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A B S T R A C T   

Clays have been extensively utilized in various fields due to their remarkable adsorption properties. In phar
maceutical and medical applications, they serve as potential excipients in pills. Emerging research demonstrated 
their effectiveness as vehicles for controlling drug release. Little has been elucidated, however, regarding the 
optimal clay characteristics for such applications. Therefore, this study aimed to investigate the influence of clay 
pores volume on the adsorption of isoniazid (INH), a key drug in tuberculosis treatments worldwide. To achieve 
this, seven clays were investigated to examine the impact of pores volume on the adsorption and release of INH. 
Chemical characterization of the clays was conducted using X-ray fluorescence (XRF) and Infrared vibrational 
spectroscopy (IR), while their mineralogical composition was determined through X-ray diffraction (XRD) and 
their pore volume by BET method via N2 adsorption/desorption isotherms. Additionally, the interaction between 
clay and INH was evaluated using FT-IR, XRD, and Thermogravimetric Analysis (TGA). Kinetic adsorption studies 
were performed to determine the time to reach the equilibrium saturation of the clay by the drug, which was 
found to be around three hours for all clays. By comparing the pore volume of the studied clays, it became 
apparent that the clay with an optimal pore volume of approximately 0.100 cm3/g exhibited superior adsorp
tion/retention compared to those with lower or higher volumes. Furthermore, in vitro INH release curves were 
obtained mimicking release conditions in the intestine (pH 7.4) for a duration of 5 h. It was clearly shown that 
the release of INH from the clays depend on the pore volume. Our results provided valuable insights into the 
optimal clay characteristics which would enhance the adsorption and release of INH.   

1. Introduction 

Over the last few years, clays have been used for adsorption of 
different organic molecules, like drugs (Kiaee et al., 2022; Peng et al., 
2018; Zheng et al., 2019) in a wide range of applications varying from 
anticancer (Zheng et al., 2019) to antibacterial medicine (Peng et al., 
2018; S. Wang et al., 2012). They have been studied as nanocarriers in 
pharmaceutical and medical fields due to their non-toxic, stable, and 
non-expensive nature (Carazo et al., 2018a; Carazo et al., 2018b; Carazo 
et al., 2017; Damasceno Junior et al., 2019; Peng et al., 2018; Zheng 
et al., 2019). Notably, smectites are among the clay samples mostly used 
for this kind of application (Sciascia et al., 2021). 

Smectites ability to be used as nanocarriers, for controlled drug 
release, is governed by their physical structures (Sciascia et al., 2021). 

They belong to the group of phyllosilicates which present a 2:1 layered 
structure composed of two silicate tetrahedral sheets separated by an 
aluminum octahedral one; they are attached by sharing oxygen atoms as 
shown in Fig. 1a. Each layer is around 1 nm thick and up to two microns 
in width. The layers are attached by van der Waals forces and the 
spacing between them is filled with inorganic cations to counterbalance 
their negative surface charges. The gap between them is known as the 
interlamellar distance (Brigatti et al., 2006). The layers are stacked to 
form entities generally referred to as particles or tactoids, and the 
assembling of tactoids results in the formation of aggregates. Due to the 
various possible orientations and combinations of these particles, as well 
as, the varying sizes of voids between them, numerous different aggre
gates are formed (Nicola et al., 2021). That elucidates why clay samples 
are classified as porous materials, exhibiting different types of pores, 
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including micropores, mesopores, and macropores. Micropores, with 
width up to 2 nm, form the interlayer space within the particles. Mes
opores, ranging from 2 nm to 50 nm in width, along with macropores, 
with width higher than 50 nm, form the interparticle space within the 
aggregate (Shah et al., 2018). This study endeavors to investigate the 
porosity, in terms of total volume of the pores in the clay samples 
without going into the detailed contribution of each kind of pores. 

The clay’s swelling behavior in different solvents and their perme
ability to different molecules are affected by their chemical structure, 
porosity, and cation exchange capacity (CEC). CEC is defined as the 
capacity of a clay to replace its interlayer cations by the interlayer’s ones 
available in the surrounding solution (Wang et al., 2020). Unfortunately, 
what governs the adsorption and release of drugs is not fully understood. 
Many theoretical studies of adsorption and desorption of drugs from 
clays have been done at the atomistic level (Borrego-Sánchez et al., 
2021). On the other hand, most experimental studies found in the 
literature show different results regarding drug adsorption and release 
using different clays (Carazo et al., 2018a; Carazo et al., 2018b; Carazo 
et al., 2017, 2019; Damasceno Junior et al., 2019). With the results 
found in the present paper, the authors strongly believe that the volume 
of pores could have an influence on the adsorption and release of the 
drug. 

During the adsorption process, the incorporation of the substance 
occurs on the clay surface or inside its pores (Zhu et al., 2016). This 
occurs in three steps: in the first step there is the diffusion of the drug 
molecules to the surface of the adsorbent; in the second step, these 
molecules flow into the pores; and, finally, in the third step, surface 
interaction between the adsorbent and the adsorbate takes place 
(Fig. 1d). In this last step, the interaction of clay/INH takes place in two 
possible ways. Either through cation exchange or via interaction forces 
such as van der Waals force or hydrogen bonding (Tan and Hameed, 
2017). Fig. 1b and Fig. 1c show the two ways that the drug (represented 
in yellow) can interact with the clay. The drug can penetrate the inter
lamellar space (Fig. 1b), increasing the interlamellar distance and 
interact with the clay by cation exchange, or remain in the space be
tween the tactoids and interact with it through hydrogen bonding or van 
der Waal forces (Fig. 1c) (Reinholdt et al., 2013). Thus, the nature of the 
investigated drug and its interaction with the clay is an important 
parameter in controlled drug release (Kiaee et al., 2022). 

Drug delivery systems (DDS) must be developed to ensure that the 
active drug achieves its therapeutic effect (Tiwari et al., 2012). DDS can 
be separated into two main groups: those characterized by an immediate 
release (IR) and those that are characterized by modified release (MR). 
An example of MR is sustained release (SR), involving the gradual 
release of the drug over an extended period, to avoid the rapid release of 
a high amount of the drug at the beginning, referred to as burst release. 
Burst release may result in significant side effects worsening the treat
ment efficacy. SR can be achieved through various methods, such as, 
incorporating the drug into a vehicle that releases it at a controlled rate. 
In addition, this approach has the advantage of protecting the drug from 
environmental reactions, such as pH or enzymatic actions (Perrie et al., 
2019). 

Isoniazid (INH) is a highly water-soluble drug used as one of the first- 
line drugs for tuberculosis treatment; however, it presents poor 
bioavailability and causes strong side effects, which reduce the effec
tiveness of the treatment. To increase patient compliance with the 
treatment protocol, this drug would be a good candidate to be used in a 
controlled release system. A few studies have reported the use of clay 
and other inorganic particles as vehicles to control the release of INH (de 
Almeida et al., 2019), such as montmorillonite (Carazo et al., 2018b), 
halloysite (Carazo et al., 2017, 2019), palygorskite (Carazo et al., 2018a; 
Damasceno Junior et al., 2019), zeolite (Souza et al., 2021), and silica 
nanoparticles (de Almeida et al., 2019). 

INH chemical structure is shown in Fig. 1e where the presence of 
pyridine ring and hydrazine groups can be seen. These two groups 
provide for cation exchange between the clay and the drug or an 
interaction via hydrogen bonding (Bhat et al., 2020; Kiaee et al., 2022; 
Zhu et al., 2016). Such interactions can potencially result in a certain 
percentage of INH being retained within the particles hindering its 
release (Souza et al., 2020). Most studies regarding INH-clay DDS report 
burst release behavior, which, in some cases, should be avoided. 
Furthermore, the use of hybrids clay/INH can prevent the INH degra
dation caused by the interaction with other anti-tuberculosis drugs 
commonly co-administered (Carazo et al., 2019). 

Also, to the best of our knowledge, the influence of clay mineral 
characteristics, such as the pore volume, on the use of clays for drug 
release systems has not been studied. The only field in which this was 
explored is petrol or natural gas extraction (Feng et al., 2018), where gas 

Fig. 1. Scheme of (a) clay structure, (b) clay/drug interaction by exchange interaction, (c) clay/drug interaction by hydrogen or van der Waals bonding, (d) bulk/ 
surface adsorption of drugs by clay tactoids, and (d) isoniazid chemical structure. 
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adsorption in shale clay was examined (Wang et al., 2020). Therefore, 
this study investigates the influence of the pore volume of seven smec
tites to elucidate what are the factors that may govern the controlled 
release system efficiency in the case of INH. The results show that the 
volume of pores is an important clay characteristic that should be 
considered and mentioned in papers regarding this subject. 

2. Materials and methodology 

2.1. Materials and clay characterization 

Table 1 presents the different clays that were used in this work. The 
INH used was an analytical standard purchased from Sigma-Aldrich. 

The mineralogical composition of the clay particles was analyzed 
using XRD pattern obtained by the Empyrean Panalytical X-ray 
diffractometer system equipped with a kCuα source. Scans were taken in 
the range of 2Ɵ = 2.5◦– 90◦ at 0.004◦/min with an X-ray tube operated 
at 40–45 kV. The crystalline phases were identified by comparing the 
sample patterns with the International Centre for Diffraction Data 
(ICDD) and Inorganic Crystal Structure Database (ICSD). 

Quantitative chemical analysis by X-Ray fluorescence (XRF) was 
conducted using a Zetium Malvern Panalytical instrument to determine 
the main compounds present in the clays including SiO2, Al2O3, Fe2O3, 
MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5. For that lithium tetraborate 
infused samples were used. The loss on ignition (LOI) of the samples was 
assessed by gravimetry at 1020 ◦C for 2 h and represents the weight loss 
at a that temperature (Ulsen et al., 2019). 

Inductively coupled plasma-optical emission spectroscopy (ICP OES 
iCap 6300 Duo by Thermo Scientific) was used to determine the amount 
of Pb and Cd in clays by multi-acid digestion preparation. 

The surface area and pore volume of all clays were determined by 
low pressure N2 adsorption/desorption isotherms at T = 77 K and 
relative pressure ranging from 0.05 to 1.0 (P/Po) (Shah et al., 2013), 
using the Micrometrics ASAP 2020 plus equipment. The clays’ pore type 
was determined by the shape of N2 adsorption/desorption curves (Sing 
et al., 1985), while the pore volume was determined by BJH (Barrett- 
Joyner-Halenda) model (Avnir and Jaroniec, 1989). Prior the test, the 
clays’ samples were under the following process to ensure they were 
dried and free from any volatile contaminants. Each sample was 48-h 
drying at 90 ◦C to remove residual moisture, followed by resting in 
vacuum-sealed dissectors for 3 days. Then, the prepared samples were 
added into the Micrometris ASAP 2020 plus equipment to degas at 
200 ◦C for 12 h. 

2.2. Kinetics of adsorption 

The adsorption of INH test was repeated three times as follows: 25 
mL of a 4% (w/w) aqueous dispersion of each clay sample was subjected 
to 1550 rpm magnetic stirring for 15 min. A clay amount, sufficient to 
carry on the characterization tests after the sorption process, was cho
sen. Following this, an equal volume of an INH aqueous solution (0.02 
mol/L) was added to the mixture. This concentration was chosen to 
ensure remaining below the presumed monolayer capacity of MMT, as 
shown by Carazo et al. (2018b). The system was subjected to magnetic 
stirring for six intervals 0.75 h, 1.5 h, 3 h, 6 h, 12 h, and 24 h, to evaluate 
the equilibrium saturation time of the clay by the drug. After each 

interval, the samples were centrifuged and the supernatant was analyzed 
using an ultraviolet-visible light spectrophotometer (UV–vis), while the 
decanted material was dried at 60 ◦C for further analyses, such as XRD, 
FTIR, and TGA. 

To determine the amount of INH incorporated into the clays, an 
Agilent Cary 60 UV–Vis was used. For that, a calibration curve was 
obtained evaluating the measured absorbance of different INH solutions 
with known concentrations at a wavelength of 263 nm. A correlation of 
the INH concentration (C) with the measured absorbance (Abs) was 
obtained (Eq. 1). 

Abs = 3.820 • C,R2 = 0.9999 (1) 

The amount of incorporated INH per gram of clay (Qa) was obtained 
as the difference between the initial quantity of INH (Qi) and the 
remained one (Qm) in the supernatant after each interval (Eq. 2). Where 
Qa represents the quantity of isoniazid adsorbed per gram of clay, Qi is 
the initial quantity of INH in the solution at the beginning of the 
adsorption test, measured by UV–vis, Qm is the quantity of INH that 
remained in the supernatant at the end of the test, measured by the 
UV–vis equipment, using the calibration curve, and m is the amount (in 
gram) of the clay used in the test. 

Qa =
Qi − Qm

m
(2) 

The experimental data were fitted to three different mathematical 
models to evaluate the adsorption kinetics of INH by MMT, namely 
pseudo-first order (PFO), pseudo-second order (PSO), and adsorption- 
diffusion model (ADM) given by Eq. 3, Eq. 4, and Eq. 5, respectively: 
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Where qt is the quantity of INH adsorbed during time interval t, qe is 
the quantity of INH adsorbed when equilibrium is reached, k1 is the 
pseudo-first-order constant, k2 is the pseudo-second-order constant, and 
kd is the adsorption-diffusion constant. 

2.3. Release tests 

The release of INH was assessed for three chosen clays, since they 
presented different pore volume resulting in different adsorption ki
netics, as will be elaborated in section 3. These analyses were performed 
to mimic the conditions of oral drug administration. For a proper com
parison, different amounts of drug containing clays were used, thus 
keeping the amount of INH constant. That amount was placed inside a 
dialysis tubing cellulose membrane that retains molecules with molec
ular weight up to 14,000 Da. Then, for each clay, the membrane con
taining the sample was immersed in a buffer solution with a pH of 7.4 to 
simulate the second zone of the small intestine. The release was moni
tored for 5 h (300 min). A sample was withdrawn after the first 10 min 
followed by a sample every of 30 min afterwards, making for 12 sam
ples. After withdrawing each sample, the total volume of the solution 

Table 1 
Clay samples used in this work.  

Analyte CL LP VL VC VR VVm VVd 

Name Cloisite Laponite Verde 
Lago 

Verde 
Claro 

Verde 
Rosa 

Verde 
Vermelho 

Verde 
Verde 

Type Natural clay Synthetic Raw clay 
Country and/or 

Company 
United States/BYK Additives and 

Instruments 
United States/BYK Additives and 

Instruments 
Argentina Brazil Brazil Brazil Brazil  
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was kept constant by adding the proper amount of the buffer solution. 

2.4. Release data analysis 

The obtained release data were fitted to two different release models: 
Korsmeyer-Peppas (Eq. 6) and Higuchi (Eq. 7). Where Mt is the amount 
of INH released after each interval (t), M∞ is the amount of INH in the 
beginning of the experiment, K and n are Korsmeyer-Peppas constants, 
and Kh is the Higuchi constant. 

Mt

M∞
= K • tn (6)  

Mt

M∞
= Kh • t0.5 (7) 

To compare the release profile of the three clays, the commonly used 
similarity factor (f2) was calculated (Eq. 8). This factor is proportional to 
the logarithmic reciprocal square root of the sum of squared differences 
between two distinct samples. It is widely accepted and employed for 
comparing dissolution profiles, aligning with FDA (Food and Drug 
Administration) and EMA (European Medicines Agency) guidelines 
(Muselík et al., 2021; Tekmen et al., 2006). Where C1t is the dissolution 
value of the respective first clay batch at time t, C2t is the dissolution 
value of the second clay batch at time t, and n is the number of sampling 
time points. 

f2 = 50 • log

⎧
⎨

⎩

[

1 +
1
n

∑n

t=1
(C1t − C2t)

2

]− 0.5

• 100

⎫
⎬

⎭
(8) 

As the similarity factor (f2) is used to compare two different disso
lution profiles at a time, to compare the three release profiles studied in 
this work, they were separated in three pairs: CL-LP, CL-VVd, and LP- 
VVd. In this way, it was possible to verify which clays present the 
most similar release profile among them. Two different release systems 
were considered similar when the value of the similarity factor (f2) was 
in the range between 50 and 100 (Muselík et al., 2021; Tekmen et al., 
2006). 

2.5. Hybrid characterization 

To further elucidate the influence of the clay’s pore volume on 
controlled release, clays were characterized regarding the clay/INH 
interaction. TGA was used to verify the presence of INH; Fourier trans
formation Infrared spectroscopy (FTIR) was used to verify the interac
tion between the drug and the clay; and XRD was used to verify whether 
the drug intercalated between the clay lamellas or not. 

For TGA, a Pyris Diamond TG/DTA by Perkin Elmer was used to 
verify the mass loss of the pristine clay and its respective hybrid. The 

experiments were performed under an air flow of 100 mL/min, and a 
temperature range of 40 to 800 ◦C for clays and clay/INH hybrids, and 
40 to 600 ◦C for pure INH. The temperature was varied at a rate of 10 ◦C/ 
min. 

The FTIR spectra were obtained using a PerkinElmer Spectrum Two 
FT-IR spectrometer and the analyses were performed in the range of 
wavenumber of 4000 cm− 1 to 600 cm− 1 with 4 cm− 1 of resolution. 

XRD patterns were obtained using a Malvern Panalytical Empyrean 
DY-2516 X-ray diffractometer system equipped with kCuα radiation. 
Scans were recorded in the range of 2Ɵ = 3◦ – 30◦ at 1◦/min. 

3. Results and discussion 

3.1. Clay samples characterization 

The chemical composition of the six samples used in this study is 
listed in Table 2. Except for the two commercial samples, CL and LP, the 
clays contain accessory minerals, with kaolinite being the most com
mon. The composition of LP was the most different from the others, since 
its structure is similar to that of the hectorite group, except that it is a 
synthetic clay (BYK Additives and Instruments, 2014). Different from 
MMT, in the hectorite group, the octahedron sheet is composed mostly 
of MgO instead of Al2O3. In part of the hectorite crystal, the MgO is 
replaced by Li2O, while in MMT, Al2O3 is replaced by Fe2O3. This ex
plains the lower concentrations of Al2O3 and Fe2O3 in LP compared to 
the other clays (Brigatti et al., 2006). It was noted that, in all studied 
clays, the presence of potentially harmful impurities, such as Mn, Ti, P, 
Pb, and Cd was minimal. This is important for their use in drug release 
systems. 

In Fig. 2, the N2 adsorption and desorption curves, shows that the 
studied clays manifest a type IV physisorption curve, indicating hys
teresis looping. At a relative pressure (P/Po) around 0.2, the N2 mono
layer coverage was complete and a multilayer N2 adsorption started 
(Sing et al., 1985). The hysteresis looping started after (P/Po) 0.4 indi
cating that, under higher relative pressure, adsorption was driven by 
capillary condensation. At a lower relative pressure, the hysteresis dis
appeared, and the adsorption occurs by Van der Waals forces (Chang 
et al., 2022). The morphology of clay pores was given by IUPAC clas
sification, according to the type of hysteresis looping between the 
adsorption and desorption curves. It was observed that, except for LP, 
which exhibited H2 hysteresis type, all other clays followed a H3 type. 
The presence of H2 hysteresis indicated that the sample contained an 
abundance of ink bottle-like pores, while H3 indicated that the sample is 
composed of aggregates of plate-like particles, generating split shape 
pores (Sing et al., 1985). 

According to Sing et al. (1985), the presence of macropores affects 
the shape of N2 adsorption/desorption curve. If no macropores are 
present, the curve maintains a nearly horizontal trajectory. In contrast, 

Table 2 
Clay minerals, chemical composition, and pore volume of clay samples.  

Analyte CL LP VL VC VR VVm VVd 

Clay minerals Smectite Smectite Smectite, kaolinite, quartz, 
calcite 

Smectite, quartz, albite, 
gibbsite 

Smectite, 
kaolinite 

Smectite, 
kaolinite 

Smectite, 
kaolinite 

SiO2 (%) 59.50 58.30 61.60 56.20 55.20 56.10 56.20 
Al2O3 (%) 21.30 0.11 19.00 19.30 24.10 21.10 21.10 
Fe2O3 (%) 4.24 <0.10 4.61 6.03 6.41 7.94 7.94 
MnO (%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
MgO (%) 2.37 27.20 3.01 2.31 3.23 3.80 3.60 
CaO (%) 0.47 0.14 1.31 3.49 0.19 0.23 0.21 
Na2O (%) 3.84 2.93 3.06 0.24 0.11 <0.10 <0.10 
K2O (%) <0.10 <0.10 0.40 0.90 <0.10 <0.10 <0.10 
TiO2 (%) 0.12 <0.10 0.31 0.65 0.11 0.22 0.75 
P2O5 (%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

Ignition loss (%) 7.03 11.00 6.15 10.70 10.90 10.30 10.30 
Pb (ppm) 52 1 40 54 36 33 33 
Cd (ppm) <6 <6 <6 <6 <6 <6 <6  
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the presence of a broad range of macropores culminates in a sharply 
vertical rise at a relative pressure close to 1. The curves’ shape of the 
studied clays suggested that they are mesoporous solids. The curves’ 
sections below P/Po 0.35 and above 0.95 suggested the presence of 
micropores and macropores, respectively (Shah et al., 2018). 

3.2. Drug adsorption studies 

Figure 3 shows that for all six clays in this study, absorption 
approached a plateau after three hours confirming that the choice of 24 
h was more than adequate. Similar behavior was obtained by Carazo 
et al. (2018b), Damasceno Junior et al. (2019), and Souza et al. (2021). 
The three sets of experiments exhibited a low standard deviation despite 
the non-purified character of most clays. The absorption capacity varied 
from 15 mg/g (LP) to 47 mg/g (VVd) depending on the clay used. 

For a wide range of adsorption efficiency, all the clays tested in this 
study fitted better to the pseudo-second-order model (PSO), as evi
denced by R2 values >0.930 (Table 3). Pseudo-first-order model (PFO) 
showed a good fit only for two clays (VVm and VVd), and adsorption- 
diffusion model (ADM) did not fit well in any of them (R2 lower than 
0.550 to most clays). This observation was consistent with previous 
studies and suggested that adsorption occurred via filling of active sites 
within the clays, rather than the formation of a surface layer (Souza 

et al., 2021). 
The amount of INH that was adsorbed by clay was confirmed by TGA 

analysis, Fig. 4 shows the mass loss as a function of temperature for INH, 
pristine clay, and hybrid clay/INH. Two different typical TG curves of 
clay/INH samples can be seen, in this case, it shows CL (which had 
similar behavior to VC) and VVd (which had similar behavior to VL, VR, 
VVm, and LP). For all the samples, the pristine clay presented similar 
behavior of weight loss: the first step around 100 ◦C due to the surface 
water loss; a gradual loss followed up to 400 ◦C due to the loss of water 
of hydration and above 400 ◦C a sudden increase in loss occurred due to 
the dihydroxylation. In general, except for VC, the clays manifested just 
two DTG peaks related to the surface water loss and dihydroxylation 
process, as the sharpest events. 

INH showed one-step-degradation with no residue at 600 ◦C, 5% of 
weight loss occurred around 220 ◦C, and the degradation was complete 
around 360 ◦C. Comparing the hybrid clay/INH and its respective 
pristine clay, CL and VC were the only two samples in which the pristine 
clay presented less surface water than its respective hybrid. Water and 
INH molecules were, probably, competing for being adsorbed (Giles and 
Smith, 1974). Therefore, the quantity of initial water molecules on the 
clay surface should decrease in the presence of INH. Similar results were 
shown in other studies (Souza et al., 2021). For CL and VC, however, it 
seemed that water molecules were more attracted to the clays than INH. 

Fig. 2. N2 adsorption/desorption curves of the seven clays used in this work.  
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Table 4 presents the mass loss corresponding to different tempera
tures as shown by DTG peaks for each clay and its respective hybrid. 
Only CL and VC hybrids did not present an additional peak corre
sponding to INH degradation. However, their hybrid weight loss was 

higher than the pristine clay for temperatures above 400 ◦C, indicating 
INH degradation in this temperature range. For the other samples, the 
peak corresponding to INH degradation occurred at temperatures above 
380 ◦C. The shift of the INH degradation peak indicated that the drug 
was protected by the clays. Similar results were shown by Carazo et al. 
(2018b). 

The interaction between INH and clay was studied by FTIR and XRD 
analyses. Typical spectra of the obtained clay, clay/INH, and INH are 
presented in Fig. 5, which show that for pristine clays a band around 
3470 cm− 1 appeared due to the deformation of the OH group of Si-OH 
bonds, since they were phyllosilicates (Carazo et al., 2018b). As LP 
was the only sample that contains Mg+2 instead of Al+3 in its structure, it 
did not have the typical bands of dioctahedral smectites (3621 cm− 1) as 
it is trioctahedral type (Kiaee et al., 2022). The other bands were pre
sented in almost all samples due to the OH and SiO vibration bands. 
Some interesting observations can be made, such as the fact that only CL 
and VC have Al+3 replaced by Mg+2 in their structure, while in VL, VR, 
VVm, and VVd, Al+3 is replaced by Fe+2 (Alabarse et al., 2011; Djom
goue and Njopwouo, 2013). 

In the INH FTIR spectra, bands related to the hydrazine group for 
stretching vibrations of N–H bonds are characteristic of INH. Also, 
bands of C–H and C–C groups indicated the presence of the ring and 
the aliphatic part of this molecule (Angadi et al., 2010; Batalha et al., 
2019; Carazo et al., 2018a; Carazo et al., 2018b; Damasceno Junior 
et al., 2019; Pandey et al., 2016). 

For the hybrid spectrum, the more intense peaks were related to the 

Fig. 3. PSO fitting of kinetics studies of clays.  

Table 3 
Parameters for PFO, PSO, and ADM fitting for each clay sample.  

Samples CL LP VL VC VR VVm VVd 

PFO 
R2 0.869 0.088 0.225 0.001 0.059 0.995 0.994 
k1 0.212 0.068 0.276 0.001 0.010 0.018 0.025 
qe 25.057 17.354 44.054 24.447 39.512 43.246 45.603 

PSO 
R2 0.984 0.933 0.994 0.983 0.997 0.997 0.997 
k2 0.352 1.049 0.296 99.741 99.741 1.290 0.828 
qe 23.549 17.429 35.528 24.538 39.521 43.275 45.639 

ADM 
R2 0.445 0.104 0.531 0.002 0.059 0.220 0.550 
kd 7.407 5.174 7.799 6.624 6.936 8.954 7.242  

Fig. 4. TGA curves for INH, CL, CL/INH, VVd, and VVd/INH.  
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clays’ chemical bonds (de Almeida et al., 2019; Carazo et al., 2018b). 
The appearance of a deformation band around the 1660 cm− 1 in all clays 
was also verified by Damasceno Junior et al. (2019), indicating the 
presence of INH in hybrids by the C––O folding and N–H amide group. 
The appearance of a band around 1431 cm− 1 indicated ring C–C sym
metric stretching of INH molecules. At the 730 cm− 1 and 831 cm− 1 

bands, there were some differences between the pristine clay and its 
respective hybrid, indicating an interaction of the INH ring and clays 
mentioned by Damasceno Junior et al. (2019). 

The XRD patterns of the original clay and the clay/INH hybrid 
showed no significant differences, and a typical pattern can be seen in 
Fig. 6. There was no increase in the basal distance after the incorpora
tion of INH, suggesting that INH molecules did not penetrate the inter
layer space. Rather, they were likely adsorbed onto the surface pores of 
the clay minerals. Similar behavior was observed for tetracycline by Li 
et al., 2010. Various studies on INH incorporation in clay minerals, 
however, reported increases in basal distance, indicating that each 
sample may behave differently, possibly depending on the adsorption 
parameters (pH, drug concentration, or temperature of the solution, for 
example (Akyuz and Akyuz, 2008; de Almeida et al., 2019)). 

XRD characterization indicated that INH was not in the interlamellar 
space. However, FTIR results showed an interaction between the pyri
dine ring with silicon oxide present in the clay structure. Also, TGA 
results seemed to indicate that the drug was incorporated and 

surrounded by clay particles as suggested by Carazo et al. (2018b). Be
sides that, the clays with a smaller pore volume did not present a DTG 
peak due to the INH degradation, indicating that the INH weight loss 
occurred simultaneously with the dihydroxylation process. 

A graph of the adsorption efficiency as a function of the pore volume, 
for the different clays, indicates a correlation between the pore volume 
of the clays and the clay’s ability to adsorb INH (Fig. 7). The graph 
suggested that an optimal pore volume of around 0.100 cm3/g was 
optimal to achieve the highest efficiency of adsorption. For clays with 
lower pore volumes, the adsorption was, likely, hindered by the lower 
rate of diffusion of the drug molecules through clay galleries, where INH 
solution might have difficulty penetrating them. On the other hand, for 
clays with higher pore volumes, the physical or chemical bonding be
tween adsorbate and adsorbent might impede the entrapment of the 
drug in the pores or on the active sites. 

As the pore volume seemed to be the key characteristic governing the 
adsorption of INH, the effect of pore volume on the release of INH was 
also studied. To that effect, the release of three hybrids LP/INH (pore 
volume of 0.250 cm3/g), CL/INH (0.081 cm3/g), and VVd/INH (0.097 
cm3/g) were investigated, as shown in Fig. 8. As it can be seen, the LP, 
which presented the highest pore volume, had the highest release rate in 
the first 90 min; also, it showed the highest cumulative release. On the 
other hand, CL and VVd presented a lower release rate during the same 
period, which corroborated the influence of pore volume on the 

Table 4 
TGA initial and final temperature and the mass loss for each stage of decomposition of clays and their respective hybrid clay/INH.  

Sample 1st peak DTG 2nd peak DTG 3rd peak DTG 

Temperature (◦C) Mass loss (%) Temperature (◦C) Mass loss (%) Temperature (◦C) Mass loss (%) 

CL 90 3.0 637 6.5 – – 
CL/INH 103 2.3 637 10.9 – – 

VC 60 2.8 470 9.9 655 13.4 
VC/INH 67 2.8 478 11.1 669 15.3 

LP 94 2.7 711 12.3 – – 
LP/INH 90 2.4 452 8.7 711 12.7 

VL 86 4.6 645 12.3 – – 
VL/INH 74 2.9 397 8.4 631 11.9 

VR 85 4.6 475 13.9 – – 
VR/INH 70 0.8 377 8.0 481 11.5 

VVm 109 6.1 484 14.0 – – 
VVm/INH 104 4.0 388 10.4 484 12.7 

VVd 102 5.4 475 14.6 – – 
VVd/INH 94 4.6 384 10.1 475 12.6  

Fig. 5. FTIR spectra of INH, CL, CL/INH, LP, LP/INH, VVd, and VVd/INH.  Fig. 6. XRD pattern of pristine clay, clay/INH, and INH.  
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adsorption and release. After 240 min, the cumulative release into the 
environment for all three clays did not change, which meant that after 
this time, the clays were not releasing any more drugs. 

The fitting parameters of the release data to two mathematical 
models: Korsmeyer-Peppas and Higuchi, are presented in Table 5. Ac
cording to Korsmeyer-Peppas model, since n was lower than 0.5 for all 
clays, the release follows Fick’s first law, which meant that diffusion was 
the driving force of this release (Korsmeyer et al., 1983). 

Corroborating the release fitting results, the similarity factor (f2), 
showed in Table 6, was higher than 50 for all three compared pairs. This 
indicated similarity of the three release profiles. The strongest similarity 
was observed in CL-VVd pair, the clay samples that had closer values of 
pore volume (0.081 and 0.097 cm3/g, respectively) compared to the 
other pairs which had LP (0.250 cm3/g). It was noteworthy that the 
main difference in behavior among these clays occurred at the start of 
the release, while past the 180-min mark, they achieved similar plateaus 
in their release patterns. 

4. Conclusion 

It was found that isoniazid can be efficiently incorporated into clay 
minerals to obtain a gradual drug release system. Seven smectite clays, 
six of which are of natural origin, and one synthetically produced, 
Laponite (LP), were investigated to elucidate their adsorption/retention 
and release behavior. Under neutral pH conditions, time dependent 
adsorption curves were obtained showing that three hours was enough 
to reach the adsorption capacity plateau, with a maximum value of 46 
mg/g. Under these conditions, as evidenced by XRD, it was shown, that 
the drug did not penetrate the clay interlamellar space. It rather located 
in the pores between the tactoids of the clays. A pore volume of around 
0.100 cm3/g was found to be optimal for highest adsorption. Three clays 
with pores volume of 0.081, 0.097, and 0.250 cm3/g were further 
investigated to determine the release mechanism, at a pH of 7.4. Since 
the results showed a correlation between clay’s pore volume influences 
on clay drug adsorption capacity, it is strongly recommended for future 
research to include measurements of clay’s pore volume. 

A study of the influence of pH, temperature, and initial drug con
centration on the adsorption and release process is recommended. 
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Prêt, D., Petit, S., Béré, E., Pelletier, M., Ferrage, E., 2013. Morphological properties 
of vermiculite particles in size-selected fractions obtained by sonication. Appl. Clay 
Sci. 77–78, 18–32. https://doi.org/10.1016/j.clay.2013.03.013. 

Sciascia, L., Calabrese, I., Cavallaro, G., Merli, M., Scialabba, C., Liveri, M.L.T., 2021. 
Modified montmorillonite as drug delivery agent for enhancing antibiotic therapy. 
Minerals 11 (12). https://doi.org/10.3390/min11121315. 

Shah, L.A., da Silva Valenzuela, M. das G., Ehsan, A.M., Valenzuela Díaz, F.R., 
Khattak, N.S., 2013. Characterization of Pakistani purified bentonite suitable for 
possible pharmaceutical application. Appl. Clay Sci. 83–84, 50–55. https://doi.org/ 
10.1016/j.clay.2013.08.007. 

Shah, L.A., Silva Valenzuela, M. das G. da, Farooq, M., Khattak, S.A., Valenzuela Díaz, F. 
R., 2018. Influence of preparation methods on textural properties of purified 
bentonite. Appl. Clay Sci. 162, 155–164. https://doi.org/10.1016/j. 
clay.2018.06.001. 

Sing, K.S.W., Everett, D.H., Haul, R.A.W., Moscou, L., Pierotti, R.A., Rouquérol, J., 
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