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ARTICLE INFO ABSTRACT

Keywords: The synthesis by coprecipitation of Layered Double Hydroxides (LDHs) is governed by the stages
Process variables of nucleation and crystal growth associated with the efficiency of the mixing and dispersion
Hydrotalcite

process of the reagents. Mixing efficiency is related to process variables, such as agitation speed,
type of impeller and baffles presence, among others. In this context, this work proposes an
analysis of these variables in a batch reactor, using a 2° factorial design employing the factors:
acceleration speed (200 and 1000 rpm), mixing time (2 and 18 h) and presence or absence of
baffles. The results were evaluated quantitatively (amount of LDH produced, time and amount of
base for the formation of LDHs to begin) and qualitatively (mixing aspects, sedimentation ad
grinding). The significant factors affecting the amount of LDH produced (51.94-80.81 g) were
agitation speed and aging time. These factors were also correlated with the structural charac-
teristics of the materials produced, such as crystallinity, crystallite size (70.99-174.79 nm),
surface area (69.81-97.62 rnz/g), pore volume (0.28-0.59 cms/g), and pore diameter
(11.40-34.66 nm). LDHs produced at higher agitation rates (1000 rpm) and longer aging times
(18 h) yielded higher quantities of materials (80.81 g) with improved structural characteristics.
The study highlights the importance of systematically exploring the synergistic effect between
process variables, emphasizing the research potential in this area.

Structural characteristics

1. Introduction

The term Layered Double Hydroxide (LDH) refers to a class of inorganic lamellar compounds of basic character and high capacity to
intercalate anions. A wide variety of LDHs can be synthesized from a wide combination of metal cations (Mg2+, Ni?t, Fe?", zn%*, AI®H)
and interlayer anions (CO%, 0H, F, Cl, Br, NO®", I7) [1-3]

In the preparation of LDHs, a factor of great importance is the stabilization of the lamellar structure, which is possible due to
electrostatic attraction forces existing between the lamellae (positive force) and the interlamellar anions (negative force). Therefore,
the ratio of M2t/M3" defines the density of the lamellar charge and consequently the number of anions between the lamellae. This
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relationship has a significant impact on the physical and chemical properties of the material, such as crystallinity, porosity, surface
area, and ion exchange capacity. The definitions of these characteristics are also associated with the synthesis process, as the process
strongly depends on the degree of homogeneity obtained during the mixing stage of the reagents, while promoting nucleation and
crystal growth [4-6]

Therefore, standardization of reaction conditions (chemical and process variables) is crucial to improve the efficiency of the
agitation and mixing process, which are related to mass transfer phenomena and energy transmitted to the system to enhance the
degree of dispersion between particles in a solid-liquid mixture [7-9]

Regarding the effects of chemical variables, the specific literature points out that the synthesis process suffers the effects of
chemical variables, such as: proportions of trivalent and divalent cations, stirring time, temperature and reaction time, thus, there are
several works aimed at determining these factors in the literature, such as the works of Ahmed et al. [10]; Elhalil et al. [11]; Valente
et al. [12]; Yuan et al. [13] and Zou et al. [14].

On the other hand, the effects of the influence of process variables on the structural characteristics of LDHs have not yet been fully
elucidated. This stage involves the selection of operational conditions, such as: agitation speed, types of impellers, impeller clearance,
baffles, baffle width, among others [15].

The studies conducted by Sun et al. [16] already signaled the need to expand the study of reaction conditions by including other
parameters, such as agitation rate and reagent addition rate. A literature search on process variables applied to the synthesis of LDHs
identified some works that mention agitation rates (rpm) and reagent addition rates (mL/min): 200 rpm [17,18], 400 rpm [19], 700
rpm [20], 1200 rpm [21], 1300 rpm and 7.5 mL/min [22], 1400 rpm [23], 1 mL/min [24,25], 60 mL/min [26] and 4 mL/min [27,28].
However, in these works, the effects of these factors on LDH synthesis were not evaluated.

Therefore, it is imperative to complement the missing information in the literature regarding the structuring part of the batch
reactor for LDH synthesis. It is believed that process variables, as well as chemical variables, can justify the structural and morpho-
logical characteristics of LDHs, based on theoretical criteria of the agitation and mixing effect of the reaction fluid.

In this context, this work provides an assessment of the influence of stirring speed (200 and 1000 rpm), stirring time (2 and 18 h)
and presence or absence of baffles in the production process and formation of LDHs synthesized by the coprecipitation method at
variable pH, with the response being the variation in the amount of produced LDH (dry mass) evaluated through a 23 factorial design.
Furthermore, the results were correlated with aspects of the reaction mixture observed during the experiments and the changes in the
physical-chemical characteristics of the materials, assessed through characterization techniques including X-Ray Diffraction (XRD),
Thermogravimetric Analysis (TGA/DTG), Fourier Transform Infrared Spectroscopy (FT-IR), and Nitrogen Adsorption using the Bru-
nauer, Emmett, and Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, which demonstrate a good interaction with the process
variables.

2. Materials and methods
2.1. Synthesis of LDHs

To evaluate the influence of process variables on LDH syntheses, a complete 23 factorial design was used, the number “2” indicates
the number of levels evaluated, while the number 3" indicates the number of factors studied in the experiment, o niimero de variavies,
resulting in 8 experiments. The variables investigated and their respective levels were a) agitation speed: 200 and 1000 rpm; b) mixing
time: 2 and 18 h and c) presence/absence of baffles, as set out in Table 1. In the symbolism used, HTnc, HT represents the name
hydrotalcite corresponding to the LDHs produced with Mg and Al, n corresponds to the trial number and c represents the presence of
baffles. To generate the coded matrix, the STATISTICA 12 Software was used as support. The rotation speeds and mixing time (aging
time) were defined based on the reactor’s safety limits and LDH production data used in previous studies: Cermelj et al. [20]; Di Cosimo
et al. [29]; Modrogan et al. [17]; Teixeira et al. [18]; Thite & Giripunje [21].

To conduct the syntheses, the reaction conditions were chosen based on the selection of chemical variables (fixed) and process
variables. LDHs were synthesized by the coprecipitation method at variable pH based on and adapapted from studies developed by
Ref. [30-32]. LDHs were produced in a 2:1 Mg/Al ratio using two solutions; a solution A, containing Mg(NO3)2.6H20 1.42 M and Al
(NO3)3.9H20 0.71 M in 434 mL of deionized water and a solution B composed of NaOH 2.2 M and NapCO3 1.2 M in 700 mL of deionized

Table 1
Planning variables and levels 2.3,
LDH Planning variables
Speeds (rpm) Time (h) Baffles
1 HT1 200 (-1) 2(-1 Without baffles (—1)
2 HT2 1000 (1) 2(-1) Without baffles (—1)
3 HT3 200 (-1) 18 (1) Without baffles (—1)
4 HT4 1000 (1) 18 (1) Without baffles (—1)
5 HT5c 200 (-1) 2(-1) With baffles (1)
6 HT6c 1000 (1) 2(-1 With baffles (1)
7 HT7¢ 200 (-1) 18 (1) With baffles (1)
8 HT8c 1000 (1) 18 (1) With baffles (1)
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water.

Initially, solution B was dripped onto solution A with the aid of a peristaltic pump at a constant rate of 15 mL/min at room
temperature and variable speed (200 and 1000 rpm) according to Table 1. The pH of the final solution after addition of solution B it
was equal to 12.

The syntheses of MgAl-LDH were conducted in a pilot unit consisting of a 1.5 L jacketed reactor for water circulation, coupled with
a temperature (thermostatic bath) and speed (mechanical stirrer) control system. The reactor is integrated with inlets for adding pH
and temperature control reagents that allow direct contact with the reaction medium, while the reactor’s internal system consists of
baffles and impellers. In the present study, the type of impeller used was pitched blades. Fig. 1 shows the main control components and
auxiliary equipment that make up the internal structure of the reactor integrated with auxiliary equipment. The characteristics of the
auxiliary equipment that controls the main process variables are specified in Table 2.

After the precipitation step, the aging temperature was adjusted to 60 °C for a variable time (2 and 18 h), as shown in Table 1. After
the synthesis step, colloidal solutions of dispersed LDHs in a liquid phase were obtained, forming LDH gels with a viscous appearance.
The gels underwent the following subsequent steps: a) washing, conducted in a centrifuge with 5 repetition cycles at 2500 rpm; b)
drying, carried out in an oven at 105 °C for 4 h and ¢) maceration and sieving, to obtain LDHs in powder form with a size smaller than
0.425 mm. As responses to the planning, the amount of MgAI-LDH (m;py) produced, qualitative aspects of the mixture and charac-
teristics of the LDHs formed were evaluated. The LDH mass was obtained by weighing on an analytical balance.

2.2. Image analysis

For each stirring speed (200, 600 and 1000 rpm), a video was recorded, and 11 frames were taken from each video for analysis.
Using ImageJ software, the original frame underwent the following changes: conversion to 8-bit grayscale images, improvement of
image contrast and creation of regions of interest (Rol). The Rols were positioned in such a way that they represented significant areas
for analysis, avoiding regions of high reflection and distortion due to the curvature of the container.

In each Rol, the average of the pixel’s gray value was calculated (Equation (1)), the standard deviation of the pixel’s gray value
(Equation (2)), then the coefficient of variation (CV) was obtained (Equation (3)), and the average of these values between the replicas,
obtaining a characteristic frame for each speed. Then, the mean and standard deviation of the CV between the Rols of each charac-
teristic condition were calculated.

C _ Zi:lci @
m—1
)
o
CV == x100% 3)
C

Where o is the standard deviation of the gray value, C is the mean gray value, and m is the number of pixel points in the samples.
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Fig. 1. Pilot unit used to produce LDHs.
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Table 2
Specifications of auxiliary equipment.

Equipment Specifications Controlled variable

Thermostatic bath
Digital thermometer
Peristaltic pump

pH meter

Model TE-184, TECNAL
Model K29-5030, KASVIN
Watson Marlon brand
Model TEC-7, TECNAL

Water temperature
Mixture temperature
Reagent flow

pH of the mixture

2.3. Characterization of LDHs

XRD analyzes were performed on a 7000 SHIMADZU diffractometer using Cu radiation (A = 0.154060 nm) at 40 kV and 30 mA. The
patterns were recorded in a range of range from 3 to 70°, in increments of 0.02°.
The basal spacings, cell parameter (a and ¢) and particles size were calculated for each material. Basal spacings were determined
according to equation (4), Bragg’s Law and the cell parameter with Equations (5) and (6) [6], respectively:

nh = 2d;;Sen® “@

a=2d 5)
3

€=3 (doos + 2doos ) (6)

Where n is the peak reflection order (n = 1), A is the X-ray wavelength used in the analysis, d is the basal spacing for the hkl peak and 6 is

the Bragg angle determined by the diffraction peak.

The average particles size was determined by the Scherrer equation [33], according to Equation (7):

PR
B cos(6g)

7)

Where, k represents the shape factor, 4 the wavelength of k-aCu radiation, f# is width at half height of the diffraction peak (FWHM) and
Op is the Bragg angle.
Thermogravimetric analyzes were carried out using a Shimadzu thermobalance, model SDT650. Around 10 mg of the sample was

placed in alumina crucibles and subjected to temperatures up to 900 °C at a heating rate of 10 °C.min

Table 3
Design of experiments matrix 2> and synthesis of quantitative and qualitative results.

-1

, in a synthetic air atmosphere

LDH Process Quantitative results Qualitative results
variables - K K K X
Formation of LDHs Amount of LDH  Aspects of the mixture Washing and sedimentation” Aspects of
Time Veotusion o produced (g) crushing
(min) (mL)
HT1 200 rpm/2h 25 250 51.94 Pasty liquid and presence of Easy washing due to the fast LDH is
agglomerated reagent mass. sedimentation of the LDHs. difficult to
(5 min) crush.
HT2 1000 rpm/ 18 180 77.42 Uniform pasty gel. Hard washing due to slow LDH is easy
2h sedimentation of the LDHs (7 to crush.
min)
HT3 200 rpm/ 25 250 63.00 Pasty gel with the presence of an Easy washing due to the fast LDH is
18h agglomerated reagent mass and liquid sedimentation of the LDHs. difficult to
part at the base of the reactor. (5 min) crush.
HT4 1000 rpm/ 18 180 73.99 Uniform pasty gel with high apparent Hard washing due to slow LDH is easy
18h viscosity. sedimentation of the LDHs (7  to crush.
min)
HT5¢ 200 rpm/ 20 200 52.08 Pasty gel with the presence of an Easy washing due to the fast LDH is
2h/baffle agglomerated reagent mass and liquid sedimentation of the LDHs. difficult to
part at the base of the reactor. (4min) crush.
HT6¢c 1000 rpm/ 16 160 70.42 Uniform pasty liquid. Easy washing due to the fast LDH is easy
2h/baffle sedimentation of the LDHs. to crush.
(5 min)
HT7c 200 rpm/ 20 200 64.96 Pasty gel with the presence of an Easy washing due to the fast LDH is
18h/baffle agglomerated reagent mass. sedimentation of the LDHs. difficult to
(4min) crush.
HT8¢ 1000 rpm/ 16 160 80.81 Uniform pasty liquid. Moderate ease of washing LDH is easy
18h/baffle due to sedimentation (6 min)  to crush.

@ The sedimentation ease was evaluated by the sedimentation time (min) of the LDH particles and by the transparency of the washing water.
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with a flow rate of 50 mL min .

The FT-IR spectra were obtained on a Shimadzu IRTracer-100 equipment in the region of 4000 to 400 cm ™! with a resolution of 4
cm ! using the KBr pellet technique. The tablets were prepared by pressing using 0.5-1% by mass of sample in relation to the mass of
KBr to ensure detection of the bands.

Nitrogen adsorption tests were performed using an automated gas sorption analyzer, Quantachrome instruments, NOVA 4200e,
USA. Each sample was treated at 300 °C for 12 h. And after treatment, the samples were subjected to a flow of nitrogen gas at —196 °C.
The specific surface area was obtained using the Brunauer, Emmett, Teller (BET) method and the pore size distribution using the
Barrett-Joyner-Halenda (BJH) method.

3. Results and discussion

In this session, the main operational parameters of a batch reactor for the synthesis of MgAl-LDH prepared by the variable pH
coprecipitation method were examined. The data obtained was collected in Table 3 and divided into quantitative and qualitative
results.

3.1. Quantitative analysis

In this session, the influence of process variables (speed, time and baffles) on the formation of LDH and the quantity (mppy)
produced in each test was discussed. The information was obtained in Tables 3 and in the section on quantitative data.

The first aspect analyzed reflects the change in apparent viscosity of the reaction medium. The viscosity alteration occurred during
the precipitation step, wherein the reaction mixture underwent a drastic change in appearance upon addition of solution A (NaOH and
NayCOs3). At this point it was attributed that the structural formation of LDHs occurred more intensely, marked by a drastic change in
viscosity. The amount of base (mL) and time were recorded for comparison between mixtures.

The data demonstrated that all LDHs produced at a speed equal to 1000 rpm had shorter times (16-18 min) until the effective
formation of LDHs, while systems stirred at 200 rpm were slower (20-25 min); also implying an increase in the amount of base used
(160 mL-250 mL). It is also noteworthy that the presence of baffles in the reaction medium favored the effective formation of LDHs,
since shorter times and smaller amounts of base were required in the presence of baffles.

At 1000 rpm, the use of the baffle reduced the time until the intense formation of LDHs from 18 min to 16 min and the amount of
base from 180 mL to 160 mL. The same behavior was observed at 200 rpm, where the time decreased from 25 to 20 min; and the
amount of base, from 250 to 200 mL. This behavior suggests that there was better homogenization between the metal (solution A) and
basic (solution B) solutions in the presence of baffles, leading to an accelerated formation of LDHs. Thus, it is evident that the use of the
baffle favored the mixing process in the precipitation stage.

Another quantitative aspect analyzed was the influence of process variables on the amount of LDH produced. Table 4 presents the
estimated effect data (main and interaction) after statistical treatment [34]. The Pareto chart, presented in Fig. 2, was constructed to
help observe the variables that most influenced the results, within the statistical parameters studied.

The Pareto chart provided the direct results of the significance of the factors where the standardized effects were displayed in
horizontal bars representing the tabulated t value. The results demonstrated that the significant factors having as a response the
amount of LDH (mypy) were agitation speed and aging time. It is also observed that among the variables studied, the stirring speed was
the dominant variable in terms of the amount of MgAIl-LDH produced. The other factors, such as the presence or absence of chicanes
and the second and third order interaction effects, did not show evidence of significance for the investigated study range, considering
95 % confidence.

Analyzing the agreement of the factorial design with the data obtained in Tables 3 and it is possible to relate the influence of
significant factors on the amount of LDH produced (m;py). In tests 1 and 2, for example, when the speed increased from 200 to 1000
rpm, keeping the time constant, the amount of LDH produced also increased. The same behavior was observed in all other pairs with
constant time: 3 and 4, 5 and 6 and 7 and 8. Furthermore, in trials 1 and 3, 5 and 7 and 6 and 8, in which the time of aging varied from 2
to 18 h, with constant speeds, the amount of LDH produced also increased.

These results are in accordance with the Pareto chart (Fig. 2) since the statistical analysis showed that the increase in speed and
aging time favored the production of LDHs. However, in trials 2 and 4 the effect was reversed. This fact may be associated with the
greater shear stress caused by the absence of a baffle and the high speed used in the test, which may have accelerated the fluid velocity
and caused the material to become unstructured.

Table 4
Estimation of effects based on quantity of LDH (m;py) after statistical treatment (R% = 0.9769).
Factor Effect estimation (%) Standard error T3 Value p Interval Estimation
Inferior limit (—95 %) Upper limit (+95 %)
Average 66.83 0.89 74.89 0.00 63.99 69.67
Speed (S) 17.67 1.78 9.90 0.00 11.99 23.34
Time (T) 7,73 1.78 4,33 0.02 2.05 13.40
Speed x Time —4.25 1.78 —2.38 0.10 —9.92 1.43
Time x Baffle 3.91 1.78 2.19 0.12 -1.77 9.59
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Speed

Time

P=0.05
Standardized effect estimate

Fig. 2. Analysis of significant factors through a Pareto chart.
3.2. Qualitative analysis

In this session, the main changes noticeable in the mixing tank during the precipitation and aging stages were gathered, considering
the homogeneity of the reaction medium; and also, observations during the washing and crushing stage, until the final obtaining of
LDHs in powder form.

Fig. 3 shows the effects of stirring speed on LDHs production at the beginning of the precipitation phase (5 min). This point was
chosen because it allowed a better evaluation of the characteristics of the mixtures, such as observation of flow characteristics and
miscibility between reactants. The results captured demonstrated that when the speed increased, the reaction medium became more
homogeneous. It is possible to observe that when the stirring speed is equal to 200 rpm the formation of undissolved portions of the
basic solution occurred when this solution was precipitated over the metal solution (Fig. 3a). Hence, initially, one notices the
agglomeration of those portions that were not instantly dissolved due to the low speed utilized in the synthesis process. On the other
hand, with an increase in speed to 1000 rpm, the basic solution when inserted into the reactor dissolves quickly, forming a more
homogeneous mixture than at 200 rpm and predominantly whitish, without the observation of empty spaces. (Fig. 3b). It is believed
that this difference in homogeneity in the precipitation stage may have affected the nucleation stage of the LDHs, since, in a scenario of
poor dispersion between the reactants, the nucleation stage is later [35].

In the precipitation stage, it was also possible to evaluate the influence between the use of baffles and the dissolution of the re-
agents. It was noticed that when using baffles, regardless of the speed used, the presence of undissolved portions of the basic solution
precipitated over the metal solution was not observed. There was also a region of greater turbulence when the speed was adjusted to
1000 rpm. This demonstrates an improvement in the agitation process with the use of a baffle in the precipitation stage (comparison

Fig. 3. Influence of rotation speed and presence of baffles on LDH formation, factors employed: a) 200 rpm, b) 1000 rpm, ¢) 200 rpm with baffle, d)
1000 rpm with baffle, ) 200 rpm, f) 1000 rpm, g) 200 rpm with baffle, and h) 1000 rpm with baffle.
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between Fig. 3c and d). Fig. 3e-h are enlargements of Fig. 3a-h.

Thus, the experimental results demonstrated that the homogeneity of the LDH mixtures increased with the increase in the degree of
agitation (considering the same mixing time) and that the presence of baffles at the beginning of the reaction has a positive impact on
the flow profile within the reactor, evidenced by the absence of stagnant zones, regions of low homogeneity and solid body rotation
(vortex formation).

Another factor analyzed was the aging time, which is the stage responsible for the growth of crystals and improving the crystallinity
of the particles formed [6]. The influence of aging time on the production of MgAl-LDH LDHs can be explained in terms of the classical
theory of crystal nucleation and growth.

For study purposes, the LDHs HT1 and HT3, stirred at 200 rpm, were chosen to represent the physical phenomena that occur inside
the reactor over time. Fig. 4a—c exemplify the precipitation step with a fixed duration of 90 min for all tests. Initially, there was
agglomeration of the basic precipitating solution caused by the deficiency in the miscibility of the phases due to the low stirring speed.

Over time, the agglomerated base portions were dissolved, and the stages of nucleation and growth of the crystals began to occur
more intensely, marked by a visual change in the viscosity of the medium, where the reaction medium becomes composed of a viscous,
whitish gel (Fig. 4c). At this stage, movements on the reactor walls are imperceptible due to the high viscosity and the intensity of the
white color of the mixture. The time and volume spent from baseline to this point were recorded in Table 3.

After the precipitation stage, the aging stage began. It is worth noting that the tests have the same process parameters (200 rpm,
without baffle), but different aging times, 2 h (Figs. 4d) and 18 h (Fig. 4e). Experimental observations indicated changes in viscosity
with the evolution of aging time. On the surface of the reaction fluid in the stage represented by Fig. 4d, it is possible to perceive a more
intense movement, with the fluid constantly rising and falling as it is stirred for 2 h, indicating a lower apparent viscosity than the fluid
stirred for 18 h (Fig. 4e), which showed discrete movement on the surface of the mixture.

Generalizing the effects of aging time to the other tests, it was found that in all tests there was an increase in the apparent viscosity
of the reactional medium, regardless of the time and the presence of baffles. However, tests conducted at low speed (200 rpm) showed
poor mixing after completion of the total synthesis time. The presence of an agglomerated reagent mass was observed, forming a gel
with a grainy appearance (Fig. 5a). On the other hand, in tests conducted at 1000 rpm, the final mixture formed a pasty gel with a
uniform appearance, without the presence of agglomerated portions (Fig. 5b).

These differences in the materials formed interfered with the subsequent stage of sedimentation and crushing of the LDH crystals.
These results were analyzed qualitatively and reflect changes in the ease of sedimentation and crushing of MgAl-LDH particles, which
were associated with differences in weight and hardness between the particles.

According to Table 3, materials HT1, HT3, HT5¢c, HT6¢ and HT7c showed easy sedimentation in the washing stage. The ease of
sedimentation was associated with the weight of the crystals, as heavier materials settle more easily and take less time. Therefore, these
materials were given greater weight. Thus, the materials considered heavier, for the most part, had a lower agitation speed (200 rpm)
in common, under conditions of varying aging time and use of baffles. At the other extreme, the opposite occurred, the crystals
sedimented more slowly (HT2 and HT4) at higher agitation rates (1000 rpm). Thus, in general, it can be inferred that lighter crystals
were produced at the higher speed level. As for the crushing stage, all tests conducted at 200 rpm (HT1, HT3, HT5c and HT7c)
produced harder and more difficult to crush crystals. In general, it is observed that heavier materials form harder solids that are
difficult to crush. These differences in the handling of materials are associated with process variables since the conditions of the
chemical reaction were kept fixed during all experiments.

3.3. Characterization

The structural modifications of the LDHs produced in each reaction condition were also analyzed using instrumental techniques
that allowed evaluating how process variables influenced the structural and morphological characteristics of the material, such as
crystallinity, particle size, surface area and composition (appearance of undesirable phases).

The powder X-ray Diffraction (XRD) technique was used to identify the lattice parameters, crystallinity, and particles size of the
MgAIl-LDH samples produced in the reactor according to the process variables. Fig. 6 shows the arrangement and characteristics of the

Fig. 4. Influence of mixing time on the production of MgAl-LDHs.
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Fig. 5. Aspects of MgAl-LDH LDHs at the end of the synthesis time.

peaks. Table 5 shows the relationship between the crystalline planes, such as the lattice parameters and the particles size obtained for
all the materials produced. Through the analysis of diffraction peaks, it was possible to confirm the formation of MgAl-LDHs based on
the presence of diffraction planes characteristic of hydrotalcites, which presented symmetrical reflections for the planes (003), (006),
(110) and (113), and the asymmetric reflections for the non-basal planes (012), (015) and (018).

It can be seen from Fig. 6 that the peak profiles present differences between them, with changes in height and width, these dif-
ferences are indicative of the variation in the crystalline structure between the materials. The presence of narrow and intense peaks
suggests that the hydroxides were synthesized with a high degree of crystallization and the symmetry and relative sharpness of the
reflections indicate the absence of stacking faults.

The results in Table 5 confirmed the formation of LDHs in all tests and provide numerical data that allowed evaluating the dif-
ference between the particles produced. The calculated values for lattice parameters (a and ¢) and basal spacings (dgo3 and dogs)
indicated the formation of a 3-R type crystalline arrangement (rhomboetric symmetry). Table 5 also provided an estimate of the
particles size, with values between 70.99 and 174.79 nm.

Comparing the results obtained with the influence of stirring speed, it was found that tests HT2, HT4, HT6¢c and HT8c, conducted at
higher stirring speeds (1000 rpm), presented the highest values for particle size, with values between 138.57 and 174.79 nm. While
tests HT1, HT3, HT5c and HT7c, conducted at 200 rpm, showed smaller sizes, 70.99 and 113.01 nm. This behavior suggests that the
agitation speed used in each test influenced the determination of the particle size of the produced LDHs.

Regarding the influence of aging time, it was found that increasing the aging time, from 2h to 18h, favored the growth process of

(003)
(006)
(012)
(015)
(018)
(110)
(113)

[ ] :
— L————J\-—J\—J\M*———M——-— HT8c
\_A_._A___/\A_,\_M__ HT7c
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\*_JL;;_)‘\_»;M._—F——‘_QA—,_ﬁ HT6c

I :
~—t ‘\_‘_MF/'\____/MA._M_M_._> HTSc
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J A /\4-— A | HT3

20(°)

Fig. 6. X-ray diffraction diagram of the LDHs compounds produced.
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Table 5

X-ray diffraction data.
LDH Process variables Basal Spacing A Cell Parameter (A) Particles size (nm)

doo3 doos a c

HT1 200 rpm/2h 7.69 3.84 3.05 23.04 113.01
HT2 1000 rpm/2h 7.66 3.81 3.05 22.92 138.57
HT3 200 rpm/18h 7.65 3.82 3.04 22.93 92.33
HT4 1000 rpm/18h 7.61 3.79 3.04 22.79 172.85
HT5c¢ 200 rpm/2h/baffle 7.73 3.85 3.00 23.14 70.99
HT6c 1000 rpm/2h/baffle 7.63 3.80 3.04 22.84 140.99
HT7c 200 rpm/18h/baffle 7.68 3.82 3.05 22.96 107.03
HT8c 1000 rpm/18h/baffle 7.59 3.79 3.04 22.75 174.79

LDHs crystallites. The evolution of the crystal with aging time was already expected, since data from the literature report that aging
time leads to crystal growth [6]. However, in tests conducted at low-speed rates, it was not possible to establish a regular behavior of
the variation in crystal size with stirring time. In this case, it is suggested that the stirring speed used (200 rpm) did not act efficiently in
the mixing process and was not sufficient to cause adequate dispersion between reagents, which may have caused a disorderly
variation in the size of the crystallite. These agree with the results observed in Fig. 5, where it was observed that the final appearance of
the LDHs did not correspond to the appearance of a completely homogeneous mixture.

It is also worth highlighting the appearance of an atypical phase (@) highlighted in the diffractograms in Fig. 6, which appears at 26
(degrees) = 29.4 and was attributed to the nitratin phase (NaNO3), which may be associated with a phase not removed during washing
[6,36]. It is also noted that all materials produced at 1000 rpm presented the nitratin phase. and that these materials showed better
response in terms of the amount of LDH produced (51.94-80.81 g).

The other structural parameters, a, ¢, dgpps and dggs, which appear in Table 5, suffered small variations, but did not present any
pattern of behavior with the process variables. This result was already expected, since these parameters are influenced by the nature of
the lamella cations and interlamellar anions, which in this study were kept fixed [37].

Thermogravimetric analyzes (TGA) and its derived curve (DTG) were used to evaluate the mass decomposition rate of LDHs
produced as temperature increased. Fig. 7 presents the TGA curves and their respective DTG for all materials produced. Table 6
presents the main regions of mass losses (%) of the samples produced.

According to the analysis of Fig. 7, there are predominantly two well-defined regions of mass loss, in agreement with data reported
in the literature that relate this behavior to hydrotalcites in the form of carbonate (Pérez et al., 2004b; [38]).

The first mass loss is in the range of 194-204 °C and is the result of the removal of water found in the interlayer space. In this region,
mass losses varied from 11.03 to 17.77 % according to Table 6. The second region, which comprises the temperature range from 313 to
369 °C, can be related to the dehydroxylation and decarbonation steps that lead to decomposition and collapse of the structure of LDHs
that give rise to oxides (Pérez et al., 2004b). In this region, the greatest mass losses were recorded, ranging from 21.71 to 24.83 %. It is
also worth noting that these two stages may overlap in the curves.

It is further observed that other endothermic bands are noted, which may be related to the reabsorption of water on the material
surface (@) [6] and the formation of magnesite and/or hydromagnesite phases (a) [39]. The presence of these compounds, for the most
part, was identified in tests conducted at 1000 rpm, regardless of the aging time and the presence of baffles. As already discussed, high
speed increases the homogeneity of the mixture, but can also cause the material to become unstructured due to the increase in shear
stress. These factors may have contributed to the formation of phases/compounds different from the typical phases/compounds of
LDHs.

Spectroscopy in the Fourier Transform Infrared (FT-IR) region was used to identify the typical absorption bands of LDHs, providing
evidence regarding the presence of functional groups that characterize a sample (J. [40]). Fig. 8 shows the main absorption bands of
the LDH samples (HT1-HT8c). Through analysis of the FT-IR spectra, it was verified that the samples presented, for the most part,
bands characteristic of hydrotalcite-type materials [41]. The bands located between 3400 and 3500 cm™! are attributed to the vi-
brations of the O-H groups present between the layers in interlayer water molecules [42,43]. The region close to 1600 cm™! may be
associated with the angular stretching of water molecules between the lamellae or water of hydration. While the bands 1377 and 1067
cm ! may indicate the presence of asymmetric stretching of CO3~ ions, present due to the contact of LDHs with the atmosphere [44].
The bands between 500 and 900 cm™! indicate metal-oxygen (M — O) vibrations of the bonds between cations and oxygen. More
specifically, these bands correspond to stretching vibrations of the Al-O or Mg-O band that represent the characteristic spectrum of
LDHs according to the metals used in their production [45].

Additionally, Fig. 8 depicts alterations in the intensity of bands. In most tests conducted in the presence of baffles, characteristic
bands of lower O-H group vibrations were observed, suggesting that the presence of interlayer water molecules varied with the process
conditions used in LDH production. These results, in general, are also consistent with the mass loss data obtained from TGA/DTG
(Table 6), which showed variation in the removal of water from the interlayer space (11.53-17.77 %), the variation of which relates to
the estimation of the minimum chemical composition of the samples. (Pérez et al., 2004). The remaining bands showed minor intensity
alterations. Nevertheless, it can also be inferred that there was a change in the typical functional groups of LDHs with process con-
ditions, even starting from a fixed ratio of reagents. As suggested earlier, process variables alter the homogeneity of the reaction
medium, which can lead to changes in connectivity between reactants and consequent compositional variation. The changes in the
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Table 6

Mass losses of the main endothermic bands (%).
LDH Process variables 1st region of mass loss (%) 2nd region of mass loss (%)
HT1 200 rpm/2h 17.77 24.14
HT2 1000 rpm/2h 12.1 23.74
HT3 200 rpm/18h 13.39 24.83
HT4 1000 rpm/18h 11.52 22.39
HT5c 200 rpm/2h/baffle 11.03 24.55
HT6c 1000 rpm/2h/baffle 17.19 24.67
HT7c 200 rpm/18h/baffle 17.27 24.51
HT8c¢ 1000 rpm/18h/baffle 11.53 21.71
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Fig. 8. FT-IR plots for the synthesized materials.

mass loss percentages from the dehydroxylation/decarbonation steps, provided in Table 6, also support these results.

Table 7 presents the adsorption/desorption isotherms for the synthesized LDHs. The areas of LDHs were obtained by the Bru-
nauer-Emmett-Teller (BET) methodology and the distribution and pore size were obtained by the Barret-Joyner-Halenda (BJH)
model. The tabulated data demonstrated that, according to the International Union of Pure and Applied Chemistry (IUPAC), all
particles produced are mesoporous as they have pore diameters between 2 and 50 nm. However, the particles demonstrated differences
between them, which varied with the operating conditions used. The surface areas of the materials produced varied in a range of
69.81-97.62 m?%/g, while the volumes varied in a range of 0.28-0.59 cm>/g and the diameters of 11.40-34.66 nm.

The pore volume and pore diameter were smaller in the tests that used a lower agitation speed (HT1, HT3 and HT5c), with the
exception of the HT7c test. This may be associated with the inefficiency of the mixing process as noted by the agglomerated reagent
mass after completion of the total synthesis time of the tests conducted at 200 rpm (Fig. 5). In the specific case of the HT7c experiment,
it is suggested that the longer aging time and the presence of baffles mitigated the effects of the low agitation speed and produced a
material with improved pore volume and diameter.

As for surface area, the lowest values were 69.81 m2/ g (without baffle) and 72.67 mz/g (with baffle) obtained in tests conducted at
the highest planning levels, speed equal to 1000 rpm and time aging equal to 18 h. The HT7c material, produced at 200 rpm and aged
for 18 h, presented the largest surface area among the tests (97.62 m2/g). These results indicate the existence of a negative correlation
between rotation speed and the specific surface area of LDHs, as experiments conducted at lower rotation speeds produced materials
with smaller specific surface areas. This relationship is likely explained by the contribution of other factors, such as shear stress be-
tween particles generated by higher rotation speeds, and other surface forces, which were not considered in this study.

Table 7

Surface area, volume, and pore diameter of LDHs from N physisorption studies.
LDH Process variables Surface area (mz/g) Pore volume (cm3/g) Pore diameter (nm)
HT1 200 rpm/2h 87.09 0.43 18.08
HT2 1000 rpm/2h 82.04 0.52 24.42
HT3 200 rpm/18h 76.92 0.37 17.93
HT4 1000 rpm/18h 69.81 0.58 34.66
HT5c 200 rpm/2h/baffle 89.06 0.28 11.40
HT6c 1000 rpm/2h/baffle 88.89 0.59 25.52
HT7c 200 rpm/18h/baffle 97.62 0.56 21.61
HT8c 1000 rpm/18h/baffle 72.67 0.57 33.77
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3.4. Analysis of the influence of speed per image capture

The stirring speed was the variable with the greatest significance among the factors analyzed. To expand the study of the effect of
this variable, an image capture study was carried out dividing the speed range, which now included the speed of 600 rpm, aiming to
provide greater detail on the influence of speed on the mixing process. Thus, for image capture studies, stirring speeds of 200, 600 and
1000 rpm were used.

Fig. 9 demonstrates the treatment of the 11 frames generated from the videos recorded from the test conducted at 200 rpm. Using
ImageJ software, each original frame (Fig. 9a) was converted to 8-bit grayscale images (Fig. 9b) and had the contrast altered to
highlight the differences between homogeneous and non-homogeneous zones (Fig. 1c). Regions of interest (RoI) were then created
(Fig. 9d), which would be the equivalent of sample points.

In each Rol, two variables were computed, the average of the pixel’s gray value and the standard deviation of the pixel’s gray value,
which were used to calculate a third variable, the coefficient of variation (CV). For each stirring speed, these values were averaged
between the replicates, obtaining a characteristic frame for each speed. Then, the mean and standard deviation of the CV between the
Rols of each characteristic condition were calculated. The CV values are shown in Table 8.

The physical significance of CV for this study is related to the homogeneity of the reaction medium, considering the set of data
analyzed. The relationship that is established is that the lower the CV (data variability), the greater the homogeneity of the mixture.
According to the tabulated data, the CV is lower in tests conducted at 600 and 1000 rpm. For comparative purposes, tests 2 and 3 are
more homogeneous than test 1, conducted at 200 rpm. It can also be seen that the CV value varies by around 53 % between 200 rpm
and 600 rpm, while between 600 rpm and 1000 rpm the variation is within the limits of the standard deviation, which indicates that
they are statistically equivalent. This implies that there is no effective difference in homogeneity between tests 2 and 3 and operating
between 600 and 1000 rpm is equivalent for the mixing effect.

It is also worth noting that in the literature, it is usually assumed that the system is considered homogeneous when CV is equal to or
less than 5 % [46]. However, depending on the application, this limit value can vary widely and must be analyzed together with the
data obtained. In this study, it was demonstrated that the tests conducted at 200 rpm presented a non-uniform final appearance, with
the formation of a granular-looking gel (Fig. 5). It is then assumed that the tests conducted at 200 rpm did not result in homogeneous
mixtures.

3.5. Critical analysis of results

The results demonstrated that there are significant correlations between the process variables and the formation of LDHs, and that
the selection of variables, improvements in the quality of the mixtures and flow characteristics are fundamental to avoid stagnant
zones, regions of low homogeneity and increased time of process.

In general, agitation speed favored the homogenization of the medium, influencing the flow characteristics of the mixture and the
uniformity of the LDHs formed (Figs. 3 and 5). High speed also influenced the structural characteristics of the material; larger and more
crystalline particles were produced in tests conducted at 1000 rpm (tests HT2, HT4, HT6c, and HT8c). Additionally, a positive rela-
tionship between speed and pore diameter and volume of the materials was observed.

The positive influence on the stirring speed in the LDH production process was confirmed through factorial experimental design 22,
which demonstrated that the amount of LDH produced increases with speed (Table 3). Thus, it is possible to establish a positive
relationship between the quality and the quantity of LDH produced. In general, LDHs produced in larger quantities showed better
crystallinity, volume and pore size characteristics. And these characteristics were achieved by increasing the rotation speed and
consequently reducing the heterogeneity of the reaction medium. Therefore, data analysis allows us to establish an increasing cor-
relation between these three axes: homogeneity, quantity of LDH produced and crystallinity and porosity characteristics.

However, image tests demonstrated that there is a speed increase limit (Table 8), as changing the speed from 600 to 1000 rpm did
not cause significant changes in terms of homogeneity of the mixture/system. Therefore, operating at the highest speed does not bring
advantages in homogenizing the reactive medium and using a speed of 600 rpm would be sufficient to make the medium homoge-
neous. The data also allows us to infer that high speeds can cause material rupture, as attributed to tests 2 and 4, which showed a
decreasing relationship between speed and the amount of LDH produced in tests produced without baffles, different from the other
tests that showed a relationship increasing (Table 3). It is believed that the absence of baffles increased the shear stress between the
particles, which may have caused their disintegration and impacted the definition of their structural characteristics, such as the specific
surface area, which was lower in the tests conducted at 1000 rpm.

Regarding aging time, the tests demonstrated that LDH gels with greater apparent viscosity (Fig. 4) and good crystallinity (Fig. 6)
were produced in tests with longer times, which demonstrates better structural organization. The factorial design also confirmed the
benefit of aging time and its importance for the mixing process, demonstrating an increasing relationship between aging time and the
amount of LDH produced. However, speed was in fact the most significant variable in this study.

Regarding the use of baffles, the experimental design did not indicate it as a significant variable. However, in observations
regarding the appearance of the mixture, it is clear that the use of baffles contributed to the homogeneity of the system in the pre-
cipitation stage since their use promoted the rapid dilution of the basic solution (Fig. 3). However, it is suggested that this effect does
not continue in the aging stage, and therefore, the factorial design did not validate the absence/presence of baffles as a significant
factor.

In general, according to the analysis of Tables 3 and it is evident that the physical characteristics of the product were changed due to
the process variables, which briefly presented the main information about the behavior and quantitative and qualitative characteristics
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Fig. 9. Treatment of frames - a) Original, b) In 8-bit grayscale, c) With accentuated contrast and d) Positioning of the Rols.

Table 8

Coefficient of variation (CV) values.
LDH Stirring speed (rpm) CV (%)
1 200.00 5.38 £1.18
2 600.00 2.51 +0.48
3 1000.00 2.69 + 0.84

of the production of LDHs. It is worth noting that the data analyzed are valid for the study range applied 2° factorial design of
experiment and that the objective of the design was to identify the significant variables that effectively contributed to better ho-
mogenization of the reaction system and impacted the structural characteristics of the material produced.

4. Conclusion

This study investigated the production process of Lamellar Double Hydroxides (LDHs): MgAIl-LDH. Data analysis, which encom-
passed quantitative and qualitative results, in addition to characterizations, demonstrated that the process variables act effectively in
defining the homogeneity of the mixtures. The results demonstrated the presence of a propagation effect, which initiates from the
stirring tank during the production of LDHs and replicates onto the structural and chemical characteristics of the produced material.
Significant differences in the homogeneity and dispersion of the reagents were observed, which caused variations in the aspects of the
mixtures and in the characteristics of the LDHs, such as variations in viscosity (apparent), variations in the sedimentation and crushing
processes of the materials, and in the amount of LDH produced. The result of the experimental design to evaluate the amount of LDH
produced indicated that the significant factors to produce LDHs were agitation speed and aging time. The characterizations underwent
significant modifications with the change in process variables. Variations in surface area data (69.81-97.62 m?/g), pore volume
(0.28-0.59 cm®/g) and pore diameter (11.40-34.66 nm) were observed. In the FT-IR and TGA/DTG analyses, despite the obvious
differences between the materials analyzed, it was not possible to establish a direct relationship between these indicators and the
factors. Unlike XRD, which confirmed that the control of these variables is crucial for defining the crystallinity and particles size
(70.99-174.79 nm) of the LDH produced, with the best results being obtained when the LDHs were produced at high rates of speed
(1000 rpm) and longer aging times (18 h). Thus, it is evident that the study and selection of process variables in stirred tanks are
fundamental in the process of transferring mass, heat and energy associated with the physical and chemical transformations that occur
during their operation.
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