factor code Factor Units Codedminimum Codedmaximum Center point

A Temperature (°C) −1↔ 650.00 +1↔ 850.00 750.00

B Rate (°C/min) −1↔ 1.00 +1↔ 19.00 10.00

C Soaking time h −1↔ 1.00 +1↔ 12.00 6.50
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BC, A2, B2, andC2 are significant coefficients for the pozzolanic reactivitymodel in kaolin tometakaolin
conversion. The F-value for the lack offit, which is 1.34, indicates that the lack offit is not significant compared
to the pure error. An enormous lack offit in the F-value has a 37.86% chance of being caused by noise. A non-
significant lack offit is advantageous becausewewant themodel tofit [30]. Themodelfit statistics showed that
the estimatedR-squared is nearly equal to one, which suggests the accuracy of stimulated data [31].

Additionally, the difference between the projected R-squared and the adjusted R-squaredwas less than 0.2,
demonstrating that the regressionmodel suits the data thatwas generated andwill be able to forecast future
observationswell. Adequacy of precisionwas used to assess the signal-to-noise ratio, whichwas found to be
bigger than four andwas considered desirable [32]. The results imply that using the derived regressionmodel,
one can navigate the design space.

In objective optimization, thefinal purpose is tomaximize desirability. As shown infigure 3, the
optimization constraints for temperature, rate, and soaking timewere used tomaximize the produced
metakaolin’s pozzolanic reactivity. It was found that a temperature of 765 °C, a rate of 10 °Cmin−1, and a
soaking time of 6.46 h resulted in the production ofmetakaolinwith a pozzolanic reactivity of 1382.15mgCa

Table 4. Independent variables and response.

Process variables

Response (Pozzolanic Reactivity (mg

Ca(OH)2/g))

Runorder Temperature (°C) Heating rate (°C/min) Soaking time (h) Actual value Predicted value Residual

1 650 19 6.5 120.32 114.43 5.89

2 750 19 12 43.12 41.11 2.01

3 750 1 1 264.21 266.22 −2.01

4 750 19 1 332.62 321.31 11.31

5 750 1 12 392.36 403.66 −11.30

6 750 10 6.5 1359.82 1375.19 −15.37

7 650 10 12 382.10 390.01 −7.91

8 850 1 6.5 411.30 417.19 −5.89

9 750 10 6.5 1397.06 1375.19 21.87

10 750 10 6.5 1359.82 1375.19 −15.37

11 850 10 1 618.34 610.43 7.91

12 850 19 6.5 791.84 811.05 −19.21

13 750 10 6.5 1399.42 1375.19 24.23

14 650 10 1 784.32 801.52 −17.20

15 650 1 6.5 834.97 815.75 19.22

16 750 10 6.5 1359.82 1375.19 −15.37

17 850 10 12 896.37 879.17 17.20

Table 5.Analysis of Variance for the response surface reduced to quadraticmodel.

Source Sumof squares Df Mean square F-value p-value

Model 3.686E+ 06 9 4.095E+ 05 804.67 <0.0001 significant

A-Temperature 44422.86 1 44422.86 87.29 <0.0001

B-Rate 47268.90 1 47268.90 92.88 <0.0001

C-Soaking time 10191.64 1 10191.64 20.03 0.0029

AB 2.999E+ 05 1 2.999E+ 05 589.19 <0.0001

AC 1.157E+ 05 1 1.157E+ 05 227.31 <0.0001

BC 43607.88 1 43607.88 85.68 <0.0001

A2 1.887E+ 05 1 1.887E+ 05 370.73 <0.0001

B2 1.639E+ 06 1 1.639E+ 06 3220.25 <0.0001

C2 1.024E+ 06 1 1.024E+ 06 2012.55 <0.0001

Residual 3562.58 7 508.94

Lack of Fit 1788.48 3 596.16 1.34 0.3786 not significant

Pure Error 1774.10 4 443.53

Cor Total 3.689E+ 06 16

Model fit statistics

R2 Adjusted R2 Predicted R2 Adeq. Precision Std. Dev. Mean CV%

0.9990 0.9978 0.9915 77.1035 22.56 749.87 3.01
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(OH)2/g and a desirability of 0.987. The higher the desirability, the greater the reliability of the obtained solution
[33]. The optimized parameters are plotted in optimization ramps, as shown infigure 1.

To confirm themodel, a confirmation location point was chosenwith parameters (temperature of 765 °C,
rate of 10 °Cmin−1, and soaking time of 6.46 h), which gave the predictedmean value for the pozzolanic
reactivity of 1381.65mgCa (OH)2/g. The recorded pozzolanic reactivity at a prediction point parameter was
1351.05Ca (OH) 2/g. As seen from table 6, the prediction error is less than ten percent, which suggests the high
accuracy of themodel [34]. The value of pozzolanic reactivity is above 700mgCa(OH)2/g, which indicates that
the producedmetakaolin is highly reactive [29].

The interaction effect of the independent factors was analyzed using the contour and three-dimensional
plots infigure 2. The 3D response surface plotsmake it easy to understand how two combined variables impact
themeasured response. As response surface curvature increases, the significance of the factor relationship
becomesmore apparent [25]. It is observed that the pozzolanic reactivity increasedwith an increase in
temperature from650 °C to 765.61 °Cand declined beyond that temperature. Considering the soaking time, it is
observed that the holding time beyond 6.46h reduced the pozzolanic reactivity of themetakaolin. The decrease
in pozzolanic reactivity at a higher temperaturemay be due to the crystalization ofmetakaolin [9].

Figure 3 shows a normal probability plot of the residual for the pozzolanic reactivity: the predicted value
versus the experimental value of pozzolanic reactivity. The normal distribution of the data for all residual
responses is demonstrated by the nearly perfectly straight distribution of the points for all dependent variables. A
model’sfitness is also analyzed graphically on a plot of actual versus predicted. It is depicted that every point in
the plot is quite close to a straight line. The smooth fitting of the points to a straight path shows that the actual
versus projected tends to follow establishedmodels pretty well andmatch the data nicely [35].

Figure 1.Optimization ramps.

Table 6.Model verification for pozzolanic reactivitymaximization.

Temperature (°C)
Rate

(°C/min)
Soaking

time (h) Predicted value (mgCa(OH)2/g) Experimental value (mgCa(OH)2/g) Error (%)

765 10 6.46 1381.65 1351.05 2.22

Table 7.Physical properties.

Density(g/cm3) Blaine Specific Surface area(cm2/g) R45micron (%)

Kaolin 2.632 7208 8.0

Metakaolin 2.747 8909 4.4
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Figure 2.Contour and 3Dof the combined effect of temperature and rate, temperature, and soaking time on the pozzolanic reactivity
ofmetakaolin.

Figure 3.Normal probability plot residual for the pozzolanic reactivity; predicted value versus the experimental value of pozzolanic
reactivity.
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3.3. Characterization of the optimizedMetakaolin
Figures 4 and 5 show theXRDpattern for the raw and calcined kaolin and the FT-IR spectra for the kaolin and
calcined kaolin, respectively. They are allmeant to illustrate how kaolinite turns intometakaolin.

By contrasting the XRDpatterns for raw and calcined kaolin, as shown infigure 4, the transformation of
kaolin tometakaolinwas confirmed. The kaolin sample’s distinctive reflections on two theta degrees at 14.32°
and 29.03° proved that kaolinite was present [19, 36]. X’PertHighscore Plus software was used to perform
Rietveld analysis and quantify the phase composition, and the ICSD-26818 databasewas used for thematching
process. The corresponding identification card for each peak is; Anatase -ICSD: 98-009-6946,Hematite -ICSD:
98-015-4191, kaolinite-ICSD: 98-006-8698,muscovite-ICSD: 98-002-6818, quartz-ICSD: 98-008-3849, and
silicon -ICSD: 98-006-0387. The analysis revealed 69.4%kaolinite, 27.4%quartz, and 0.9%muscovite. The
observed Si reflections are due to the 20%Si addition added to the sample for amorphousness quantification.
The absence of kaolinite-specific reflections in themetakaolin indicates that kaolin has been transformed into
metakaolin [36, 37].

The FT-IR spectra infigure 5were used to confirm the conversion of kaolin tometakaolin. The observed
bands at 3692 cm−1 and 3650 cm−1 are alliedwith the interlayer hydroxyl group, and the band at 3620 cm−1 has
an innerOH stretching frequency [36, 38, 39]. The three bands observed are associatedwith hydroxyl stretching,

Figure 4.XRDpattern for the raw and calcined kaolin.

Figure 5. FT-IR spectra for raw kaolin andmetakaolin.
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confirming kaolinite’s presence in the raw sample [19, 37, 38]. The observed three peaks define the kaolinite
material under study as low-order kaolinite (LOK) [37, 40]. The bands detected at 1115, 1030, and 1006 cm−1

are related to the Si-O stretching vibrations band, and the one at 534 cm−1 depicts the presence of theAl-Si–O
bondwithin the kaolinite under study. Another reflection at 912 cm−1 was attributed toAl-OHbending
vibration [37, 39]. Also, the other peaks are found at 798 and 677 cm−1, which are associatedwith the Si–O–Si
stretching of the kaolinitematerials [39]. It is well observed that after calcination, the bands at 3692, 3650, and
3620 cm−1 disappeared to form a broad band in this region, which validates the formation of reactive
amorphousmetakaolin [11, 37]. The calcination process leads to the replacement of peaks at 1115, 1030, and
1006 cm−1 by broad doublet peaks at 1084 and 1047 cm−1, signifying the transformation of kaolinite to
metakaolin [38, 41].

3.4.Morphology andphysical properties of producedmetakaolin
The physical properties of the producedmetakaolin are comparedwith those of untreated kaolin. Blaine air
surface area, whichmeasures the total surface area of the particles per unitmass, is ameasure of powder fineness.
It is an essential physical property andmay impact various application variables.When used in geopolymer
concrete, itmay affect properties such as pozzolanic reactivity, strength, and durability. A higher surface area can
lead to a higher cation degree of reaction betweenmetakaolin and the activating solution and a compact
structure, resulting in amore robust and durable geopolymer [42, 43]. As reported in table 7, the optimized
metakaolin’s Blaine-specific surface area is 8908 cm2/g. The increased Blaine-specific surface areamay be due to
reduced particle size after thermal treatment. The decrease in particle size is evidenced infigure 6.

Density is an important property that can affect the behavior and performance ofmetakaolin in various
applications. The higher density recorded inmetakaolin (2.747 g cm−3)may be due to the thermal treatment
process of kaolin. Dehydroxylation drives the chemically boundwater off, decreasing volume and contributing
to density increase. The increase in densitymay result in better particle packing, improving densification, and
reduced porosity in themicrostructure ofmetakaolin-basedmaterials.

The R45microns of the producedmetakaolinwas found to be 4.4%. The results imply that 95.6%of
particles were below 45microns, and only 4.4%were retained. Generally, a lower R45microns fractionmay
indicate afiner particle size distribution, which is desirable for geopolymermortar application [44].

Themorphological characteristic is shown infigure 6. The plate-like in nature images are observed in kaolin
(figure 6(a)), whichmay be due to the layered crystal nature of the kaolinite structure. It is well witnessed
(figure 6(b)) that particles lost their plate-like to irregular shape, and some spherical particles, reduced andmore
uniformparticles, are also depicted. These changes inmorphology can be attributed to the de-hydroxylation of
kaolinite during the calcination process.

4. Conclusions

The influence of calcination temperature, heating rate, and soaking time onmaximizing the pozzolanic
reactivity ofmetakaolin has been studied in kaolin-to-metakaolin conversion. The significantfindings are
summarized as follows:

• Pozzolanic reactivity increases as the temperature rises from650 °C to 765 °C and then declines as the
temperature rises higher.

Figure 6. SEM images of (a)Kaolin and (b)Metakaolin.
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• The temperature of 765 °C, at a rate of 10 °Cmin−1, and 6.46 h of soakingwere the optimumconditions to
yield the highly reactivemetakaolin. The pozzolanic reactivity at this optimumconditionwas 1382.15mgCa
(OH) 2/g.

• A chosen confirmation point (temperature 765 °C, rate of 10 °Cmin−1, and soaking time 6.46 h) resulted in
the predictedmean value for the pozzolanic reactivity being 1381.65mgCa(OH)2/g. The experimental value
was recorded as 1351.05mgCa(OH)2/g, which gives an error of 2.22%.

• The quadraticmodel obtainedfits well to predict the response, with a desirability of 0.987.

• SEM images confirmed the particle size reduction after the thermal treatment of kaolin, leading to increased
Blaine-specific surface area and pozzolanic reactivity.
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