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Intercalation of deprotonated folic acid (FA; vitamin B9) is of great interest for nutraceutical 
and cosmeceutical purposes. Although some studies have already reported the intercalation of 
divalent (HFol2-) or trivalent (Fol3-) folate anions into layered double hydroxides (LDH), the 
structure, spectroscopic, and thermal behavior of such hybrid materials still need to be better 
understood. This work revisited the synthesis of LDH constituted by M2+/Al3+ (M2+ = Mg or Zn) 
intercalated with HFol2- or Fol3-. Insights concerning how the physicochemical properties of the 
materials are tuneable according to the synthetic approach (slow or fast coprecipitation) and pH 
value (7.5 or 9.0/9.5) of synthesis were pointed out. Materials synthesized at pH above 9.0 (Fol3-) 
presented larger particles and lower loading capacity than the ones synthesized at pH 7.5 (HFol2-). 
The fast coprecipitation approach led to the formation of materials with smaller particles. This 
work could address the following research concerning LDH-FA applications. 

Keywords: layered double hydroxide (LDH), folic acid, vitamin B9, hybrid materials, 
intercalation compounds

Introduction 

A diversified number of organic-inorganic hybrid 
materials constituted by layered double hydroxides (LDH) 
intercalated with bioactive anionic organic species have 
been synthesized since the early 2000s, focusing on 
developing drug delivery and theragnostic systems.1-5 
LDH structure (Figure 1a) is constituted of hydroxide ions 
coordinated to metal cations in the center of octahedrons 
(M(OH)6). The octahedrons are interconnected by edges, 
forming a layered structure similar to the brucite mineral 
(Mg(OH)2).6 Isomorphic substitution of bivalent by 
trivalent metal cations in the brucite-like layers confers 
an equivalent positive residual charge ([M3+] = [q+]) to 
the structure. Electroneutrality is reached by intercalating 
hydrated-exchangeable anions into the LDH interlayer 

region. Typically, LDH are represented by the general 
formula [M2+

(1-x)M3+
x(OH)2]x+[(An-)x/n∙mH2O], where M2+ is 

a divalent metal cation (Mg2+, Zn2+, Ni2+, Co2+, Cu2+, Fe2+, 
etc.) and M3+ is a trivalent one (Al3+, Ga3+, Co3+, Fe3+, etc.). 
An- represents the anion, which can be inorganic (CO3

2-, Cl-, 
NO3

-, etc.), organic, polymeric or a coordination compound. 
The LDH composition is abbreviated M2+

RAl3+-A (where 
R = [M2+]/[M3+] molar ratio). The x value of the general 
formula represents the [M3+]/([M2+] + [M3+]) molar fraction, 
which generally varies between 0.2 ≤ x ≤ 0.33 (or R-value 
between 4 and 2).1-3,6,7 

The LDH structure can improve the chemical stability 
of the loaded anionic species and promote its sustained 
release, which can avoid low drug bioavailability and side 
effects.1-3 Compared to other drug delivery systems, LDH 
presents advantages, such as (i) versatility in terms of 
composition and physicochemical properties, (ii) synthesis 
by soft-chemical methods, (iii) low cost; (iv) disruption in 
acid media (pH-responsive material); (v) anionic exchange 
capacity; and (vi) in vitro and in vivo biocompatibility for 
some chemical compositions.1-3,6,7
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Due to its outstanding bioactivity, folic acid (FA) has 
attracted significant interest in being administrated through 
drug delivery systems.8-10 FA is the synthetic analogue of 
micronutrient groups called folates, known as vitamin B9. 
Its molecular structure (Figure 1b) is constituted by three 
chemical moieties: pterin (PT), p-aminobenzoic acid 
(p-ABA) and L-glutamic acid (Glu). The FA presents 
antioxidant, cellular redox-balance and cell-proliferative 
(deoxiribonucleic acid (DNA) and ribonucleic acid (RNA) 
synthesis and repair) properties.8-10 It is used as a food 
fortifier or supplement to avoid anaemia, birth neural tube 
defects, to control homocysteine levels (related to endothelial 
dysfunction), and dementia, for instance.8-11 Furthermore, 
FA-targeted drugs and nanoparticles can be applied in 
oncology12 or rheumatoid arthritis13 treatment because of the 
targeting activity of folates on cancerous and macrophage 
cells, respectively. For instance, LDH surface-modified with 
folate systems are internalized through active targeting by 
cancerous cells or preferentially accumulate in tumour in a 
higher extension than pristine material (passive targeting).14,15 

Hybrid materials constituted of divalent (HFol2-) 
or trivalent (Fol3-) folic acid anionic species (folates) 
were also evaluated as nutraceutical and cosmeceutical 
carriers.16-22 Table S1 (Supplementary Information (SI) 
section) summarizes the studies in the literature about the 

synthetic methods and characterization of such hybrid 
materials. Significant advantages regarding the intercalation 
of folates in LDH structure were described,16-23 as detailed 
and discussed in the SI section. However, most of the work 
has yet to successfully obtain well-crystalized LDH-FA 
materials with phase purity and a high amount of intercalated 
folate, which are required for meaningful physical-chemical 
characterization, regulation of the drug release and safety 
(no harmful or fortuitous impurities and less carrier 
material). In this work, hybrid nanomaterial constituted by 
folate anionic species (HFol2- and Fol3-) intercalated into 
the M2+/Al3+-LDH (M2+ = Mg2+ and Zn2+) materials were 
synthesized by two approaches comprising slow and fast 
coprecipitation. The main goal was to obtain materials with 
phase purity to afford an assertive structural, thermal, and 
spectroscopic characterization of such a folate nanocarrier. 
The influence of pH value on the preparation of the 
materials was also investigated. The structure and chemical 
composition of LDH-FA nanohybrids were evaluated by 
X-ray diffractometry (XRD), vibrational spectroscopy 
(infrared and Raman), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), chemical analysis 
(metal content and carbon, hydrogen, and nitrogen (CHN) 
percentage), and simultaneous thermal analysis coupled to 
mass spectrometry (TGA-DSC-MS). This work can drive the 
subsequent research regarding the synthesis, characterization, 
and application of LDH-FA hybrid materials. Furthermore, 
the fast coprecipitation approach reported here could be 
extended to intercalate other organic anions since it has not 
been much explored in the literature. 

Experimental 

Chemicals

Magnesium chloride hexahydrate (MgCl2∙6H2O; 99%) 
was purchased from Merck (Darmstadt, Germany), and HCl 
(37%; analytical grade) was supplied by LabSynth (São 
Paulo, Brazil). Folic acid di-hydrated (FA; C19H19N7O6∙2H2O; 
≥ 97%), anhydrous zinc chloride (ZnCl2; ≥ 98%), aluminium 
chloride hexahydrate (AlCl3∙6H2O; 99%) and sodium 
hydroxide (NaOH; ≥ 98%) were acquired from Sigma-
Aldrich (St. Louis, USA). The reagents were used without 
any further purification. Deionized water (18  MΩ cm) 
purified from the Milli-Q Millipore Co. system (Bedford, 
USA) was used in all experiments. 

Synthesis of the hybrid materials

Hybrid materials were synthesized by the coprecipitation 
method using two approaches: (i) slow coprecipitation with 

Figure 1. Schematic representation of the LDH structure with 
rhombohedral symmetry (3R1 three-layer polytype) in R-3m space 
group (a) and molecular structure of folic acid (b).
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the control of the pH value (constant pH) and (ii) fast 
coprecipitation without the control of the pH value. The 
obtained materials are undermentioned as LDH-FA or 
M2+

R- Al-A-S,F, where M2+ is the divalent cation (Mg2+ or 
Zn2+), R represent the M2+/Al3+ nominal molar ratio equal two,  
A is the anion (HFol2- or Fol3-) and S and F means slow and 
fast coprecipitation, respectively. It was considered that the 
FA molecule possesses two carboxylic acids and one amidic 
group, marked in Figure 1b as Cα’OOH (pKa2  =  3.38), 
Cγ’OOH (pKa2 = 4.83) and N3–H (pKa3  =  7.85).24 
Accordingly, the anionic predominant species is HFol2– at 
pH 7.5, while above pH 9.0, the dominant species is Fol3- 
(Figure S1, SI section).

Slow coprecipitation method
Zn2Al-HFol-S, Zn2Al-Fol-S and Mg2Al-Fol-S hybrid 

materials were synthesized based on previous work,25-27 
with some modifications. Divalent folate anion (HFol2-) 
intercalation into Zn2Al-LDH was performed at a constant 
pH value under the N2 atmosphere. In detail, an aqueous 
solution containing approximately 16.7 mmol of ZnCl2 
and 8.33 mmol of AlCl3∙6H2O (ca. 0.1 mol L-1) was 
dropwise in an aqueous solution containing 8.33 mmol of 
FA at pH value previously adjusted to 7.5 by the addition 
of NaOH aqueous solution (ca. 0.2 mol L-1). The addition 
was carried out at an approximate rate of 0.5 mL min-1, 
under vigorous mechanical stirring and at 60 ± 5 °C. The 
pH value of the medium was maintained constant by the 
simultaneous addition of the NaOH solution. After adding 
the metal cation solution, the system was kept at the 
same conditions (i.e., 60 °C, mechanical stirring and N2 
atmosphere) for 24 h. The precipitated yellow solid was 
isolated and rinsed with deionized water by centrifugation 
(17 000 rpm for 5 min at 25 °C) until a negative chloride 
ion test (monitored with AgNO3 solution). The slurry 
was then dispersed in water, frozen under immersion 
in liquid nitrogen (-196 °C) and freeze-dried for three 
days in a Thermo Savant ModulyoD (Thermo Fisher 
Scientific; Waltham, USA) equipment (200 mPa and 
-50 ºC). The obtained solid was named Zn2Al-HFol-S. 
The intercalation of trivalent folate anion (Fol3-) into 
Mg2Al-LDH was carried out by the same synthetic method 
reported for Zn2Al-LDH but at a pH value of 9.5 and 
using solutions containing 20.0  mmol of MgCl2∙6H2O 
and 10.0 mmol of AlCl3∙6H2O (ca.  0.1  mol  L-1) and  
10.0 mmol of FA. The isolated solid was named 
Mg2Al-Fol-S. For comparison purposes, Zn2Al-LDH was 
also synthesized at a pH value of 9.0, using 3.33 mmol 
of ZnCl2, 1.67 mmol of AlCl3∙6H2O (ca. 0.1 mol L-1) and 
1.67 mmol of FA. The obtained solid was abbreviated 
Zn2Al-Fol-S.

Fast coprecipitation method
Two solutions were initially prepared for the fast 

coprecipitation approach. Solution A was obtained by 
dissolving 3.33 mmol of MgCl2∙6H2O (or ZnCl2) and 
1.67 mmol of AlCl3∙6H2O in 50 mL of water. Solution B 
was prepared by dissolving 1.12 mmol of FA in 100 mL 
of an aqueous solution containing 0.133 mol L-1 NaOH 
(or 0.122 mol L-1 for Zn2Al-HFol-F). After that, solution A 
was added (approximately 300 mL min-1) in solution B 
under vigorous stirring, reaching a final [FA]/[Al3+] molar 
ratio equal to 0.67. Then, the pH value of the media was 
adjusted to 7.5 (for Zn2Al-HFol-F) or 9.5 (for Zn2Al-Fol-F 
and Mg2Al-Fol-F) by adding standard HCl (0.1 mol L-1) or 
NaOH (0.2 mol L-1) solution. The pH value adjustment was 
made to ensure the intercalation of desired folate anionic 
species, i.e., HFol2- (pH 7.5) or Fol3- (pH 9.5). Table S2 
(SI section) shows the pH value variation of the synthesis 
media during the process. The system was kept at 60 ± 5 °C 
under N2 atmosphere for 24 h. Finally, as mentioned above, 
the obtained materials were rinsed three times with water 
and freeze-dried. 

To improve the crystallinity of Zn2Al-HFol-F, the 
material was submitted to an additional hydrothermal 
ageing step. After 24 h at 60 °C, the sample was isolated 
by centrifugation, rinsed twice, resuspended manually in 
water (approximately 50 mL per 1 mmol of Al3+ used in 
the synthesis) and transferred to a stainless-steel reactor 
containing a Teflon cup (100 mL volume). The reactor was 
placed inside an oven (heating rate of ca. 4 °C min-1) and 
heated for 1 h after reaching 150 °C. Next, the system was 
cooled naturally to room temperature. Finally, the sample 
was isolated by centrifugation, washed once with water 
and freeze-dried.

Ion-exchange method
For comparison, the Zn2Al-HFol material was also 

prepared using the ion-exchange method. The Zn2Al-NO3 

precursor was prepared by coprecipitation method 
as follows: 10 mL of an aqueous solution containing 
167.0 mmol L-1 of Zn(NO3)2·6H2O and 83.0 mmol L-1 of 
Al(NO3)3·9H2O was added dropwise (0.11 mL min-1) in 
100 mL of water that had its pH value previously adjusted 
to 7.5 by the addition of 0.5 mol L-1 NaOH solution. During 
the salt addition, the pH value was maintained constant 
by the simultaneous addition of the NaOH solution. 
After that, the white slurry was isolated by centrifugation 
and washed once with water. Then, the slurry of freshly 
prepared Zn2Al-NO3 was manually dispersed in 10 mL 
of water and gently transferred to 40 mL of FA solution 
(28 mmol L-1; pH previously adjusted to 7.5), reaching a 
[FA]/[Al3+] molar ratio of 0.67. The system was kept under 



Revisiting the Synthesis and Characterization of Hybrid Nanomaterial Constituted by Folate Intercalated into M2+/Al3+Magri et al.

4 of 12 J. Braz. Chem. Soc. 2024, 35, 12, e-20240121

stirring and N2 atmosphere at room temperature for 24 h. 
Finally, the orange solid was isolated, washed three times 
with water, dried overnight in an oven at 60 °C, and then 
ground in a mortar. 

Physical measurements 

XRD patterns of powdered samples were recorded in 
a Bruker D8 DISCOVER (Billerica, USA) diffractometer 
(40 kV and 30 mA) with Cu Kα radiation (λ = 0.15418 nm)  
source and collected in the 3-70° (2θ) range, with steps 
of 0.05° (2θ) and scan speed of 0.05° for 3 s. Fourier 
transform infrared (FTIR) spectra of powdered samples 
were recorded on a Bruker Alpha (Billerica, USA) 
spectrometer (DTGS detector and KBr optics) using a 
single bounce attenuated total diffuse reflectance (ATR) 
mode with a diamond crystal in the 4000-400 cm-1 
spectral range, 4  cm-1 of resolution and accumulating 
512 scans. Fourier transform Raman (FT-Raman) spectra 
were recorded on Bruker (Billerica, USA) instrument, 
MultiRam model, equipped with Ge detector (cooled by 
liquid nitrogen) using excitation radiation of 1064  nm 
(Nd3+/YAG laser) and 100-200 mW of power on the 
sample, in the 3500-150 cm-1 spectral range, with 
4 cm-1 of resolution and accumulating 1024 scans. 
Simultaneous thermogravimetry and differential scanning 
calorimetry analysis (TGA/DTG-DSC) coupled to 
mass spectrometry  (MS) were conducted on a Netzsch 
(Selb, Germany) thermoanalyzer, model STA 409 PC 
Luxx, connected to a QMS 403C Aëolos MSD mass 
spectrometer. The analysis was performed up to 1000 °C 
under an air atmosphere with a flow rate of 50 mL min-1, 
a heating rate of 10 °C min-1, and an alumina crucible. 
Carbon, hydrogen, and nitrogen elemental analyses were 
performed in a PerkinElmer model 2400 (Waltham, USA) 
analyzer. Magnesium, zinc, and aluminium metal contents 
were determined by inductively coupled plasma optical 
emission spectroscopy (ICP OES) on a Spectro Arcos 
(Kleve, Germany) spectrometer. Both analyses were carried 
out in triplicate at the Central Analítica of the Instituto 
de Química-Universidade de São Paulo (CA-IQUSP). 
The percentage of hydration water and residual mass was 
obtained by thermal analysis. SEM images were registered 
in a JEOL (Tokyo, Japan) microscope, model JSM-6610LV, 
operating at 10 kV and using a secondary electron 
imaging  (SEI) detector. Before the analysis, powdered 
samples were deposited on aluminium stubs covered with 
carbon tape and then coated with a thin layer of gold using 
a Desk V magnetron sputter (Denton Vacuum; Moorestown, 
USA). TEM images were acquired on a Hitachi H-7650 
(Tokyo, Japan) microscope operating with an accelerating 

voltage of 80 kV. The sample was prepared by suspending 
the material in ethanol (1 mg mL-1) under ultrasound for 
0.5 h. Then, the suspension was dropped onto a copper grid 
(150 mesh) coated with Formvar/carbon film.

Results and Discussion

XRD characterization 

The XRD patterns of hybrid LDH-FA samples obtained 
by slow or fast coprecipitation methods were typical of the 
LDH phase (Figures 2a and 2b).25-27 The diffraction peaks 
were indexed considering a hexagonal cell of rhombohedral 
symmetry (3R polytype) in the R-3m space group. No other 
crystalline phase was identified, indicating the obtention of 
materials with phase purity. The interplanar spacings and 
lattice parameters calculated from XRD data are summarized 
in Tables S3-S4 (SI section). The intercalation of folate 
anions in the interlayer space of LDH was confirmed by 
the displacement of the peaks attributed to the family of  
00l planes (related to the basal spacing – d00l; Figures 2a 
and 2b) to lower 2θ values in comparison with LDH-Cl 
counterpart reported in the literature.25,26 The overlap of 
peaks 110 and 113 (Figures 2a and 2b) is also consistent 
with the increase of the interlayer and indicates that it has 
not formed a non-folate intercalated LDH phase.25-27

The quality of the present XRD data (Figure 2), together 
with the chemical analysis of the samples discussed below, 
leaves no doubt about folate intercalation and the purity 
of the samples. The basal spacing was tunable according 
to the pH value of the synthesis: materials synthesized at 
pH 7.5 (Zn2Al-HFol-S and Zn2Al-HFol-F) presented a 
mean basal spacing of 2.50 nm. In contrast, for the ones 
prepared at pH above 9.0 (Mg2Al-Fol-S, Mg2Al-Fol-F, 
Zn2Al-Fol-S and Zn2Al-Fol-F), the basal spacing decreased 
to around 1.63 nm. The species of folate anion (HFol2- or 
Fol3-) depends on the pH value of the media (Figure S1). 
Accordingly, distinct preferential arrangements of HFol2- 
and Fol3- in the interlayer space of LDH matrices were 
expected, considering that the layer charge densities were 
the same for the isolated hybrids (the lattice parameters 
reported in Tables S3-S4, SI section, were compatible 
with M2+/M3+ molar ratio equal 2).25-27 Results from the 
literature16,21 related basal spacings varying around 1.60 
and 1.82 nm for Mg2Al-LDH materials synthesized by 
the coprecipitation method at pH 10, in which Fol3- is 
the dominant species (Figure S1). In this work, the result 
agreed with the 1.60 nm value previously reported by 
Qin et al.16 The works described in the literature (Table S1) 
concerning the ion exchange method used the precursors of 
composition ZnRAl-LDH (R = 2-2.5) and pH 7-8.20,23 The 
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basal spacings noticed were around 1.60 nm, a significantly 
lower value than the ones observed in this work for Zn2Al-
HFol-S and Zn2Al-HFol-F (Figure 2 and Tables S3-S4). 
Therefore, the synthetic method can also influence the 
arrangement of folate anions inside the interlayer space 
because the level of ion-exchanged anions can be low, 
generating materials with co-intercalated anions.30 A higher 
amount of folate was observed using the coprecipitation 
than the ion-exchange method for Mg2Al-LDH systems.16,21 
In the ion exchange approach, the organic species, usually 
more prominent than the anions in the precursor LDH, can 
take a tilted orientation between the layers, decreasing the 
basal spacing.30 The XRD data of Zn2Al-HFol prepared 
by ion-exchange method (starting from Zn2Al-NO3, as 
reported in the literature20,22,23) confirmed this hypothesis 
(Figure S2a). 

The proposal of an arrangement for folate anions inside 
the interlayer space is not straightforward because folate 
structure presents a high degree of freedom, making many 

folded conformations possible.31 However, organic anions 
intercalated in LDH maintain a conformation similar to 
their acidic form in solid crystal26,32 because the lowest 
energy packing can be achieved.32 Such a proposal was 
reported for sulindac26 and mefenamic32 anions from the 
correlation of theoretical results of a one-dimensional 
electron density plot (applied to XRD results of LDH-A) 
and density functional theory (DFT) calculations of their 
acidic form. Kaduk et al.29 resolved the dihydrate FA crystal 
structure by Rietveld refinement and geometry optimization 
by DFT. Glu moieties are bent concerning the p-ABA and 
PT ones, which are tilted about each other due to hydrogen 
bonds.29 The unit cell c-axis was 3.24 nm, and the d002 value, 
related to the height dimension of one molecule, was ca. 
1.60 nm.29 The dimensions of folate anions were estimated 
in this work to be 1.8 × 0.7 × 0.7 nm (Figure 2c) using 
Chem3D Pro software.28 The difference in the estimated 
folate arrangement was in the Glu moiety, which was not 
folded as in FA crystal. 

Figure 2. XRD patterns of powdered samples obtained by slow coprecipitation (a) and fast coprecipitation (b); folate dimensions estimated by Chem3D Pro 
software28 (c); arrangement proposed for HFol2- intercalated into Zn2Al-HFol-S and Zn2Al-HFol-F samples (d); arrangement proposed for Fol3- intercalated 
into Mg2Al-Fol-S, Mg2Al-Fol-F, Zn2Al-Fol-S and Zn2Al-Fol-F samples (e). The arrangement of folate anions was proposed, considering the arrangement 
of molecules in the crystal structure of dihydrate FA resolved by Kaduk et al.29
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Considering the LDH layer thickness (0.21 nm) and the 
hydrogen-bond distances between LDH and intercalated 
anions (2 × 0.27 nm), the interlayer distance occupied by the 
guest was estimated to be around 1.89 nm (Zn2Al-HFol-S and 
Zn2Al-HFol-F) and 0.88 nm (Mg2Al-Fol-S, Mg2Al-Fol-F, 
Zn2Al-Fol-S and Zn2Al-Fol-F), as represented in Figures 2d 
and 2e. Considering the good match between the estimated 
height dimension of the HFol2- (1.8 nm) and the interlayer 
room available (approximately 1.75 nm) in Zn2Al-HFol-S 
and Zn2Al-HFol-F materials, a monolayer arrangement 
of anion species could be proposed, in which Glu moiety 
is parallel to the LDH layer. In contrast, the PT moiety 
is perpendicular to the layer (Figure 2d). Considering the 
gallery available (approximately 0.88 nm) for materials 
synthesized at pH value 9.0, Fol3- anions could be 
intercalated in a monolayer and tilted at an estimated angle 
of around 30° along the crystallographic c-axis, in which 
Glu moiety is perpendicular (Figure 2e). Some studies16-19 
also proposed that Fol3- was tilted along the c-axis, but the 
tilt angle estimated varied between 60 and 70°. However, the 
unfolded anion conformation was considered, and hydrogen 
bonds between guest and host were disregarded. Such 
changes in the anion array according to the pH of synthesis 
can be attributed to the fact that Fol3- also has a charge in the 
PT group. Then, the tendency of folate anion to be arranged 
in a tilted array pattern to maximize the interactions between 
the anion and the oppositely charged layer is plausible.

Considering an ideal Al3+ distribution in the intralayer, 
the surface area occupied by a charge in the LDH structure 
is around 0.25 nm2/q+ (or 0.50 nm2/q+ if both layer sides 
are considered).33 By assuming a parallelepiped of about  
1.8 nm × 0.7 nm × 0.7 nm enclosing the molecular shape 
of folic acid molecule (see Figure 2c), one can calculate 
two different surface areas per unit charge for each 
folate anion depending on the orientation concerning the 
hydroxide layers. The estimated area occupied by HFol2- in 
a perpendicular orientation is 0.49 nm2 (0.7 × 0.7 nm), 
corresponding to a charge density of ca. 0.25 nm2/q–, which 
is quite the same as the charge density of LDH. Therefore, 
charge balancing can be obtained from close packing and 
a perpendicular orientation of HFol2- anions concerning 
the LDH layers. Otherwise, the lower interlayer distance 
measured for intercalated Fol3- species (in Mg2Al-Fol-S, 
Mg2Al-Fol-F, Zn2Al-Fol-S and Zn2Al-Fol-F) is consistent 
with a titled orientation with an inclination angle of about 
30° (Figure 2e). Thus, the estimated projected area of the 
anion to the layer was around 1.1 nm2, corresponding to about 
0.37 nm2/q–. This value is higher than the LDH layer charge 
density. Hence, the anions should be arranged away from 
each other in this case, and the co-intercalation of a small 
chloride anion is required to reach the electroneutrality of 

the material. Figure S3a (SI section) presents a proposal 
for the neutralization of 10  positive electric charges of 
a M2+

2Al-LDH matrix by three Fol3- and one Cl- ions, 
respecting the 10 × 0.25 nm2 of the inorganic surface area 
and the projected area of 1.1 nm2 of each folate ion on the 
layers. Considering this proportion between positive and 
negative charges, Figure S3b shows a possible stacking 
arrangement of the layers. Although the numerical values 
were estimated to the suggestions presented in Figure S3, 
the chemical analysis reported ahead to Zn2Al-Fol-S,F and 
Mg2Al-Fol-F,S corroborated to a Fol3-:Cl- molar proportion 
equal to 3:1. Co-intercalation was also previously observed 
for robust anions with a small charge, such as sulindac26 
and pravastatin.27

Comparing the slow and fast coprecipitation approach, 
materials obtained in this work presented higher crystallinity 
when obtained by the former method, as noticed by the 
better resolution, higher intensity, and lower width of the 
00l diffraction peaks (Figures 2a and 2b). Broadening 
of diffraction peaks is expected for materials possessing 
small crystallite sizes (mathematically represented for the 
Scherrer equation),34,35 as expected for the ones obtained 
by fast coprecipitation.35 In addition, taking Zn2Al-HFol-F 
as a model, the thermal treatment (at 60 °C for 24 h) did 
not significantly improve the crystallinity of the material 
compared to the material without thermal treatment 
(Figure S4a). However, an additional step of hydrothermal 
treatment at 150 °C for 1 h improved the crystallinity of 
Zn2Al-HFol-F, as noticed in Figure S4b. Ostwald ripening 
mechanism is anticipated upon hydrothermal treatment, i.e., 
smaller particles getting dissolved and precipitating into 
bigger crystals to give more abundant and better-crystalized 
materials.36 The XRD patterns (Figure S4b) showed at least 
five harmonic reflection peaks, indicating a high organization 
of the stacked LDH layers promoted by the hydrothermal 
process without producing side phases as zinc oxide. 

Vibrational spectroscopy

Vibrational spectroscopy can be applied to confirm 
the presence of folate species in the LDH samples since 
distinct anions (H2Fol- and Fol3-) are expected according 
to the pH value of the synthesis. The FTIR and FT-Raman 
(Figures 3a and 3b) results were analyzed according to our 
previous work,37 in which sodium folate salts (Na2HFol 
and Na3Fol) were taken as a reference of di- and trivalent 
anions, and DFT calculations supported the interpretation 
of the results. The intercalation of HFol2- was confirmed 
in Zn2Al-HFol-S and Zn2Al-HFol-F because: (i) the band 
at 1690 cm-1 region, attributed to νCα,β=O from glutamic 
acid moiety (with contribution from νC4=O), was much 
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lower in comparison to FA, as reported previously;37 
(ii)  two bands were observed in the 1550-1500 and 
1400  cm-1 spectral region, which are attributed to 
antisymmetric (νas) and symmetric stretching (νs) 
vibration of carboxylate groups (COO-) from glutamate, 
respectively; (iii) no indication of deprotonated PT group 
was observed. The Fol3- species are characterized by the 
band at 1500 cm-1 region (νC(4)–O- and νasCα’OO-) 
being more intense than the band at 1600 cm-1 (benzene 
stretching). Furthermore, while the Raman spectrum of 
HFol2- presented splinted bands at 1330 and 1300 cm-1 
region (also in IR spectra), Fol3- presented overlapped 
bands around 1340 cm-1, which is attributed to the 
increase in the aromaticity of rings in PT moiety due to 
the deprotonation of N3-H group. Such spectral profile 
was only observed for Mg2Al-Fol-S (Figure 3a) and 
Mg2Al-Fol-F and Zn2Al-Fol-F (Figure 3b), confirming 
the presence of Fol3- in such materials. Although Zn2Al-
Fol-S presented a vibrational profile like Zn2Al-HFol-S 

(Figure 3a), its spectrum also presented overlapped bands 
around 1340 cm-1 (in Raman and IR spectra) characteristic 
of Fol3– species. These results suggested the intercalation 
of both HFol2-/Fol3-, attributed to the pH 9.0 applied in 
synthesizing such samples. The materials prepared by the 
ion-exchange method presented FTIR’s spectral profile of 
intercalated HFol2- with the contribution of vibrational 
bands of NO3

- anion (Figure S2b). 
Vibrational spectroscopy results indicated that the 

organic anions did not decompose during the synthesis, 
keeping their chemical identities, even when submitted 
to hydrothermal treatment (Figure S5, SI section). In 
addition, the position of the band of LDH-FA regarding 
the carboxylate and PT groups presented values close to 
the sodium salts reported previously,37 which suggests a 
coulombic interaction between guest and host.38

The strong broadband in the 2800-3600 cm-1 region 
can be attributed to O–H stretching from M–OH groups 
of LDH layers and hydration water molecules.39 A signal 
around 1650 cm-1 is assigned to the bending vibration of 
hydration water.39 The bands below 1000 cm-1 have the 
contribution of M–OH and M–O vibrations.39 Such bands 
were not resolved in the FT-Raman spectra of LDH-FA 
because the cross-section of the LDH layer is not as high 
as that of the organic anion.40 

Electron microscopy

SEM micrographs of representative samples 
Zn2Al-HFol-S, Zn2Al-Fol-S and Mg2Al-Fol-S are compared 
in Figure 4. In general, the Mg2Al-Fol-S presented 
aggregated particles with flake-type (considerable length 
and small thickness) morphology, while the particles 
of Zn2Al-HFol-S material were much smaller without a 

Figure 3. FTIR (ATR) (top) and FT-Raman (bottom) spectra of samples 
obtained by slow coprecipitation (a) and by fast coprecipitation (b).

Figure 4. SEM micrographs of representative samples (A) Mg2Al-Fol-S, 
(B) Zn2Al-Fol-S and (C) Zn2Al-HFol-S obtained by slow coprecipitation; 
magnified 5,000× (a), 20,000× (b) and 50,000× (c).



Revisiting the Synthesis and Characterization of Hybrid Nanomaterial Constituted by Folate Intercalated into M2+/Al3+Magri et al.

8 of 12 J. Braz. Chem. Soc. 2024, 35, 12, e-20240121

defined morphology. The Zn2Al-Fol-S and Mg2Al-Fol-S 
materials presented similar sizes and morphologies. 
The materials intercalated with Fol3- (synthesized at pH 
above  9.0) seemed a particle growth favored in the a/b 
plane. Therefore, the results indicated that the morphology 
of LDH-FA was driven by the protonation level of folate 
anion instead of the layer’s chemical composition. 

Figure 5 shows the TEM images of samples prepared 
by slow (Mg2Al-Fol-S and Zn2Al-HFol-S) and fast 
(Mg2Al-Fol-F and Zn2Al-HFol-F) methods for comparison. 
In general, materials presented aggregates of particles 
with distinct shapes. The results showed that materials 
intercalated with Fol3- had larger diameter particles than 
the ones intercalated with HFol2- (see Figures 5c, 5d and 
S6, SI section), in line with what was noticed by SEM 
analysis (Figure 4). The particle size of samples obtained 
by the fast coprecipitation method was smaller than that 
obtained by the slow addition of reactants to the folate 
solution (conventional method). These results agreed with 
Zhao et al.35 for the Mg/Al-CO3 counterpart. According 
to the authors, in the slow addition approach, the particle 
nucleation and growth steps occur concomitantly because 
the nuclei formed at the beginning have a long time to 
grow until the end of the synthetic process. For instance, 
such results are valuable in the context of drug delivery 
since LDH particle size influences the pharmacokinetics 
and pharmacodynamics of the system.14,41,42 Large particles 
can decrease drug release rates due to a longer diffusion 
path than the small ones.41 Besides, LDH particles less 

than 20 nm can reach the cellular nucleus while those up 
to 180 nm stay in the cytoplasm.42

Thermal analysis (TGA-DSC and DTG-MS)

Thermal analysis data are presented in Figure 6 and 
summarized in Table S5 (SI section). Endothermic events 
(DSC curves) and water release (m/z 18; MS curves) 
indicated the dehydration of samples up to 184 and 242 °C 
for Zn2Al-LDH and Mg2Al-LDH materials, respectively. 
Under the experimental conditions used in this work, the 
dehydroxylation of Zn2Al-LDH materials occurred around 
the 150-300 °C range, as noticed by endothermic events 
(DSC curves) and water release (m/z 18; MS curves). On the 
other hand, the dehydroxylation of Mg2Al-LDH samples 
initiated above 220 °C and was concurrent with the first 
thermal oxidation event of folate anions. As reported in the 
literature,26,43 Zn2Al-LDH hydroxide layers are less thermal 
stable than the Mg2Al-LDH ones.

The intercalation improved the thermal stability of 
anionic species compared with pristine FA, but the data 
were close to those observed for Na2HFol and Na3Fol 
salts.37 Taking into account the beginning of CO2 release 
(m/z 44; MS curves) associated with exothermic events 
(DSC curve) and comparing with our previously reported 
results for FA and folate sodium salts, the following stability 
order could be established: Zn2Al-Fol-F (315 °C) > Na3Fol 
(300  °C) ca. Mg2Al-Fol-S (297 °C) > Zn2Al-HFol-F 
(294  °C) ca.  Zn2Al-HFol-S (290 °C) ≥ Mg2Al-Fol-F 
(288 °C) ca. Zn2Al-Fol-S (285 °C) > Na2HFol (267 °C) > 
FA (198 °C). Besides, the thermal behavior of intercalated 
anions was distinct when Zn2Al-HFol, Zn2Al-Fol and 
Mg2Al-Fol materials obtained from fast and slow methods 
were compared. The changes in the thermal behavior 
depend on the nature of the anion37 (folate speciation, 
Figure S1), its arrangement between the layers (Figure 2), 
and the composition of the LDH layer (zinc or magnesium 
in this work).26 These parameters influence the interactions 
between guest-host, guest-water and guest-guest.

After the dehydration step, materials prepared by the 
fast coprecipitation method presented, in general, more 
defined thermal events attributed to the oxidation of folate 
anions (TGA-DSC and DTG-MS curves; Figure 6). Such 
differences can be attributed to the smaller particle size of 
the samples obtained through the fast approach. Typically, an 
advancement in thermal events is experimentally observed 
for materials that exhibit small particles, although the 
underlying reasons are not fully understood.44 One plausible 
explanation is that thermal conduction is higher for smaller 
particles than for larger ones.44,45 Taking Mg2Al-Fol-S,F as 
examples, the oxidation events of folate anions occurred at 

Figure 5. TEM micrographs of samples Mg2Al-Fol-S (a) and 
Zn2Al-HFol-S  (b) obtained by slow coprecipitation and samples 
Mg2Al-Fol-F (c) and Zn2Al-HFol-F (d) obtained by fast coprecipitation. 
Red arrows indicate the estimated diameter of the particles.
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higher temperature values (see DTG peaks) for Mg2Al-Fol-S 
than Mg2Al-Fol-F (Figures 6c and 6d). On the other hand, 
marked differences in the thermal oxidative events were 
observed for Zn2Al-Fol counterparts, especially in the 450-
550 °C range. It could be associated with the distinct thermal 
behavior of HFol2- and Fol3- anions;37 since HFol2-/Fol3- 
species were co-intercalation into Zn2Al-Fol-S material, as 
indicated by vibrational data, while only Fol3- was expected 
in Zn2Al-Fol-F. 

Chemical elemental analysis 

The chemical elemental analysis data are presented in 
Table 1, and the results indicated that the material layers 
had an M2+/Al3+ (M2+ = Mg2+ and Zn2+) molar ratio close 
to the nominal value (i.e., 2). However, this value was 
lower than expected for Zn2Al-HFol. The complexing 
character of folic acid (folate) against transition metals46 

could explain such results. The same was not observed 
for LDH-Cl materials synthesized by a similar method, 
as reported in the literature,26 evidencing the role of 
the organic anion in zinc precipitation. The formation 
of [Zn(FA)] and [Zn(FA)2] complexes is expected in 
slightly neutral media, and their global stability constants, 
expressed as log K, are -1.34 and 4.37, respectively.47 
One can consider that during the synthesis of LDH-FA, 
both intercalation and complexation reactions occur 
concomitantly in the conditions used in this work for 
Zn2Al-HFol-S. Tronto  et  al.48 studied the synthesis 
of Mg2Al-LDH intercalated with citrate anions and 
proposed that only the complexation reaction occurs at the 
beginning of precursors addition into the anion solution. 
As the addition progresses and the coprecipitation 
starts, the equilibrium is displaced to the intercalation 
reaction. Complementary, the higher [Zn2+]/[Al3+] molar 
ratio determined for Zn2Al-Fol-S than for Zn2Al-HFol-S 

Figure 6. TG-DSC (a,b) and DTG-MS (c,d) curves of samples obtained by slow coprecipitation (a,c) and fast coprecipitation (b,d).
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(Table 1) indicated that the increase of pH (more OH- 
ions are available and Zn-FA complexation is precluded) 
could favor the formation of Zn2Al-LDH phase. It must 
also be considered that the complexation reaction can 
also be prevented by lowering the [FA]/[Al3+] molar ratio, 
leading to the Zn2+ increasing content in the intralayer, as 
previously noticed for Zn2Al-LDH intercalated with the 
ciprofloxacin anion.49 No difference between the nominal 
and the experimental Zn2+ content was observed (Table 1) 
for Zn2Al-HFol-F and Zn2Al-Fol-F materials synthesized 
by fast coprecipitation ([FA]/[Al3+] = 0.67). 

The elemental analysis results agreed with the co-
intercalation of HFol2-/Fol3- in Zn2Al-Fol-S, which aligns 
with the vibrational spectroscopy analysis. According to 
the FA speciation curves (Figure S1), in the synthesis pH 
value of 9.0, the molar fractions of divalent (HFol2-) and 
trivalent (Fol3-) folate anions in solution are expected to 
be around 0.1 and 0.9, respectively. However, chemical 
speciation can differ considering the synthesis medium 
containing Zn2+, Al3+, OH- anions, and LDH suspended 
particles. In addition, to match the proposal formulas 
considering the carbon and nitrogen percentages, the 
presence of small amounts of adsorbed Na2Hfol and 
Na3Fol in the Zn2Al-HFol-F and Zn2Al-Fol-F materials, 
respectively, was suggested. The washing steps probably 
did not surpass the interaction between the organic anions 
on the LDH external surface. The hydrothermal treatment 
of the Zn2Al-HFol-F sample led to the leaching of only 
around 1.8% of Zn2+. For Mg2Al-Fol-S and Mg2Al-Fol-F, 
the proposed chemical formulas were similar, indicating 
that variations did not influence the Mg2Al-LDH phase in 
the synthesis parameters. Moreover, the elemental analysis 
results for materials synthesized at pH above 9.0 also 

suggested the co-intercalation of Fol3-/Cl- in a 3:1 ratio 
(Table 1), as proposed by XRD analysis (Figure S3). 

The loading capacity of LDH-FA materials synthesized 
in this work (Table 1) was higher or as high as those reported 
in the literature (indicated in Table S1). The chemical 
elemental analysis results agreed with thermal analysis 
(considering the residual mass), XRD and spectroscopic 
(IR and Raman) data. In addition, it is worth highlighting 
that the synthesis of LDH/organic anion hybrid materials 
obtained by fast coprecipitation has yet to be explored in 
the literature. For the first time, such a synthesis approach 
was applied to prepare Zn2Al-HFol-F, Zn2Al-Fol-F and 
Mg2Al-Fol-F materials, with high synthesis yields of 77, 
79 and 82%, respectively. 

Conclusions

In this work, M2+/Al3+-LDH (M2+ = Mg2+ or Zn2+) 
materials intercalated with folate anions (HFol2- or 
Fol3-) were synthesized and characterized by a set of 
physicochemical techniques going further than what has 
already been reported in the literature. Two synthetic 
approaches (i.e., slow and fast coprecipitation) were 
applied to obtain materials with phase purity and high 
loading capacity. The pH of synthesis media drove 
the protonation level of intercalated folate species, 
which was attributed to the FA speciation in the pH 
range of work, confirmed by vibrational spectroscopy 
and chemical analysis. Consequently, the arrangement 
of the folates in the interlayer region of LDH (XRD 
analysis), as well as the size of the material’s particles 
(SEM and TEM), their loading capacity (chemical 
analysis) and thermal behavior (TGA/DTG-DSC-MS)  

Table 1. Chemical composition and proposed formula for LDH-FA materials

Proposed formula M2+/Al3+a H2Ob / 
wt.%

Cc / 
wt.%

Nc / 
wt.%

Rmb,d / 
wt.%

LCe / %

Zn2Al-HFol-S 
[Zn1.72Al(OH)5.44](C19H17O6N7

2-)0.5·2.52H2O
1.72 ± 0.02 

(1.72)
9.8 

(10.0)
22.8 ± 0.04 

(22.7)
9.62 ± 0.10 

(9.77)
39.3 

(38.1)
43.8

Zn2Al-Fol-S 
[Zn1.90Al(OH)5.80](C19H16O6N7

3-)0.27(C19H17O6N7
2-)0.05Cl-

0.09·2.32H2O
1.90 ± 0.02 

(1.90)
9.7 

(9.6)
16.7 ± 0.09 

(16.8)
7.21 ± 0.01 

(7.21)
47.9 

(47.3)
32.2

Mg2Al-Fol-S 
[Mg2.21Al(OH)6.42](C19H16O6N7

3-)0.30Cl-
0.10·2.70H2O

2.21 ± 0.07 
(2.21)

13.2 
(13.0)

18.8 ± 0.12 
(18.3)

7.81 ± 0.04 
(7.88)

37.0 
(37.5)

35.2

Zn2Al-HFol-F 
[Zn1.97Al(OH)5.94](C19H17O6N7

2-)0.50·3.45H2O + (ads. Na2HFol)0.11

1.97 ± 0.01 
(1.97)

10.9 
(10.5)

23.5 ± 0.06 
(23.5)

10.3 ± 0.01 
(10.1)

37.1 
(36.8)

45.3

Zn2Al-Fol-F 
[Zn1.97Al(OH)5.94](C19H16O6N7

3-)0.30Cl-
0.10·2.94H2O + (ads. Na3Fol)0.08 

1.97 ± 0.02 
(1.97)

11.1 
(10.9)

17.9 ± 0.07 
(17.9)

7.71 ± 0.04 
(7.67)

44.8 
(45.1)

34.3

Mg2Al-Fol-F 
[Mg2.17Al(OH)6.34](C19H16O6N7

3-)0.30Cl-
0.10·2.92H2O

2.17 ± 0.00 
(2.17)

14.2 
(14.0)

18.3 ± 0.01 
(18.3)

7.85 ± 0.02 
(7.84)

36.5 
(36.9)

35.1

aMeasured by inductively coupled plasma optical emission spectroscopy (ICP OES) (M2+: Mg2+ or Zn2+); bmeasured by thermal analysis under air atmosphere; 

cmeasured by carbon, hydrogen and nitrogen analysis; dRm refers to residual mass from thermal analysis results; eLC is the loading capacity calculated by 
the formula: LC (%) = [An-/LDH-An- weight] × 100. The values in parentheses indicate theoretical results calculated from proposed formulas. 
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were dependent of the coprecipitation pH value. 
Comparing the synthetic approaches, the main difference 
observed was the lesser crystallinity degree and particle 
diameter of materials obtained by fast coprecipitation. 
This detailed work could contribute to the subsequent 
research concerning the application of LDH intercalated 
with folate anions or other anions from polyprotic organic 
acids. 

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as a PDF file.
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