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A B S T R A C T   

Layered Double Hydroxides (LDH) are synthetic materials nanostructured in two dimensions that 
present positively charged layers with interspersed anions for charge and structure balancing. 
Being recognized as a promising material for various applications, a complete exploration of its 
possible attractive properties and its synthesis process is essential. However, drying, a necessary 
step in the process, is still little studied. This work aimed to produce MgAl–CO3/LDH micro
spheres and calculate the volumetric heat coefficient in spray drying, evaluating the drying air 
inlet temperature and the concentration of the feed paste in the dryer. LDH synthesis was carried 
out using the coprecipitation method, maintaining a 2:1 Mg/Al ratio. The infrared spectra pre
sented the bands characteristic of the hydrotalcite-type material. Through XRD, it was possible to 
observe that the variation in drying air temperature and feed paste concentration produced LDHs 
with structural differences. The results obtained for the basal spacing ranged from 7.685 to 7.705 
Å. Scanning electron microscopy images confirm the production of LDH microspheres, showing 
variation in the size of the agglomerates with changes in the feed paste concentration. The 
volumetric heat transfer coefficient values ranged from 4.31 to 5.36 W m− 3 K− 1, with only the air 
inlet temperature significantly influencing the process under the conditions studied.   

1. Introduction 

Layered Double Hydroxides, belonging to a rare and natural group of two-dimensional anionic clays, have been widely studied and 
used in various fields and strategic areas. Its lamellar structure, porosity, specific surface area, and high ion exchange capacity arouse 
great interest and present potential uses in the areas of catalysis, biomedical sciences, separation technology, and photochemistry, as a 
polymer additive, enzyme immobilization, controlled release of pesticides and fertilizers, capture and CO2 conversion, among others 
[1–5]. 

Several synthesis processes were developed and consolidated, compensating for the natural scarcity of LDH and allowing this 
material’s wide range of possibilities, chemical composition, and structural properties. The main synthesis methods are 
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coprecipitation, hydrothermal synthesis, salt-oxide method, salt-gel method, provoked hydrolysis, ion exchange in solution and in 
acidic medium, double phase substitutions and regeneration of precursor material [6–14]. Among the synthesis methods, copreci
pitation is the most used. It is based on adding a solution containing divalent and trivalent metal cations to a hydroxide solution with 
the anion to be intercalated. Drying, a necessary step in the process, is still little studied [15,16]. This step directly influences the 
degradation mechanism of the porous structure, on the agglomeration of particles and evaporation of solvents, being a complex 
operation and closely linked to the structural arrangement of the material [4,15,17–20]. 

The appropriate drying method is chosen based on laboratory studies, the characteristics of the raw material, and the product 
obtained, considering the mechanisms of structural changes, thermal degradation, and shrinkage of the material during the process. 
Heat and mass transfer mechanisms may vary during drying due to the material’s physical structure, temperature, and humidity 
variations. Usually, oven drying is used to produce LDHs. However, it presents several process limitations [21–24]. 

Although the basic principles of spray drying may seem simple, it is a complex process regarding mass transfer, heat, and mo
mentum [25,26]. Rotary, jet, fluidized, and atomization dryers have unknown heat and mass transfer interfacial areas, and, for such 
cases, it is possible to use the volumetric heat and mass transfer coefficient to determine the transfer rate between the media, qual
itatively representing the entire volume of the dryer. The spray dryer is one of the industrial dryers that consume the most energy, and 
its efficiency is strongly linked to the heat transfer between the hot drying air and the atomized droplets. However, few articles in the 
literature experimentally evaluate the volumetric heat transfer coefficient in spray drying [25–29]. 

Therefore, this work aims to obtain LDH microspheres through a spray dryer and experimentally evaluate the influence of the 
drying air inlet temperature and the concentration of the feed paste on the volumetric heat transfer coefficient. The production of 
microspheres is of interest for applications in heterogeneous catalysis, controlled release of medicines, and adsorption materials, in 
addition to allowing better handling and safety in an industrial process. 

2. Materials and methods 

2.1. Synthesis of layered double hydroxide 

The syntheses of layered double hydroxides were carried out according to the coprecipitation method described by Reichle [15, 
30–33]. A solution of Mg(NO3)2.6H2O and Al(NO3)3.6H2O, with a ratio of 2/1, was diluted in deionized water. A secondary solution of 
50 % NaOH and anhydrous Na2CO3, diluted in deionized water, was added. The reaction was carried out on a mechanical shaker at 
room temperature. The resulting suspension was kept under stirring at a constant temperature for 18 h. Then, the suspension was 
centrifuged, and the materials were washed with deionized water at room temperature until they reached pH 10. The colloidal 
dispersion formed was taken to the drying stage. 

2.2. Experimental unit and drying process 

The experimental unit used in spray drying was a laboratory-scale spray dryer from Buchi (Mini Spray Dryer B-190). The technical 
specifications of the equipment are found in Table S1. The equipment has a 0.5 mm diameter atomization nozzle with a pneumatic 
accessory to prevent nozzle clogging. 

To evaluate the spray drying process, drying conditions were determined based on available literature and the limitations of the 
Mini Spray Dryer Büchi 190 [21,23,24]. The effects of drying temperature and paste concentration were investigated. The Spray Dryer 
inlet temperatures were 175 and 205 ◦C, and the feed paste concentrations were 3 and 9 %. The compressed air for the atomization and 
drying airflow were kept constant at 392.27 kPa and 22.5 m3 h− 1, respectively. An external timer and a scale were used to measure the 
material feed flow. The dilutions were made with deionized water to reach the concentration values and kept under agitation using a 
magnetic stirrer until the end of the drying process. The temperature and relative humidity of the ambient air were measured using a 
Tri-Sene® Cole Parmer 37000-90. The dried material was recovered in the cyclone, and the humidity was determined using the oven 
method, which was maintained at 105 ◦C for 24 h [34]. 

2.3. Material characterization 

X-ray diffraction analyses were carried out on a Rigaku Multiflex diffractometer, using the powder method, with an incidence of 
CuKα radiation (λ = 1.5406 Å; 40kV-15mA), 2θ◦ scanning (2◦–90◦), speed scanning speed 2θ◦.min− 1 and step 0.02 θ◦. Spectroscopy 
analyses in the Fourier transform infrared (FT-IR) region were carried out using the Shimadzu IRPrestige-21 spectrophotometer in the 
mid-infrared region in the range of 4000-400 cm-1, using the ATR method with KBr pellets. SEM analyses were carried out using a 
SHIMADZU scanning electron microscope, model SSX-550 SUPERSACAN, with an acceleration voltage of 20 kV, metallization for 6 
min with a gold target at a current of 10 mA. 

Basal spacing was calculated according to Pérez-Ramírez et al. (2001) through the Bragg equation (Equation (1)) [35]. The network 
parameter a of the layered structure corresponds to the average distance of the cations within the lamellar layers and can be calculated 
using Equation (2). The parameter c, related to the thickness of the brucite-type lamellar and the interlayer distance, is commonly 
calculated assuming a 3R polytypism for hydrotalcite (Equation (3)). This calculation is applicable if the d00l reflections are sharp. 
However, if the reflections are broad, the parameter c can be better determined by averaging the position of the diffraction reflections 
corresponding to the d003 and d006 value, according to Equation (4) [15]. 
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nrλ= 2dhkl.sin θ (1)  

a= 2d110 (2)  

c= 3d003 (3)  

c= 3(d003 + 2d006) / 2 (4)  

where nr is the reflection order, λ is the X-ray wavelength used in the analysis, d is the basal spacing for the reflection corresponding to 
the crystallographic positions of the Miller Indices (hkl), and θ is the determined Bragg angle through the sample peak. 

2.4. Calculation of the volumetric heat transfer coefficient (hV)k 

To observe the effects of the drying air inlet temperature (Tin) and the LDH concentration in the feed paste (C) on the Volumetric 
Heat Transfer Coefficient (hV), a composite experimental design central was adopted from experiments S1 to S4. Thus, 4 axial points 
and 3 repetitions at the central point were added to obtain a response surface. Table 1 presents the experimental matrix with the 
variables and levels evaluated, and the Statistica® 13.0 Statsoft Inc software was used to obtain the surface. 

The volumetric heat transfer coefficient was calculated according to Equation (5) [19,27]: 

hV =Q
/ (

V.ΔTlog
)

(5)  

where Q is the heat exchanged (kJ.h− 1), V is the volume of the spray dryer drying chamber (m3) and ΔTlog is the average logarithmic 
difference between the inlet and outlet temperatures of the drying chamber. The amount of heat (Equation (6)) is the sum of the 
amount of heat required for the evaporation of water (Qevp) and the amount of heat required to heat the product (Qheating). The amount 
of heat required to evaporate the water and heat the product was determined using Equations (7) and (8), respectively [27]. 

Q=Qevp + Qheating (6)  

Qevp =W
(
λ+Cpv.Tout − CpwTp1

)
(7)  

Qheating =Gp2.Cp2
(
Tp2 − Tp1

)
(8)  

where W is the amount of water evaporated (kg.h− 1), λ is the latent heat of vaporization of water (kJ.kg− 1), Tout is the exit temperature 
of the dryer drying chamber (K), Tp1 is the product inlet temperature (K), Cpv is the specific heat of water vapor (kJ.kg− 1.K− 1), Cpw is the 
specific heat of water (kJ.kg− 1.K− 1), Gp2 is the product exit mass flow rate (kg.h− 1), Cp2 is the specific heat of the spray-dried powder 
(kJ.kg− 1.K− 1) and Tp2 is the product exit temperature. 

The output mass flow rate of the output product was calculated using Equation (9) [27]: 

Gp2 =Gp1
( (

1 − wp1
) / (

1 − wp2
))

(9)  

where Gp1 is the product’s input mass flow rate (kg.h− 1), wp1 and wp2 represent the material’s humidity on a wet and dry basis, 
respectively. 

The amount of water evaporated is given by Equation (10), and the average logarithmic temperature difference in the drying 
chamber is determined by Equation (11) [19,36]: 

W =Gp1 − Gp2 (10)  

Table 1 
Experimental planning matrix for spray drying.   

Essay 
Variable Coded Variable 

Tin (◦C) C (%) Tin (X1) C (X2) 

S1 175 3 − 1 − 1 
S2 175 9 − 1 +1 
S3 205 3 1 − 1 
S4 205 9 1 +1 
S5 168 6 − 1,41 0 
S6 211 6 +1,41 0 
S7 190 1,8 0 − 1,41 
S8 190 10,2 0 +1,41 
S9 190 6 0 0 
S10 190 6 0 0 
S11 190 6 0 0  
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ΔTlog =
( (

Tin − Tp1
)
−
(
Tout − Tp2

)) /
ln
( (

Tin − Tp1
) / (

Tout − Tp2
))

(11) 

The humidity of the incoming air (Xin) is the same as that of the ambient air (Xa). The following equation calculated the ambient air 
humidity ratio (Equation (12)) and vapor saturation pressure (Equation (13)): 

Xa = 0, 622(Ps.RH) / (P0 − Ps.RH) (12)  

Ps = exp(46, 784 − 6435 / (Ta + 273, 15) − 3, 868.ln(Ta + 273, 15)) (13)  

where P0 is the atmospheric pressure (mmHg), RH is the relative humidity, Ta is the ambient temperature (◦C) and Ps is the vapor 
saturation pressure (mmHg) at a given temperature (Dupré’s Equation) [27]. 

Due to the difficulty of determining the temperature of the particles at the exit of the drying chamber ( Tp2), we assume that the exit 
temperature of the particles is equal to the temperature of the saturated surface of the particle, which is represented by the wet bulb 
temperature (Tw) [25,27]. During spray drying, the droplet of material is heated from its initial temperature, typically room tem
perature, to the evaporation equilibrium temperature. During this period, moisture removal from the droplet surface follows a constant 
rate, keeping the droplet at a constant temperature due to the latent heat of vaporization. As the droplet’s surface is saturated with 
moisture, the maximum temperature reached is the wet bulb temperature [25,27]. This way, it means that Tp2 = Tw. The wet bulb 
temperature can be estimated by Equation (14) [25,37]: 

Tw =Tin −
(
(Xin − Xout).ΔHvap

) /
Cp,air (14)  

where Tin is the air inlet temperature (◦C), ΔHvap is the enthalpy of vaporization of water and Cp,air is the specific heat of the air. 

3. Results and discussion 

3.1. X-ray diffraction 

For the LDHs produced, XRD analyses were carried out for all drying temperature conditions. A typical XRD pattern for LDH is 
shown in Fig. 1. Characteristic reflections similar to hydrotalcite-type materials with 2θ = 11.56◦ (003), 23.20◦ (006), 34.70◦ (009/ 
012), 46.52◦ (018), 60.76◦ (110) and 62.22◦ (113) were displayed, proving the synthesis of the material (Fig. 1a). The basal planes 
(00l) indicate the degree of crystal growth, while the non-basal planes (0 kl) suggest faults in the structure’s stacking [38]. The peak at 
2θ = 29◦ is related to sodium nitrate [39–41]. The change in spray drying parameters influenced the intensity and width of reflections 
(Fig. 1b), providing low crystalline phase and stacking defects. The diffractograms of MgAl–CO3/LDH obtained by oven drying 
generally present clear and symmetrical reflections, illustrating a well-defined and crystalline structure [42]. Some studies that used 
freeze-drying as a drying method also showed broader reflections with lower intensity in the diffractograms of the LDHs produced [20, 
43–45]. 

The results obtained by diffraction made it possible to determine the basal spacings, lattice parameters, and the average size of the 
crystallites [15,43]. The basal spacing (d003 value) and the parameters a and c, referring to the distance between the metal ions in the 
lamellar layer and the lamellar stacking, respectively, are shown in Table 2. The results demonstrate that the variation in drying 
parameters produced LDHs with structural differences. The results obtained for the d003 value range from 7.685 to 7.705 Å. Since the 
parameter c is directly related to the d003 value, this result suggests an influence on the stacking and degree of hydration in these 
materials [43]. Fig. 2 shows the variation in basal spacing as a function of temperature and paste concentration. Assessing the effect of 
temperature (Fig. 2a), it is possible to observe that the 9 % paste concentration increased basal spacing with increasing temperature. 
The 3 % paste concentration showed the opposite behavior, decreasing with increasing temperature. By keeping the temperature 
constant and increasing the paste concentration (Fig. 2b), there was an increase in the basal spacing for both concentrations, showing a 

Fig. 1. Diffractogram of the LDHs obtained from spray drying: (a) reflections characteristics for LDH; (b) diffractogram of the (003) plane.  
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Table 2 
Basal spacing and network parameter of spray dried LDHs.   

Sample 
Basal spacing (Å) Lattice Parameters (Å) 

d003 d110 a c 

S1 (175 ◦C/3 %) 7705 1,52 3,05 23,163 
S2 (175 ◦C/9 %) 7685 1,52 3,05 23,062 
S3 (205 ◦C/3 %) 7694 1,52 3,05 23,168 
S4 (205 ◦C/9 %) 7691 1,52 3,05 23,144  

Fig. 2. Basal spacing: (a) variation as a function of drying air inlet temperature; (b) variation as a function of feed paste concentration.  

Fig. 3. Representative scanning electron microscopy images of atomized LDHs obtained with different drying conditions: S1 (175 ◦C/3 %); S2 
(175 ◦C/9 %); S3 (205 ◦C/3 %); S4 (205 ◦C/9 %). 
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more pronounced behavior at a temperature of 175 ◦C. In addition to directly impacting the basal spacing of the layered double 
hydroxide, this result directly impacts the average size of the crystallites, especially in mathematical equations that heavily depend on 
this plane for the calculation, such as the Scherrer equation. Yang et al. (2002) presents the structural evolution of MgAl–CO3/LDH in 
the calcination process, where there is a decrease in the basal spacing and in the parameter c when the material leaves the temperature 
of 70 ◦C and reaches 190 ◦C [46]. Silva Neto et al. (2021) shows a decrease in basal spacing with an increase in drying temperature 
from 75 ◦C to 105 ◦C, showing a decrease in spacing due to the removal of interlayer water resulting from the increase in drying 
temperature [15]. Given this, some other drying parameters may influence basal spacing more than temperature, and an isolated study 
of these parameters is necessary. 

As all LDHs produced have the same metallic cations in the lamellar layers (magnesium and aluminum), the ionic radius between 
them remains constant, and the lattice parameter a does not undergo significant changes in its value [47,48]. 

3.2. Scanning electron microscopy 

Fig. 3 presents the images obtained through scanning electron microscopy for the different essay, showing the morphology of the 
materials obtained. The images confirm the production of LDH microspheres without using any binder in all experimental conditions 
evaluated. The materials presented a spherical shape, smooth surface and no holes. 

The characteristics of the feed paste are very important for the spray drying process. The size of the dry agglomerates is mainly 
determined by the size of the droplets generated in the atomizer. Fig. 3 shows that the drying parameters studied influenced the size of 
the MgAl–CO3/LDH microspheres. Increasing the concentration of LDH in the feed paste from 3 % to 9 % increased the size of the 
agglomerates at the two temperatures studied (Fig. 3 S2 and S4). The size of the droplets generated by the atomizer varies with the 
viscosity of the feed paste at the same atomization rate [49,50]. Thus, the effect of increasing concentration causes an increase in the 
viscosity of the paste, dampening energy oscillations on the surface of the liquid and generating the formation of larger droplets in the 
atomization process. The lower viscosity of the paste at 3 % concentration provides better atomization of the material and, conse
quently, a greater quantity of particles and less agglomeration (Fig. 3 S1 and S3) [22,51]. This behavior was also observed by Julklang 
et al. (2017) in the manufacture of LDH microspheres by spray drying, with larger average sizes of LDH agglomerates from higher paste 
concentrations. Evaluating the influence of maltodextrin concentration on the yield of açaí pulp microencapsulation by atomization, 
Tonon et al. (2008) observed that increasing the concentration of maltodextrin increased the viscosity of the feed paste, generating 
larger agglomerates of particles at the end of the process and reducing the powder yield [52]. 

Increasing the drying air temperature causes an increase in the rate of water evaporation, resulting in larger particles due to less 
time for shrinkage and the accelerated formation of these microspheres. Julklang et al. (2017) suggest that the average size of LDH 
clusters increases slightly with increasing drying air temperature due to the increased evaporation rate of droplets in the drying 
chamber [21]. Similar trends were observed by Nijdam and Langrish (2006), Tonon et al. (2008), and Shishir et al. (2016), obtaining 
smaller particles with lower drying air temperatures in the atomization process [52–54]. This behavior could not be confirmed for this 
work through scanning electron microscopy alone. 

The morphology resulting from the calcination of LDH microspheres was observed by Wang et al. (2008) and Shi et al. (2015). The 
authors found that the layered double oxide from calcination maintained the shape of microspheres, making the spray drying process 
interesting for obtaining these microspheres [23,24]. 

Fig. 4. Spectrum of the infrared region of the layered double hydroxide.  
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3.3. Fourier transform infrared spectroscopy 

Through the results of the spectra in the infrared region, three general types of vibrations can be found in LDHs: molecular vi
brations of the hydroxyl groups, lattice vibrations of the octahedral sheets of the material, and vibrations of the intercalated anions. 
The spectra of the infrared region of MgAl–CO3/LDH obtained through spray drying are represented in Fig. 4. All LDHs produced and 
characterized by FTIR showed the characteristic bands of the hydrotalcite-type material [42]. 

As shown in Fig. 4, all spectra showed a broad band between 3900 and 2500 cm− 1, which exhibits vibrations related to hydroxyl 
stretching from the lamellar layer and water molecules. These hydroxyl-water stretching vibrations are intense in the infrared due to 
the change in dipole moment. The amplitude of these bands indicates that the chemical bonds of these vibrations are of the hydrogen 
bond type [55]. The bands present in the 3690-3500 cm-1 region are attributed to the vibration of the Mg–Al–OH bond in LDH or in 
Mg2Al(OH)7 [55]. In the region 3500-3300 cm− 1, superimposed OH vibrations are attributed, possibly originating from the metal in 
the lamellar layer, giving interlayer water and solvated carbonate [56]. The vibration bands around 3440 cm− 1 and 3030 cm− 1 can be 
attributed to stretching the O–H bond of hydroxyl groups, interspersed water molecules, and physically adsorbed water. The 3000 
cm− 1 band is related to the hydrogen bonding of H2O to CO3

2− ions in the interlayer space. Although generally not mentioned, the 1775 
cm− 1 band is also attributed to interlayer water vibrations, showing the same decreasing behavior as the characteristic band around 
3000 cm− 1 in IR spectra with increasing temperature. The 1640 cm− 1 band is mainly due to the H–O–H bending of physically adsorbed 
water [15,35,55,57]. 

The carbonate ion (CO3
2− ) is a nonlinear atomic species with the geometry of a flat triangle with four atoms and belongs to the D3h 

point group. Thus, the ion can be found in more than one atomic species in the interlayer layer of LDHs. The band around 1510 cm− 1 is 
attributed to the vibrations of the symmetry reduced to monodentate carbonates, which interact with the metal of the lamellar layer. 
Furthermore, the spectra indicate that bidentate carbonate bands are formed at 1370 cm− 1 [44,47]. According to some authors, bands 
around 1440 cm− 1 are also attributed to vibrations of CO3

2− groups, suggesting a lower symmetry of carbonate groups, characteristic of 
free ions, relatively undistorted and possibly present on the surface [58–62]. 

The bands between 800 and 400 cm− 1 may be due to the superposition of vibrational absorptions of magnesium and aluminum 
oxides [61,63]. Carbonate stability is no longer determined by the hydrotalcite structure but by interactions with metal ions in the 
mixed oxide phase, leading to the observed trend. The bands around 972 and 872 cm− 1 can be derived from the stretching of O–H and 
the deformation of the metal-OH bonds, separated from the octahedral sheets [35]. 

3.4. Volumetric heat transfer coefficient (hV)k 

Table 3 presents the experimental results for spray drying. The values for hV for the Mini Spray Dryer Büchi 190, under the 
conditions studied, it ranged from 4.31 to 5.36 W m− 3 K− 1, coinciding with the results found by Lisboa et al. (2018) [25]. However, 
compared to some spray drying works, the volumetric heat transfer coefficient obtained in this work was lower [10,18,19]. According 
to Mujumdar et al. (2014), classic spray dryers have a volumetric heat transfer coefficient of around 130–180 W m− 3 K− 1 [19,27]. 

This low value of hV may be due to the low mass flow rate of the material used in this work. Equation (7) shows that Qevp is directly 
proportional to the amount of water evaporated, in kg.h− 1. Nguyen et al. (2020) used an inlet mass flow rate of around 20 kg h− 1 for 
soy milk. This work used an inlet mass flow rate of 0.45 kg h− 1, 40 times lower than the flow rate in their work [27]. Rajasekar and Raja 
(2023) investigated the heat and mass transfer characteristics during the synthesis of the Na2Fe0.6Mn0.4PO4F/C catalyst through 
intermittent spray drying with an inlet mass flow rate varying between 3.50 and 6.95 kg h− 1, obtaining values between 1.5 e 3.5 W 
m− 3 K− 1 for the volumetric heat transfer coefficient [28]. 

The effect of the drying air inlet temperature and the LDH concentration in the feed paste on the volumetric heat transfer coefficient 
in spray drying of MgAl–CO3/LDH is presented in Fig. 5. Fig. 5a shows the behavior of hV with the variation of the evaluated pa
rameters, indicating a significant influence of the air inlet temperature. The Pareto chart (Fig. 5b) shows that only the Temperature 
variable had a significant influence on hV , as observed on the response surface. 

Fig. 6a shows that the volumetric heat transfer coefficient decreased with the increase in inlet air temperature. The highest and 
lowest hV values found were 5.36 and 4.31 W m− 3 K− 1 precisely at the axial points with the lowest and highest temperatures, 168 and 

Table 3 
Experimental results for calculating the volumetric heat transfer coefficient.  

Essay Tin (◦C) C (%) Tout (◦C) Tw (◦C) ΔTlog (–) hV (W.m− 3.K− 1) 

S1 175 3 101 82.15 62.96 4.81 
S2 175 9 109 89.68 64.33 4.74 
S3 205 3 135 117.81 68.79 4.54 
S4 205 9 135 117.18 69.60 4.45 
S5 168 6 108 93.18 56.76 5.36 
S6 211 6 135 116.82 72.73 4.31 
S7 190 1,8 121 105.95 62.63 4.94 
S8 190 10,2 113 98.47 61.67 4.92 
S9 190 6 113 99.49 60.28 5.06 
S10 190 6 113 97.65 62.49 4.87 
S11 190 6 113 99.54 59.97 5.08  

L.D. Silva Neto et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e29646

8

211 ◦C, respectively. The increase in air temperature at the inlet caused a greater difference between the inlet and outlet temperatures 
in the equipment and, with hV being inversely influenced by ΔTlog, as can be seen in Equation 5.3, this result is consistent. Furthermore, 
the increase in the inlet air temperature possibly causes a decrease in the average residence time of the particles due to the reduction in 
air density, increasing speed and drag of the particles in the drying process. This behavior can be observed in Table 3, essay 3 and 4 
presented higher values of ΔTlog and lower values of reduction of Tw (in percentage) about essay S1 and S2, where the drying tem
perature is smaller. According to Lisboa et al. (2018), the wet bulb temperature is about 12 % below the outlet temperature, and this 
was observed in experiments S3 and S4, but for essay S1 and S2, this percentage reaches around 18 % [25]. According to the Pareto 
chart (Fig. 5b), the feed concentration had no significant effect on the volumetric heat transfer coefficient. However, Nguyen et al. 
(2020) reported that the increase in the amount of solids in the atomized droplets due to the increase in concentration implies a 
decrease in the amount of water evaporated in the drying chamber [27]. Thus, the total amount of heat the particles receive decreases, 
consequently decreasing the volumetric heat transfer coefficient. This behavior was also present in the main points (essay S1 to S4) of 
the planning studied in this work (Fig. 6b), with the hV decreasing with the increase in MgAl–CO3/LDH concentration. 

4. Conclusion 

The layered double hydroxides MgAl–CO3/LDH were obtained through spray drying under all studied conditions. XRD, SEM, and 
FTIR analyses confirmed the synthesis and formation of LDH microspheres without adding any dispersant or binder. The results 
showed that changes in the drying air inlet temperature and the paste concentration in the dryer feed caused morphological variations 
in the LDHs, presenting differences in the basal spacing, in the network parameter c, and in the size of the agglomerates. Furthermore, 
the change in drying air temperature caused a variation in the volumetric heat transfer coefficient, between 4.310 e 5.360 W m− 3 K− 1. 
The hV is used to quantify heat transfer since the exact specific surface area of active heat transfer between the drying medium and the 
LDH droplets is unknown. Therefore, work on optimizing the production of LDH microspheres by spray drying must consider the basal 
spacing, porosity, particle size, and agglomeration, among other particularities of this material. 

Fig. 5. Effect of inlet air temperature and feed paste concentration on the volumetric heat transfer coefficient: (a) response surface; (b) pareto chart.  

Fig. 6. Volumetric heat transfer coefficient: (a) variation as a function of drying air inlet temperature; (b) variation as a function of feed paste 
concentration. 
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