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Summary 
 
 

For  fully  controlled  drug  release,  it  is  important  to  understand  the 

microstructure and nature of the  layered double hydroxide that ultimately 

controls drug release properties. Ni/Al-Folic acid-Layered double hydroxide 

with the molar ratio of (R = 3, 4, 5 and 6) were prepared by two different 

approaches  by  direct  (co-precipitation)  and  indirect  of  an  ion-exchange 

method from aqueous solution by hydrothermal treatment  for the formation 

of new nanohybrid compound as reported. 
 

Layered double hydroxides of nickel and aluminum compounds were 

prepared under the hydrothermal treatment at 70, 120 and 180˚C. 

Characterization of LDH using X-Ray Diffractogram showed the presence of 

sharp  and  intense  peaks  with  the  d-spacing  7.9  Å  which  signify  high 

crystallinity  at  180˚C  and  it  is  regarded  as  the  most  convenient  at  this 

temperature degree. While, the XRD pattern of Folic acid-LDH showed the 

presence of sharp and intense peaks with the d-spacing 17.3 Å. 
 

The comparison of the FTIR spectra of FA together with Ni-Al-NO3- 

LDH and Ni-Al-FA-LDH reveals  that the FTIR absorption bands for the 

nanocomposite resemble a mixture of the FA and LDH absorption 

characteristics, which indicates that the FA was successfully intercalated into 

the Ni-Al interlayer. 
 

The release of Folic acid (FA) from the nanohybrid into the release 

media was accomplished  using various  aqueous solutions: carbonate, 

phosphate and sulphate. It is observed that carbonate dominated the 

accumulated release percentage. 



Summary 

II 

 

 

 
 

 

Release kinetics of FA has been evaluated with various models such as 

zero
th 

order, first order and pseudo-second order as well as Bhaskar equation. 

It is observed that the release profiles of FA were governed by pseudo-second 

order. 
 

Additionally, in this study, novel equations were innovated that were 

used for predicting the diffusion  of guest anion through LDHs nanohybrid 

particles and applied it for the folic acid released. These equations were more 

suitable for diffusion than the previous equations like Bhaskar equation and it 

is the most convenient. 
 

An Artificial Neural Network (ANN) based on the Quick Propagation 

(QP) algorithm was used in this  study to predict the concentration of folic 

acid released (Ct) at the time t. 
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1. Introduction 
 

1.1. Nanotechnology 
 

Nanotechnology is almost a household word now-a-days, or at least some word 

with  „„nano‟‟   in  it,  such   as  nanoscale,  nanoparticle,  nanomaterials,  nanophase, 

nanocrystal, or nanomachine [1]. In the past few years nanotechnology has grown by 

leaps and bounds, and this multidisciplinary scientific field is undergoing explosive 

development and considered as a key technology of molecular or atomic engineering 

that might have the potential to  produce sweeping changes to almost all aspects of 

human society beyond the scope of conventional technologies [2]. Today, more than 

60 countries have started national nanotechnology programs to explore ways to create 

novel re-engineered nanomaterials in areas as diverse as healthcare, energy efficiency, 

agriculture, environmental protection, and security [3]. 

 

According to  the  United  States National Nanotechnology Initiative, 

Nanotechnology can be defined as the science and engineering involved in the design, 

synthesis, characterization and  application of materials and devices whose smallest 

functional organization in at least one dimension is on the nanometer scale. [4,5], or it 

can be defined  as (i) research and technology at  the atomic, molecular or 

macromolecular levels, i.e. a length scale below 100 nm; (ii) creating and employing 

structures, devices and systems with novel properties and functions, (iii) the possibility 

to control and manipulate on the atomic scale, the purpose is the precise structurization 

for the production of extremely small devices or structures with prescribed properties. 

[6]. Nanotechnology, a field of applied science and technology, covers a broad range 

of  topics  and  encompasses  a  variety  of  subjects  such  as  biology,  chemistry  and 

physics. In a word, nanotechnology deals  with nanoscale materials which are also 

called nanomaterials. 
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1.2. Nanomaterials 
 

Nanomaterials used to describe materials with one or more components that have 

at least one dimension in the range of 1 to 100 nm [8]. The prefix “nano” derives from 

the (Greek:dwarf) [4,5]. 

 

Nanomaterials can be classified into nanocrystalline materials and nanoparticles. 

The former are polycrystalline bulk materials with grain sizes in the nanometer range, 

while the latter refers to ultrafine dispersive particles with  diameters below 100 nm 

[9]. Nanomaterials differ significantly from the bulk materials by virtue of their small 

size. Where, the physical, chemical and biological properties of nanomaterials differ in 

fundamental and important ways from  properties of individual atoms, molecules or 

larger sized bulk material [10]. 

 

In fact, the properties of materials can be different at the nanoscale for two main 

reasons. Firstly, nanomaterials have a relatively larger surface area when compared to 

the same mass of material produced in a larger form; in nanocrystalline solids, a large 

fraction of atoms (up to 49%) are boundary atoms [11]. It is attributable to the change 

of  the bonding state of the atoms or the molecules constructing the particles. For 

example, as shown in “Figure 1” Imagine a chunk of metal with a side length of 1 cm 

is divided into a cube of 1µm, the particle number increases to 10
12  

and being divided 

into the one of 10 nm, then it amounts to 10
18

, but when added together they make up 
 

the same amount of metal material that you started with. Where, the fraction of the 

atoms or the molecules located at the surface on the particles plays a great role, since 

they are more active than those inside the solid particles because  of the free hand, 

which leads to easy bonding with the contacting materials and causes various changes 

in particle properties [12]. 
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Figure 1. Change of specific surface area by miniaturization of a solid cube 

assuming the solid density of 1 g/cm3. 

 

Secondly, the relative importance of physical laws shifts and quantum effects 

start to become more  significant, especially for sizes less than 20 nm and begin to 

dominate the behavior of matter at the nanoscale particularly at the lower end affecting 

the optical, electrical and magnetic behavior of materials [11]. 

 

The advantages of nanomaterials are the large surface area/volume ratio exhibited 

by them, leading to a very high surface reactivity with the surrounding surface, ideal 

for  catalysis  or  sensor  applications,  and  the  ability  of  varying  their  fundamental 

properties  (e.g.,  magnetization,  optical  properties  (color),  melting  point,  hardness, 

etc.),  relative to bulk materials without a change in chemical composition and the 

interface  structure  will  plays  an  important  role  in  determining  the  physical  and 

mechanical properties of nanocrystalline materials [13]. In  addition,  Nanomaterials 

considered  as  the  building  blocks  of  nanotechnology,  possess  important  physical 

properties such as particle aggregation, photoemission, electrical, increased strength, 
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solubility, heat conductivities, superior mechanical and chemical properties [14,15]. 

Such  materials  can  be  used  for  new  applications  in  areas  like  information  and 

communication technology, power engineering, industrial engineering, environmental 

engineering, chemical industry like (electronics, catalysis, ceramics, magnetic data 

storage,  high  current  electrode  materials  for  fuel  cells,  batteries,  electrochromic 

displays, water, food and materials with new surface properties for paints, coatings for 

self-cleaning  windows,  stain-resistant  textiles  etc).   Additionally,  applications  of 

nanotechnologies in medicine are especially promising, and areas such as disease 

diagnosis, drug delivery targeted at specific sites in the body and molecular imaging 

are being intensively  investigated  and some products are undergoing clinical trials 

[16,17]. 

 

1.3. Nanoparticles 
 

Particles are considered to be nanoparticles if one of their dimensions is less than 
 

100  nanometers  (nm)  across  [18].  These  particles  are  important  to  science  and 

technology, as they are  essentially a bridge between bulk materials and atomic or 

molecular  structures.  Colloidal  inorganic  nanometer-sized  particles  (nanoparticles, 

NPs)  or  nanocrystals  (NCs)  have  proved  to  be  useful  as  building  blocks  for  the 

development  of  nanomaterials  and  biomaterials  in  nanoscience  and  biotechnology 

[19].  It  may  be  amorphous,  crystalline  or  of  mixed  character,  with  for  instance 

amorphous surface layer and crystalline interior. In fact, the properties of a material 

start changing as its size approaches the nanoscale and as the percentage of atoms at its 

surfaces becomes significant [18,20]. 

 

1.4. Nanocomposite 
 

Nanocomposites are composite materials in which nanoparticles are embedded in 

a host phase. This is part of the growing field of nanotechnology [21]. In chemistry, a 
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„composite‟ is defined as materials having two or more distinct components or phases 

and their components have  significantly different physical properties and thus, the 

composite properties are noticeably different from the individual component 

properties. When there is the physical arrangement on a scale of 1 to 100 nanometers, 

it is said that this material is considered as “Nanocomposite”. A composite material is 

a solid structure with multiple phases, which is a combination of two or more materials 

with different physical and chemical properties. One phase is usually called as matrix 

or a continuous phase (polymer, metal, ceramic, etc.), while the other was infamously 

known  as  reinforcement  material  a  dispersed  phase  such  as  glass  fibers,  carbon 

particles, silica powder, clay minerals, etc.. [22, 23]. 

 

The presence of the natural interface between two different field of chemistry 

which is organic and an inorganic may be also called Hybrid composite. Hybrids are 

typically either homogeneous systems derived from monomers or miscible organic and 

inorganic components, or heterogeneous systems (nanocomposites) in which at least 

one of the components‟  domains has dimensions ranging from some Å to several 

nanometers.  Hybrid  inorganic–organic  materials  are  not  just  physical  mixtures  of 

inorganic and organic moieties. They can be defined as nanocomposites with organic 

and  inorganic  components  that  are  intimately  mixed  on  a  molecular  level  [24]. 

Intercalation of organic species into inorganic solids appears to offer a useful way of 

combining,  at  the  nanometer  level,  both  types  of  matter  to  provide  well-defined 

organic–inorganic hybrids for the first time [25]. 

 

Generally, these materials preserve different electrical, mechanical, optical and 

catalytic properties than those  in  the individual component. This is because of the 

following three factors. First, the size of nanoparticles is  comparable with the Bohr 

radius of an exaction; this determines their optical, luminescent and redox properties. 

Secondly, being small in size, surface tension effects are expected to increase. This 
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makes surface atoms very active and determines their considerable contribution to the 

thermodynamic characteristics of solids. Thirdly, the sizes of nanoparticles themselves 

are also comparable to those of molecules. These factors make the kinetics of chemical 

processes with nanoparticles specific [26]. 

 

1.5. Clay minerals 
 

A great deal of attention has focused on clay minerals since the earliest days of 

civilization due to their abundance in nature and unlimited potentials. Clays may be 

divided into two broad groups: cationic clays, widespread in nature, and anionic clays, 

rarer in nature but relatively simple and inexpensive to synthesize [27]. Anionic clays 

can  be considered as the opposite of cationic clays i.e. layers are either negatively 

(cationic) or positively (anionic) charged [28].  The interlayer region of clays consists 

of cations or anions to compensate for the layer charge, the free space also contains 

water molecules [29]. 

 

Clays are both versatile and have many beneficial features, such as low or null 

toxicity, good  biocompatibility, and promise for controlled release, thus give rise to 

the  incessant  interest  to  their  development  for  biological  purposes,  for  example, 

pharmaceutical, cosmetic, and even medical ones [30], low cost, selectivity, 

coefficients of expansion, flammability resistance, mechanical, ion-exchange capacity, 

flexibility,  catalytic properties,  and  a  wide  range of  preparation  and  modification 

methods.  In  addition,  organic  modification  of  clay  is  performed  to  change  the 

properties from hydrophobic to hydrophilic [27]. 

 

The properties which make clay minerals useful in pharmaceutical applications 

are  the  high  adsorption  ability,  high  internal  surface  area,  high  an  ion  exchange 

capacity, interlayer reactions, chemical inertness, and low or null  toxicity. Lately, a 

new emerging class of nanocomposites, based on layered double hydroxides (LDHs), 

also known as  anionic or hydrotalcite-like clays, has been investigated. The most 
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common type of LDHs is the hydrotalcite-type (HT) group of minerals. Hydrotalcite is 

a hydrated mineral containing magnesium, aluminum and carbonate with the general 

formula Mg6Al2(OH)16CO3.4H2O as shown in “figure 2” [31]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Hydrotalcite-type clays. 
 

1.6. Layered Double Hydroxides (LDHs) 
 

Layered double hydroxides (LDHs), also known as anionic or hydrotalcite-like 

clays, many LDHs such as Hydrotalcite, Takovite, Carrboydite, Reevesite, Honessite, 

Pyroaurite, and Iowaite occur in nature while others have been prepared synthetically 

in  the  laboratory[32,  33].  The  first  material  discovered  was  Hydrotalcite  which 

subsequently gave its name to the large mineral group of naturally occurring LDHs. 

The name is derived from the strong resemblance of the mineral to talc and its high 

water content. LDHs are a class of lamellar compounds that  consist of positively 

charged  brucite-like  host  layers  and  hydrated  exchangeable  anions  located  in  the 

interlayer gallery for charge balance [34]. 

 

The structure of LDHs is derived from that of naturally occurring mineral brucite 

structure (Mg(OH)2) in which, e.g. Al
3+  

substitutes for Mg
2+

. In general any divalent 

cation could substitute for the Mg
2+ 

having not too different a radius in the brucite-like 
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layer. In addition, any trivalent cation with similar radii may substitute for aluminum 

in the brucite layer [33, 35]. The  isomorphous substitution of a part of the divalent 

metal ions with trivalent ones creates a positive layer charge on the hydroxide layers, 

which is compensated by interlayer anions or anionic complexes. This surface charge 

is dependent upon the degree of substitution. Claim that the formation of basic centers 

in hydrotalcite appears in the bridge oxygens between two magnesium atoms. These 

basic centers are due to the defects in oxygen linked to fully co-ordinated magnesium 

[36]. It also contains interlayer water which forms hydrogen bonds to the -OH groups 

on the surface of the LDHs or with the interlayer anions [37]. LDHs are represented by 

the general formula: 

O2.mH -x]x/n
-n[A x+]2(OH) x

3+Mx-1
2+[M 

-xM x (OH)2] [A ] .mH2O 

Where M
2+ 

is the divalent cation such as Mg
2+

, Ca
2+

, Zn
2+

, Co
2+

, Fe
2+

, Cu
2+

, Ni
2+

, 

Mn
2+  

etc., and M
3+   

is the trivalent cation such as Al
3+

, Cr
3+

, Fe
3+

, Co
3+  

etc., in the 

octahedral positions within the hydroxide layers,  (A
n-  

is an interlayer anion such as 

Cl
−
, CO3

2−
, NO3

−
, PO4

3-
, SO4

2-  
and so on), with a negative charge n and  m  is the 

number of water molecules, x is the molar ratio and can be calculated as: 
 

x= [M
3+

/(M
2+

+ M
3+

)] 
 

Which is normally between 0.1 and 0.5, it is possible to obtain pure hydrotalcite 

only  for  0.2≤  x  ≤  0.33.  If  x  values  lower  than  0.33,  the  M
3+   

octahedral  is  not 

neighboring. For higher values of x the increase number of neighboring M
3+ 

in brucite 

like sheet, acting as nuclei for the formation of M(OH)2. [22, 27, 29, 38]. 
 

In comparison, the hydrotalcite-type anionic clays have a structure similar to that 

of brucite, Mg (OH)2, where each Mg
2+ 

ion is octahedrally surrounded by six OH
- 
ions 

“figure 3A”. These octahedral units form infinite layers  by  edge-sharing, with the 

hydroxide  ions  sitting  perpendicular  to  the  plane  of  the  layers.  The  hydrotalcite 
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structure is obtained when some of the Mg
2+ 

ions, in the brucite layer, are replaced by 

trivalent cations with a similar radius “figure 3B” [29]. 

 

 
 

Figure 3. Schematic representation comparing the crystal structure of brucite 
 

(A) and LDH (B). 
 

The higher charge of the cation imposes an overall positive charge in the brucite- 

type layer. These layers are  maintained electrically neutral by the interlayer anions. 

These sheets are stacked on top of each other and are held  together by hydrogen 

bonding to form the three-dimensional structure “figure 4” [27, 40]. Layered double 

hydroxides (LDHs), are two dimensional structures called nanosheets having 

approximate thicknesses of 1 nm and widths of 1 µm [41-42]. The main features of HT 

structures therefore are  determined by the nature of the brucite-like sheet, by the 

position of anions and water in the interlayer region and by the type of stacking of the 

brucite-like sheets. 
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Figure 4. Schematic representation of the LDHs structure. 
 

1.6.1.  An ion nature 
 

There  is  essentially  no  limitation  on  the  nature  of  the  anion  which  can 

compensate for the positive  charge of the brucite-like sheet, and provided it doesn‟t 

form a complex with the cations [27, 29, 43]. 

The  interlayer  anions  A
n-   

are  exchangeable,  giving  rise  to  rich  intercalation 

chemistry.  The  guest  species  may  be  organic  or  inorganic,  simple  or  complex. 

Intercalation of a desired anionic guest is achieved by direct synthesis, ion-exchange, 

or by reconstruction of the layered structure [37, 43]. 

 

The intercalated molecules can only form monolayers or bilayers in the interlayer 

space  of  layered  materials  independent  of  molecular  size,  due  to  the  interaction 

between the host layer plate and guest molecules [44]. In  addition, the interlayer 

galleries of LDHs contain both interlayer anions and water molecules and there is a 

complex network of hydrogen bonds between layer hydroxyl groups, anions and water 

molecules. The interlayers are substantially  disordered and hydrogen bonds are in a 
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continuous  state  of  flux  so  that  the  precise  nature  of  the  interlayer  is  extremely 

complex  [45].  Every  anion  has  to satisfy excess  positive  charges  on  both  of the 

sandwiching octahedral layers, which are electrically balanced by  two neighboring 

interlayers; it has been suggested that charge compensation in LDHs has many of the 

characteristics of resonance effects [46]. 

1.6.2.  Layered double hydroxide applications 
 

Recently, LDHs are employed as the host material to synthesize a new organic– 

inorganic nanohybrid material and have received considerable attentions. The 

organic/LDHs  nanohybrid  materials  have  been  investigated  because  the  resulting 

intercalation compounds are expected to possess a novel nanostructure, new function 

such as high surface area, large anion exchange capacity, and good thermal stability. 

These materials offer many benefits across a wide range of industrial applications. 

 

LDHs  have  been  studied  for  their  potential  application  to  the  removal  of 

oxyanions such as  arsenate/arsenite, chromate, selenate/selenite, borate, and nitrate 

from contaminated waters [47-54]. Owing to the intercalation property of LDHs, many 

LDHs compounds with intercalated beneficial organic anions, such as DNA [55-57], 

amino  acid  [58-61],  vitamin  [62-64],  offered  a  safe  preservation  of  the  guest 

bioactivity without any deterioration of the structural integrity. In agriculture, LDHs 

nanocomposite formulations controlled the herbicidal efficiency of acid herbicides and 

also minimized the losses of plant pesticide [65-69]. Additionally, many of LDHs 

plant growth regulators [70] have been prepared. 

 

On the other hand, Delivery of beneficial agents, such as drug in human body 

from controlled release formulation has lately attracted increasing interest. This is due 

to the advantages of controlled release formulation compared to its counterpart, such 

as prolonged duration of action of an active agent, minimized adverse reactions or 

maximized  efficacy,  with tailor-made  properties  and higher stability of the active 
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agents in the formulation. Therefore, in pharmacy, drug-LDH nanocomposites were 

formulated to control the amount of drug released [71-75]. 

 

In addition, Controlled release drug delivery systems offer great advantages over 

the  conventional  dosage   forms.  These  include  (a)  dramatic  decrease  in  dosing 

frequency and improved patient compliance, (b) minimized in vivo fluctuation of drug 

concentrations and maintenance of drug concentrations within a desired range, (c) 

localized drug delivery, and (d) reduced side effects. Thus, much attention has been 

focused on the organic-inorganic LDHs nanohybrid. Recently, Choy et al reported the 

folic acid intercalated LDH and thus modified LDH was used as a drug reservoir [76]. 

Lately, Wang et al said that the folic acid-LDH nanohybrids showed an enhanced 

thermal  stability  and  a  profound  buffering  property,  which  demonstrated  that  the 

hybrids could protect folic acid  against heat  degradation and prompt its available 

diffusion  synthesized  and  their  results  suggested  that  the  ternary  folic  acid-LDH 

nanohybrids may function as a useful nutritional tablet to promote the bioavailability 

of folic acid delivery [76]. 

 

Hence, it can envision that the strategy of using LDHs nanoformulation will hold 

promise  as  a  versatile  platform  for  folic  acid  low  solubility,  preservation,  and 

controlled release properties as well as the folic acid biodegradation process. 

 

1.7.  Folic acid 
 

Folic acid as shown in “Figure 5”, also known generically as folate or folacin, is a 

member of the vitamin B-Complex family which is required for new cell formation in 

particular in the growth period and pregnancy, its  functions primarily as a methyl- 

group donor involved in many important body processes, including DNA synthesis, 

DNA  repair.  Therapeutically,  folic  acid  is  instrumental  in  reducing  homocysteine 

levels; improve the total plasma  antioxidant capacity in coronary artery disease and 

hemodialysis  patients,  and  the  occurrence  of  neural  tube  defects.  It  is  especially 
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important in aiding rapid cell division and growth, such as in infancy and pregnancy, 

as well as in "feeding" some cancers. While a normal diet also high in natural folates 

may decrease the risk of cancer, there is diverse evidence that high folate intake from 

supplementation may actually promote some cancers as well as precancerous tumors 

and lesions. Children and adults both require folic acid to produce healthy red blood 

cells and prevent anemia. Folate deficiency may lead to glossitis, diarrhea, depression, 

confusion, anemia, and fetal neural tube defects and brain defects (during pregnancy) 

[71, 76]. 

 

 
 

Figure 5. The chemical structure of folic acid. 
 

In acid  form,  folic  acid  has  very  low  aqueous  solubility  leading  to  low 

bioavailability  when  administered  orally.  Folic  acid  has  many  problems  during 

formulation development due to photo labile, and sensitive upon light, temperature, pH 
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and oxygen exposure as well as in the presence of riboflavin which is often added in 

the liquid multivitamin dosage  form. In addition, much drugs containing carboxyl 

groups like folic acid that cause highest acidity of stomach when dissolution it [73]. 

On the other hand, human body requires a specific amount of vitamin (FA) for the 

formation of new cells. Thus, both insufficient and excessive supplies of vitamin cause 

harmful effects on human body. 

 

1.8. The Aims of this Work 
 

The modification of layered double hydroxide (LDH) offers many advantages in 

a wide variety of applications. Because of the peculiar layered structure and interlayer 

anionic  exchange  capacity,  layered  double  hydroxides  have  attracted  considerable 

attention in biomedical fields. At the stage of strategy development to improve the 

solubility of  such compound, it must be considered safety aspect instead of drug 

stability both chemically and physically, as well as the effectively of the method. 

In general, additive used to improve the solubility are toxic or exhibit unwanted 

local  irritation.  To  limit   toxicity  effect  upon  strategy  development  to  improve 

solubility, particle reduction to a size in nanorange is the ideal choice. Thus, we must 

find out the approach that made the drug effective and not affect on the drug action. 

Hence, the aims of this study are to: 

1.  Synthesis and characterize of Ni/Al-folic acid-LDHs by two difference approaches 

which are co-precipitation  method and an ion exchange method. In this regard, 

LDH could be an excellent candidate matrix due to high anion exchange capacity, 

biocompatibility, high surface area and good thermal stability.. 

2. Study the effect of the temperature on the LDH crystallite size. 
 

3. Study the controlled release property by using the chemical kinetic field with 

zero
th
, first and pseudo second order as well as Bhaskar equation. 
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4. Suggestion a new equations to evaluate the diffusion of the active agent through 
 

LDH particles. 
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2.1. Chemical Kinetics 
 

2.1.1. Introduction 
 

Kinetics is the study of the rates of chemical processes in an effort to understand 

what it is that influences these  rates, the dependence of the rate of the reaction on 

concentration which is called the order of the reaction, the rate expression which is an 

equation  which  summarizes  the  dependence  of  the  rate  on  the  concentrations  of 

substances which affect the rate of reaction, this expression involves the rate constant 

which is a constant of proportionality linking the rate with the various concentration 

terms, this rate constant collects in one quantity all the information needed to calculate 

the rate under specific conditions, the effect of temperature on the rate of reaction 

[78,79]. 

An  understanding  of  chemical  kinetics  is  important  in  providing  essential 

evidence as to the mechanisms  of chemical processes. Additionally, knowledge of 

reaction rates has many practical applications, for example in designing an industrial 

process, in understanding the complex dynamics of the atmosphere, in understanding 

the  intricate interplay of the chemical reactions that are the basis of life and Drug 

action etc. [80]. 

In this study, we have used this field of study for predicting the kinetics related to 

drugs  action, and  diffusion-dissolution phenomena‟s in the human  body from the 

LDHs nanohybrid beads by adapting it to several mathematical models. The study of 

chemical kinetics process in heterogeneous system such as anionic clays (LDHs) is 

greatly magnified. This is largely due to the complexity of these compounds which are 

made up of a mixture of inorganic and organic components [81]. 

 

2.1.2. In vitro drug release kinetics: mathematical models 
 

Many  drugs  require  to  be  released  at  a  controlled  rate  so  that  sustained  or 

prolonged action is obtained. The drug release based on drug–LDHs system could be 
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controlled either by dissolution of LDHs particles, or by diffusion through the LDHs 

nanohybrid particles [82]. To understand the release mechanism of the guest anion, it 

should be applied to the zero
th 

order together with first-order and pseudo-second order 

equation (equation 1, 2 and 3) respectively, which is normally used to describe the 

dissolution phenomena [83-84]: 

 

 

 

 

where X is the release percentage of folate anion (FA) at time t (min) and c is a 

constant. K is a rate constant, Ct  the concentration of FA at the time t and Cf  the final 

concentration of FA. 

On the other hand, the release of active agent from a resinate particle can be 

controlled by the pore diffusion resistance (also called „particle diffusion control‟) or 

by the resistance of the film surrounding the particle [85]. Additionally, when the drug 

release fraction is slower than 0.85, Bhaskar (equation 4) was used to evaluate whether 

the  diffusion through the particle is the rate-limiting step. i.e. which is also used to 

describe the diffusion phenomena 

 

where, Ct is the concentration of FA at the time t, Cf the final concentration of FA 
 

and K is a rate constant [85]. 
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In fact, there are inaccuracies when we say that the equations (1, 2 and 3) are used 

to describe the dissolution phenomena. Instead, they represent the dissolution as well 

as diffusion, because the time in these equations represent the total time. 

 

2.1.3.  Novel  equations  to  evaluate  diffusion  through  the  LDHs  nanohybrid 

particles 

All  the  previous  studies  indicate  that  the  release  profiles  of  drug  from  the 

nanohybrid  compounds  were  governed  by  the  pseudo-second  order  (equation  3). 

Where, this equation refers to diffusion of drugs as well as dissolution as previously 

mentioned. All the equations used for this purpose including (the equation of Bhaskar, 

the parabolic diffusion model, the modified Freundlich model etc.) were the first order 

depending on the concentration.  Unfortunately, they are not successful in that and 

could  not  use  these  equations  for  this  purpose.  Therefore,  it   must  find  out  a 

mathematical model that represents the mechanism of drugs diffusion in order to be 

able to finally produce a good formulation. 

In this study, it have innovated a novel equation to evaluate the diffusion through 

the LDHs particles. Because of, the time of diffusion is a part of the total time that 

included  the  diffusion  and  dissolution  time.  The  precise  expression  for  particle 

diffusion control obtained by solving the following equation as follows: 

 

                 where, Ct is the concentration of the active agent at the time t and n is the  

           diffusional exponent. 

  

               where D is the diffusion coefficient. 

dna 0 = t at 0 = t C sa enkat are niotargetni fo sitmil ehT .detargetni eb yam sihT 

          at t = t, as follow:  
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It can be integrate this equation as fellow: 
  

(8)                                 

 

Let assume that:  

 
 

 

According to (equation 10) the slope of the plot of A versus B will give the value of (n-1).  

Let assume that: n-1=m, 0< m < 1 

 
 

The n value calculating from (equation 9), can be substituted it in (equation 5) 
 

and integrate it to get the following equation: 

 

where, K is the rate constant of diffusion. 
 

Therefore, the (equation 12) represents the mathematical model which expresses 

the diffusion of the active agent through the LDHs nanohybrid particles. 
 

2.1.4. Artificial Neural Networks (AANs) 

An  artificial  intelligence  (AI)  has  been  established  as  the  area  of  computer 

science dedicated to the  production of software capable of sophisticated, intelligent, 

computations similar to those that the human brain routinely performs [86]. There are 

two main categories of AI developments. The first includes methods and systems that 
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simulate human experience and draw conclusions from a set of rules, such as expert 

systems.  The  second  includes  systems  that  model  the  way  the  brain  works,  for 

example, artificial neural networks (ANNs). 

An artificial neural network (ANN) is a highly simplified model of the structure 

of a biological network. The fundamental processing element of ANN is an artificial 

neuron (or simply a neuron). A biological neuron receives inputs from other sources 

through synapses located on the dendrites or membrane of the neuron, combines them, 

performs generally a nonlinear operation on the result, and then outputs the final result, 

or this signal might be sent to another synapse, and might activate other neurons [87]. 

The main advantage of the ANN is that it does not need any mathematical model 

since an ANN learns from examples and recognizes patterns in a series of input and 

output data without any prior assumptions about their nature and interrelations, i.e. a 

significant difference between an ANN model and a statistical model is that the ANN 

can generalize the relationship between independent and dependant variables without a 

specific mathematical function.  Such a model is easy to develop, yields satisfactory 

results  when  applied  to  complex  systems  which  is  poorly  defined  or  implicitly 

understood. These are more tolerant to variable, incomplete or ambiguous input data. 

In addition, the ANN approach is faster compared to its conventional techniques, and 

can solve a wide range of problems. Hence, artificial neural networks (ANNs) are now 

the  most  popular  artificial  learning  tool  in  biotechnology  and  have  been  used  in 

numerous real time applications [87-91]. 

ANN based on the Quick Propagation (QP) algorithm was used in this study to 

predict the concentration of folic acid released (Ct) at the time t. In order to solve the 

forecasting model, a software program produced by Neuro Intelligence Company has 

been used. Alyuda Neuro Intelligence (AN) is ANN-based application software that 

achieves  databases preprocessing and analysis, definition of the ANN with the best 

architecture, testing and optimizing the chosen ANN, application of ANN in solving 
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problems. This software allows the user to select the number of hidden layers, hidden 

layer nodes, iterations used  during model training, learning algorithm and transfer 

functions. In the development of an application, both data and designed neural network 

pass through a sequence of stages, to achieve a maximum performance, ensuring a 

network error as small as possible. These stages are data analysis, data pre processing, 

neural network design, ANN training, ANN testing and ANN query. 

To design an ANN, it is necessary to specify the network architecture (number of 

neurons  in  the  hidden  layer,  number  of  hidden  layers)  and  network  properties 

(activation function, error), designed manually or automatically. In order to design the 

ANN for this application, several  features have been activated: number of output 

neurons (1),  activation function of hidden layer (Logistic), error function of output 

(sum of squares), and activation function of output (Logistic, number of neurons in the 

hidden layer (9) and number of hidden layer (5) as shown in “figure 6”. 

 

 
 
 

Figure 6. ANN architecture, N = the neuron. 
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2.2. Materials and Methods 
 

2.2.1. Materials 
 

Folic acid (99.0 %) was purchased from Enterprise Group Chemical Reagent Co., 

LTD, Al (NO3)3·9H2O (98%) was purchased from Xinbao Nice Chemical, NaOH and 

Ni (NO3)2·6H2O (98%) were purchased from Xilong Chemical. All chemicals were 

of analytical grade and used without further purification. 

 

2.2.2. Preparation of Ni-Al–NO3-LDHs 

A series of Ni/Al LDHs with nominal Ni
2+

/Al
3+ 

molar ratio of 3, 4 and 5 were 

prepared by hydrothermal reaction at 70, 120 and 180°C. The Ni-Al-NO3-LDHs have 

been prepared by co-precipitation method from Ni and Al nitrate. 

All of them were prepared as follows: a mixed aqueous solution containing 2.5M 

(7.27 g) Ni (II) and 0.82M (3.09g) Al (III) was titrated drop wise with NaOH (2M) 

solution. The pH was adjusted to 7 and the mixture was magnetically stirred at 100 ˚C 

for 1h under N2  atmosphere to avoid or at least to minimize the contamination by 

atmospheric CO2. 

The suspension was transferred into a 500 ml stainless Teflon-lined autoclave and 
 

heated at appropriate temperature for 24h, and then left to room temperature. The 

resulting  green  precipitate  was  filtered,  washed  for  several  times  with  de-ionized 

water. The apple-green solid was collected and dried at 70°C for 24 h. 

 

2.2.3. Preparation of Ni/Al-FA-LDHs by ion-exchange method 
 

The green precipitated of Ni-Al-NO3-LDHs (NAL) was dispersed in 50ml de- 

ionized water and then titrated drop wise with appropriate amount of folic acid. The 

mixture was magnetically stirred at 70°C for 18 h under N2  atmosphere.  The resulting 

green  precipitate  was  filtered,  washed  for  several  times  with  de-ionized  water to 

remove the excess amount of nitrate ion. The apple-green solid was collected and dried 

at 70°C for 24 h. 
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2.2.4. Preparation of Ni-Al-Folic acid-LDHs by co-precipitation method 

A series of Ni/Al LDHs with nominal Ni
2+

/Al
3+ 

molar ratio of 3, 4, 5 and 6 were 

prepared by co-precipitation method from Ni and Al nitrate at 70°C. A mixed aqueous 

solution containing 2.5M (7.27g) Ni (II) and 0.82M (3.09g) Al (III) (molar ratio 3) was 

titrated drop wise with appropriate amount of folic acid and then with NaOH (2M) 

solution. The pH was adjusted to 7 and the mixture was magnetically stirred at room 

temperature for 18 h under N2  atmosphere. The resulting green precipitate was filtered, 

washed with de-ionized water several time, and then dried at 70°C. 
 

2.2.5. Release Study of Folic acid into Aqueous Solutions 
 

The release of Folic acid (FA) from the nanohybrid into the release media was 

accomplished using various aqueous solutions: carbonate, phosphate and sulphate. The 

amount  of  intercalated  folic  acid  was  determined  by  using  a  (Cecil  1021)  a  UV 

spectrophotometer. 

0.001 g of Ni-Al-Folic acid-LDHs nanohybrids was placed into a 3.5ml of the 

aqueous solution. The  concentration of folic acid was determined by monitoring the 

absorbance at 285 nm with a UV–vis spectroscopy. The concentration was calculated 

according to an already obtained standard curve of folic acid (A = 0.031C - 0.046, r
2 

= 

0.997) as shown in "figure 7". 
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Figure 7. Folic acid calibration curve. 
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2.2.6. Instrumentations 
 

Powder X-ray diffraction (XRD) was recorded on a Bruker-AXS Diffractometer 

Model D8 discover using Cu  Kα source (k = 0.154060 nm) at 40 mA and 40 kV 

(Germany). Fourier Transform Infrared Spectra (FTIR) was recorded using 

SHIMADZU  8400S  FT-IR  (Japan).  UV–visible  measurements  were  recorded  by 

(Cecil 1021) UV spectrophotometer (Japan). pH Meter  WTW-720-ionlab (Germany). 

Thermostat Shaker water Bath GFL (D-3006) (Germany). Centrifuge / Megafuge 1.0 / 

Herouse Sepatech, (Germany).  The materials were treated by stainless Teflon-lined 

autoclave. 
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3. Results and discussion 
 

3.1. Powder X-ray Diffraction 
 

Powder  X-ray  diffraction  patterns  of  the  solids  obtained  that  indicate  after 

hydrothermal treatment at 70, 120 and 180˚C a Ni-Al-NO3-LDHs nanohybrids have 

been formed "Figure 8, 9 and 10" respectively. For sample Ni-Al-NO3-LDHs at 70˚C, 

the  basal  reflections  are  recorded  at  8.02  (003),  4.02  (006),  and  2.57  Å  (009), 

respectively. For the hydrothermally treated sample Ni-Al-NO3-LDHs at 120˚C the 

basal reflections are recorded at  7.97, 3.91, and 2.56 Å respectively. On the other 

hand, the basal reflections of sample Ni-Al-NO3-LDHs at 180˚C are recorded at 7.90, 

3.93 and 2.59 Å respectively. Powder XRD patterns of the Ni-Al-NO3-LDHs samples 
 

showed that the full width of half maximum (FWHM) value of (003) diffraction line 

decreased with increasing temperature of hydrothermal treatment, which indicated an 

increase of the LDH crystallite size. In addition, the  intensity of (003) plane was 

increased with increased the temperature as can be seen in "Fig. 8, 9 and 10". 

 

Figure 8. PXRD patterns of Ni-Al-NO3-LDHS at 70˚C. 
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Intercalation  of  drugs  leads  to  a  significant  increase  in  the  interlayer  space 

"Figure 10". For sample  Ni-Al-FA-LDH, the basal reflections are recorded at 17.30 

(003), 8.60 (006), and 5.64 Å (009) respectively. 

 

 
 

Figure 9. PXRD patterns of Ni-Al-NO3-LDHS at 120˚C. 
 
 

 

Figure 10. PXRD patterns of Ni-Al-NO3-LDHS and Ni-Al-NO3-LDHS at 180˚C. 



Chapter 3 Results and Discussion 

27 

 

 

 

 
 

3.2. Controlled Release of FA into Aqueous Media 
 

The drug release properties of FA from the nanohybrid interlamellae into various 

aqueous media using (0.5, 0.05, 0.005) M of Na2CO3, Na3PO4  and Na2SO4  have been 

conducted. "Figure 11 to 17"  show  the release  profiles of composite in different 

aqueous solutions. The effects of various aqueous systems on the release of FA were 

evaluated  according  to  the  maximum  accumulated  release  and  can  be  written  as 

follows: 
 

Carbonate > Phosphate > Sulphate 
 

It was observed that carbonate dominated the accumulated release percentage as 

shown in (Table 1, 4) due to,  carbonate was known to have the strongest affinity 

toward the interlayer of layered double hydroxides, also the release rate of FA in the 

carbonate solution was found to be the most rapid compared to those with phosphate 

and sulphate aqueous solution. 

As can be seen in "Figure 11", a rapid release of FA occurs at the initial stage, 

which is followed by a slower release of FA. As shown in "Figure 11", FA is almost 

88% replaced by CO3
2-

, resulting in the highest accumulated release among the media 
 

3-
 

studied. The maximum release time shows that FA is exchange with PO4 
 

2-
 

at 220 min 

followed by SO4
2- 

with 385 min and CO3 
 

2-
 

with 435 min. It is worth to note that even 

though CO3 shows the highest accumulated release Table1, the replacement of FA by 
 

3-
 

SO4
2- 

was found to be slower when compared to PO4 . In fact that the sulphate anion 
 

is known to have a resonance forms what made it more stable anion and reduce the net 

negative charge as well as the shape and it is considered as a big molecule compared 

with carbonate anion. All the previous discussions were about the 0.5M 

concentrations and the same discussion to the other  concentrations. The effect of 

concentration of aqueous systems on the release of FA was investigated according to 

the maximum accumulated release and can be written as follows: 

 

0.5 > 0.05 > 0.005 
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It was clear that the 0.5M aqueous system dominates the accumulated release 

percentage for all aqueous systems as shown in Table 1. It should be mentioned that 

the initial release rate of FA during the first 100 min in carbonate aqueous solution is 

much faster than that in the other aqueous systems, as shown in "Figure 11". 
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Figure 11. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybride into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=3 
Co-precipitation). 
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Table 1. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA LDH Nanohybrids into various aqueous solution (Ni/Al=3 Co-precipitation). 
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Figure 12. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybride into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=3 

ion-exchange). 
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Comparing  the  release  time,  it  is  clear  that  the  release  time  of  compound 

(Ni/Al=3  Co-precipitation)  is  the  shortest  (Table  1).  It  was  concluded  that  the 

electrostatic  interaction  between  layer  and  FA  molecule  is  strong  and  folic  acid 

molecule has the highest affinity toward the layer. At the same time, the net negative 

charge of  layer is higher than the net charge of other compound. While, the release 

time of compound (Ni/Al=4  Co-precipitation) is the longest (Table 3). It is mean 

prolong duration of action of this compound compared with other compounds. 

 

Table 2. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA LDH Nanohybrids into various aqueous solution (Ni/Al=3 ion-exchange). 
 
 
 
 
 
 
 
 

1/2 
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Figure 13. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybrid into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=4 

Co-precipitation). 
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Table 3. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA-LDH Nanohybrids into various aqueous solution (Ni/Al=4 Co-precipitation). 
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Figure 14. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybrid into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=4 

ion-exchange). 
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The results indicate that the amount of folic acid intercalated depends on the 

structure and layer charge.  According to the final concentration released Cf   of all 

compounds, it can be seen that the compounds (Ni/Al=4 ion-exchange) (Table 4) and 

(Ni/Al=5  Co-precipitation)  (Table  5)  have  the  most  amount  of  FA  intercalated 

compared with their  counterparts  of  ion-exchange  and  co-precipitation  compounds 

respectively. 

 

Table 4. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA-LDH Nanohybrid into various aqueous solution (Ni/Al=4 ion-exchange). 
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Figure 15. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybrid into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=5 

Co-precipitation). 
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Finally, according to the release profiles and the amount of FA intercalated, it is 

observed that the compound (Ni/Al=4 ion-exchange) is more convenient "Figure 14". 

 

Table 5. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA LDH Nanohybrids into various aqueous solution (Ni/Al=5 Co-precipitation). 
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Figure 16. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybride into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=5 

ion-exchange). 
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Table 6. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) Obtained from Fitting of the Release Data of (FA) from Ni-Al- 

FA LDH Nanohybrids into various aqueous solution (Ni/Al=5 ion-exchange). 
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Figure 17. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybrid into various aqueous solution systems with different concentrations 

were containing several anions of carbonate, phosphate and sulphate (Ni/Al=6 

Co-precipitation). 
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Table 7. Percentage Release, Rate Constant (k), Half Life (t1/2) and Correlation 

Coefficients (r
2
) obtained from Fitting of the release data of (FA) from Ni-Al-FA 

LDH Nanohybrid into various aqueous solution (Ni/Al=6 Co-precipitation). 
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Figure 18. Release profiles of (FA) from the interlamellae of Ni-Al-FA-LDHs, the 

nanohybrid into various aqueous solution systems with different pH 3 and 13. 
 

As  shown in "Figure 18"  the release profiles of folic acid from Ni/Al-LDH 

nanohybrid sheet. It was concluded that Ni/Al-FA-LDH is more stable in acidic media 

due to the lowest value of release percentages of folic acid compared with those obtain 

from basic media because of Al
3+ 

ions can be readily dissolved into the alkaline media 

in forms of Al(OH)
4− 

or its dehydrated form, AlO 
− 

ions. Therefore, it is possible that 

Al3
+  

in the brucite-type layers may be leached out and enters into the solution. It is 

well known that LDHs lose their stability without the presence of trivalent cations. 
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3.3. Release Kinetics 
 

Release kinetics of FA has been evaluated with various models such as 

zero
th  

order, first order  and pseudo-second order "Figure 19 - 25". Chemical 

kinetic study of the release behavior of FA was further elucidated by fitting the 

data to Bhaskar equation as shown in (Fig. 28 to 34) and (Table 1 - 7), as well as 

novel equations. 

The corresponding rate constants together with the r
2  

values obtained from 
 

the  fittings  are  summarized  in  (Table  1  -  7).  By  comparing  the  correlation 

coefficient, r
2  

values obtained from the fitting with those modules, it is clear that 

the release profile of FA from the nanohybrid was  governed by the pseudo- 

second order kinetics modules. The rate constant k obtained from the pseudo- 

second  order kinetic model was more pronounced in case of 0.05 M carbonate 

solution than in (0.5 and 0.005 M).  While, phosphate solution has the highest 

value of rate constant (Table 1). 

Furthermore, it could be seen that the rate constant and finally release rate 

depend  on  the molar ratio  of Ni/Al, the nature of aqueous  solution  and the 

concentration of aqueous solution (Table 1 - 7). Generally, the phosphate anion 

has the highest value of rate constant, at the same time; it has the lowest value of 

release percentage. 

Additionally, it can be seen from "Figure 19 - 25" that the aqueous solution 

of 0.5M concentration can be considered more convenient to present the release 

process due to it could be released much more amount of folic acid intercalated 

and it is too clockwork. 
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Figure 19. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=3 Co-precipitation). 
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Figure 20. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=3 ion-exchange). 
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Figure 21. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=4 Co-precipitation). 
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Figure 22. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=4 ion-exchange). 
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Figure 23. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=5 Co-precipitation). 
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Figure 24. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=5 ion-exchange). 
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Figure 25. Fitting of the data to the zeroth, first and pseudo-second order kinetics for FA 
released into different aqueous solutions (Ni/Al=6 Co-precipitation). 
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Figure 26. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=3 Co-precipitation). 
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Figure 27. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=3 ion-exchange). 
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Figure 28. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=4 Co-precipitation). 
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Figure 29. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=4 ion-exchange). 
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Figure 30. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=5 Co-precipitation). 
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Figure 31. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=5 ion-exchange). 
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Figure 32. Fitting the data of the release of (FA) from the interlamellae of Ni-Al-FA- 

LDHs, the nanohybrid into various aqueous solution systems with different 

concentrations was containing several anions of carbonate, sulphate and 

phosphate using Bhaskar equation (Ni/Al=6 Co-precipitation). 



Chapter 3 Results and Discussion 

59 

 

 

 

 
 

An  Artificial  Neural  Network  (ANN)  based  on  the  Quick  Propagation  (QP) 

algorithm was used to predict Folic acid release from Ni-Al-FA- LDHs, by treating the 

entire release profile as a time-series curve, and estimating  the  whole profile. The 

controlled-release parameter vectors (concentrations and time) were employed as the 

input  layer, and the output layer was the concentration of folic acid released. The 

network performance was evaluated by  comparing the predicted release profiles to 

those  obtained  from  experiments  and  theoretical  models  the  results  were  more 

coincided "Figure 33". 

 

It can be seen from "Figures 34 and 36 - 41" that the release profiles of FA from 

the interlamellae of (Ni-Al-FA) LDHs obtained from estimation method. The benefit 

of this method is to predict the concentration of folic acid with the time. 

 

Comparing the data (correlation coefficient r
2  

and rate constant k) (Table 1 and 

Table 8) those obtained from experiments and theoretical models respectively, it could 

be seen that the values are very close. On the other hand, the maximum release and 

maximum time are the same due to the maximum values of concentration and time 

used in  learning process are taken from experimental data and this method is very 

convenient. 

 

As shown in "Figure 35", the release kinetics was fitted for predicted folic acid 

released and it indicates that the estimation method did not affect on the reaction order. 

 

The results obtained from this approach coincided with the experimental value 

and it is regarded to be more suitable. 
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Figure 33. Experimental values of Folic acid release concentration versus predicted values 

(Ni/Al=3 Co-precipitation). 
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Figure 34. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=3 Co-precipitation). 



Chapter 3 Results and Discussion 

62 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 
 
 
 
 
 
 
 

C/ppm 

(-log(1-Ct/Cf 

t/Ct 

 

 

 

 

     

   

 
 
 

C/ppm 
(-log (1-Ct/Cf)) 
t/Ct 

 

 

 
 

   
 

 

 

 

 

 
     

 
 

 
 
 
 

C/ppm 

(-log(1-Ct/Cf 

t/Ct 

 

 

 

 

     

 c/ppm 

(-log(1-Ct/Cf)) 

t/Ct  

 

 

 

 

     

 

 
 

0.5 M Na2CO3 

 

2.5 
 

 
2 

 

 
1.5 

 

 
1 

 

 
0.5 

 

 
0 

y = 0.004x + 0.038 
 
 
 
 
 
 
 
 
 
 
 
 
 

)) 

0.05 M Na2CO3 

2.5 
 

 
2 

 

 
1.5 

 

 
1 

 

 
0.5 

 

 
0 

y = 0.005x + 0.037 
 
 
 
 
 
 
 
 

C/ppm 

(-log(1-Ct/Cf)) 

t/Ct 

0.005 M Na2CO3  
y = 0.005x + 0.019 

 
1.8 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

0 200 400 600 
Time (min) 

0 200 400 
Time (min) 

0 100 200 300 
Time (min) 

 

0.5 M Na3PO4 

 

y = 0.494x + 2.907 

 

0.05 M Na3PO4 

 

y = 0.502x + 4.168 
 

0.005 M Na3PO4  
y = 0.011x + 0.036 

5 

4.5 

4 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 

 

C/ppm 
(-log(1-Ct/Cf)) 
t/Ct 

 
 
 
 
 
 
 
 
 
 
 

 
0 100 200 300 

Time (min) 

2.5 
 

 
2 

 

 
1.5 
 

 
1 

 

 
0.5 
 

 
0 

 

 
 
 
 
 
 

)) 
 

 
 
 
 
 
 
 
 
0 100 200 300 

Time (min) 

2 

1.8 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

 
 

 
C/ppm 
(-log(1-Ct/Cf)) 
t/Ct 

 
 
 
 
 
 
 
 
 
0 50 100 150 

Time (min) 
 

 

R² = 0.999 3 

 
2.5 

 
2 

R² = 0.999 
 

3 

 
2.5 

 
2 

R² = 0.997 

 
 
 

1 

 
0.5 

 
0 

(-log(1-Ct/Cf)) 
 

t/Ct 
 
 
 
 
 
0 200 400 600 

Time (min) 

 

 
1 

 
0.5 

 
0 

 

(-log(1-Ct/Cf)) 

t/Ct 
 
 
 
 

 
0 200 400 600 

Time (min) 

 
 

1 

 
0.5 

 
0 

 

 
 
 
 
 
 
 
 
0 200 400 600 

Time (min) 

 

Figure 35. Fitting of the data to the zeroth, first and pseudo-second order kinetics for 

predicted folic acid released into different aqueous solutions (Ni/Al=3 Co- 

precipitation. 
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Table 8. Predicted values for chosen outputs of Rate Constant (k), Half Life (t1/2) and 

Correlation Coefficients (r
2
) obtained from Alyuda Neuro Intelligence software of 

the release data of (FA) from Ni-Al-FA LDH Nanohybrid into various aqueous 

solution (Ni/Al=3 Co-precipitation). 
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Figure 36. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=3 ion-exchange). 
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Figure 37. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=4 Co-precipitation). 
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Figure 38. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=4 ion-exchange). 
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Figure 39. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=5 Co-precipitation). 
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Figure 40. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=5 ion-exchange). 
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Figure 41. Release profiles of (FA) from the interlamellae of (Ni-Al-FA) LDHs that 

obtained from estimation method, the nanohybrid into various aqueous solution 

systems with different concentrations were containing several anions of 

carbonate, phosphate and sulphate (Ni/Al=6 Co-precipitation). 
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Moreover, the release of FA from the inorganic LDH interlamellae involved 

dissolution of the  nanocomposite as well as diffusion of the intercalated anion. The 

dissolution phenomena take place by ion-exchange  process between the intercalated 

anions and the incoming anion such as carbonate, phosphate and sulphate anions in the 

aqueous solution can be better described by pseudo-second order kinetics because the 

mechanism of release has been interpreted on the basis of the ion-exchange process 

between the drug anion intercalated in the lamella host and carbonate, phosphate, or 

sulphate anions in the aqueous solution i.e. depending on two factors: incoming and 

outgoing anion. In addition, the dissolution time will represent the total time  of how 

long the molecule spends outside the interlamellae host as well as the pseudo-second 

order model will represent the dissolution as well as diffusion phenomena. 

 

Therefore, in this study, it has been innovated novel equations to evaluate the 

diffusion of organic species through the LDHs nanohybrid inter particles (equation 9 

and 12), "Figure 42 - 55" and (Table 9 – 15). 

 

 

 
By comparing the correlation coefficient of equation 12 (Table 9 – 15) together 

with Bahskar equation (Table  1 – 7) it can be seen that the equation 12 has higher 

values and it is the best there is. In addition, the novel equation will give us a lot of 

information like m value that could not be given by any other equation. Hence, as can 

be seen from (Table 9) the m value decreased with increased concentration and at the 

same time leads to increased rate constant that indicates the increased of concentration 

of  aqueous  solution  causing  increased  rate  of  an  ion  exchange  due  to  increased 

concentration leading to increased anion and that causes an increase of competitive 

anions incoming  to the  interlayer. In  a word, from the results  above it  could be 
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conclude that the diffusion through the LDHs nanohybrid particles was governed by 
 

the equation 8 and this equation is the best convenient. 
 

 
 
 

1.2 
 

1 
 

0.8 
 

0.6 
 

0.4 

0.4 
 

0.3 
 

0.2 
 

0.1 
 

0 

 
 

y = 0.251x - 1.121 

R² = 0.990 

 

 
 
 
 
 

ln(t) 

0.15 
 

0.1 
 

0.05 

 

y = 0.111x - 0.540 

R² = 0.990 

ln(t) 

0.2 
 

0 

-0.2  2 

 

ln(t) 
 

 
7 

 

-0.1 
 

-0.2 
 

-0.3 

2 3 4 5 6  
-0.1 

 

-0.15 

-0.4 
 

-0.6 

y = 0.379x - 1.373 

R² = 0.944 

 

-0.4 
 

-0.5 

-0.2 
 

-0.25 
 

0.5 M Na3PO4, R=3c 
0.5 

0.4 

0.05 M Na3PO4, R=3c 

0.3 

 

0.005 M Na3PO4, R=3c 
 

0 

 
 

 
ln(t) 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 

 
 
 
 

ln(t) 
 

2 4 6 
 
 
 
 

y = 0.319x - 1.352 

R² = 0.997 

0.2 
 

0.1 
 

0 
 

-0.1 
 

-0.2 
 

-0.3 
 

-0.4 
 

-0.5 
 

-0.6 

 
 

ln(t) 
 

 
2.5 4.5 6.5 
 
 
 
 
 
 

y = 0.275x - 1.292 

R² = 0.856 

 

-0.1 

 
-0.2 

 
-0.3 

 
-0.4 

 
-0.5 

 
-0.6 

2 4 6 
 
 
 
 
 
 
 
 
 
 
 

y = 0.179x - 1.057 

R² = 0.948 

 
 

0.05 

0 

-0.05   2 

-0.1 

-0.15 

-0.2 

-0.25 

-0.3 

-0.35 

-0.4 

 
 
 

ln(t) 

0.1 

 
0 

7 

-0.1 

 
-0.2 

 
-0.3 

 
-0.4 

 
 

ln(t) 
 

 
 
 
 
 
 
 
 
 
 

y = 0.160x - 0.986 

0.1 
 
-1E-15 
 
 
 

-0.2 
 
 
 

-0.4 
 

-0.5 

 
ln(t) 

-0.45 

-0.5 

 

y = 0.165x - 0.994 
R² = 0.969 

 

 
-0.6 

 
 
-0.7 

y = 0.145x - 1.016 

R² = 0.854 
 

 

Figure 42. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 3 Co-precipitation). 
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Table 9. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=3 Co-precipitation). 
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Concentration 
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-1)

 

 

 
 
 
 

t1/2 

(min) 

 
 
 
 
 

m value 
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of 

equation 12 

 

 
 
 
 
 
 
 

Na2CO3 

 

 
 

0.500 

 

 
 

808.000 

 

 
 

3.025 

 

 
 

0.379 

 

 
 

0.997 
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742.000 
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Na3PO4 

 

 
 

0.500 

 
 
 

861.000 

 
 
 

3.111 
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Figure 44. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 3 ion-exchange). 
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Figure 45. Plots of (t
m
/Ct) versus (t

m
), (Ni/Al= 3 ion-exchange). 
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Table 10. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=3 ion-exchange). 
 

 
 
 

Aqueous 

solution 

 
 
 
 
 

Concentration 
 

(mol L
-1

) 

 

 
 
 
 

K*10
-4

 

(L.mg
-1

.min
-1)

 

 

 
 
 
 

t1/2 

(min) 

 
 
 
 
 

m value 

 

 

r
2 

 
of equation 

12 

 
 
 
 
 
 
 
 

Na2CO3 

 

 
 

0.500 

 

 
 

339.000 

 

 
 

9.077 

 

 
 

0.214 

 

 
 

0.997 

 

 
 

0.050 
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8.832 
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Figure 46. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 4 Co-precipitation). 
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Table 11. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=4 Co-precipitation). 
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Table 12. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=4 ion-exchange). 
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Figure 50. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 5 Co-precipitation). 
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Figure 51. Plots of (t
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/Ct) versus (t
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Table 13. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=5 Co-precipitation). 
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0.500 
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Figure 52. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 5 ion-exchange). 
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Table 14. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the Release Data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=5 ion-exchange). 
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Figure 54. Plots of ln(Ct/((Cf - Ct) Cf)) versus ln (t), (Ni/Al= 6 Co-precipitation). 



Chapter 3 Results and Discussion 

90 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  

y = 0.397x + 7.810 
R² = 0.993 

 

 

 

 

   

  
y = 0.404x + 6.07 

R² = 0.997  

 

 

 

     

  
 
 
 
 
 
 
 
 

y = 0.398x + 3.28 
R² = 0.999 

 

 

 

 

    

 y = 0.192x + 4.436 
R² = 0.986 

 

 

 

 

    

  
 

R² = 0.999  

 

 

 

 

 

 

 

     

( 
t^

0
.0

9
2
/C

t 
)  

( 
t^

0
.5

9
7
/C

t 
)  

( 
t^

0
.1

4
5
/C

t 
)  

( 
t^

0
.0

4
8
/C

t 
)  

( 
t^

0
.8

3
0
/C

t 
)  

( 
t^

0
.1

3
7
/C

t 
)  

( 
t^

0
.0

6
0
/C

t 
)  

( 
t^

0
.2

3
1
/C

t 
)  

( 
t^

0
.1

1
1
/C

t 
)  

 
 

 

0.5 M Na2CO3, R=6c 

250 

 
 
250 

0.05 M Na2CO3, R=6c 0.005 M Na2CO3, R=6c 

250 
 

 

200 200 200 
 

 

150 150 150 
 

 

100 100 100 
8 

 

50 50 50 
 

 

0 

0 500 
(t)^0.145 

0 

0 200 400 600 
(t)^0.137 

0 

0 500 1000 
(t)^0.111 

 

0.5 M Na3PO4, R=6c 

25 
 

 
20 

 

 
15 

 

 
10 

 

 
5 

 

 
0 

0 50 100 
(t)^0.597 

0.05 M Na3PO4, R=6c 

140 
 

120 
 

100 
 

80 
 
 

y = 0.175x + 19.35 
40 R² = 0.957 

 

20 
 

0 

0 500 1000 
(t)^0.830 

0.005 M Na3PO4, R=6c 

50 

45 

40 

35 

30 

25 

20 
y = 0.413x + 5.251 

15 R² = 0.990 
10 

5 

0 

0 50 100 150 
(t)^0.231 

 

0.5 M Na2SO4, R=6c 
 

180 

160 
 
 

120 

100 

80 

0.05 M Na2SO4, R=6c 

140 
 

120 
 
 
 

80 
 

60 

0.005 M Na2SO4, R=6c 

180 
 

 
 
 
120 

100 

80 

60 y = 0.537x + 2.701 

40 R² = 0.999 

20 

0 

0 200 400 
(t)^0.092 

y = 0.576x + 1.365 
40 R² = 0.999 
 

20 
 

0 

0 200 400 
(t)^0.048 

60 

40 

20 

0 

0 100 200 300 

(t)^0.060 
 

Figure 55. Plots of (t
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m
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Table 15. Rate Constant (k), Half Life (t1/2) and Correlation Coefficients (r
2
) obtained from 

fitting of the release data of (FA) from Ni-Al-FA-LDH Nanohybrid into various 

aqueous solution by using equation 9 and 12 (Ni/Al=6 Co-precipitation). 
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3.4. Conclusions 
 

1.  PXRD pattern showed the presence of sharp and intense peaks with the d- 

spacing 7.9 Å which signify high crystallite size at 180˚C and it is the best 

synthesis temperature. 

2.  Intercalation of drugs was leading to a significant increase in the interlayer 

space and showed the presence of sharp and intense peaks with the d-spacing 

17.3 Å. 

3.  Folic  acid  has  been  intercalated  into  Ni/Al  Layered  double  hydroxide 

successfully. 

4.  Carbonate dominated the accumulated release percentage as well as 

nanohybrid compound is more stable in acidic media due to the lowest value 

of release percentages of  folic  acid compared with those obtain from basic 

media. 

5.  The release profiles were governed by the pseudo second order. 

6.  By  comparing  the  correlation  coefficient  of  equation  12  together  with 

correlation coefficient of Bahskar equation, it was concluded that the equation 

12 give higher values. 

7.  The diffusion through the LDHs nanohybrids particles was governed by the 

suggested equation (equation 12) and this equation is the most convenient. 
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 الخلاصة

يعتبر حامض الفوليك من المركبات ذات الاهمية الكبيرة والضرورية لجسم الانسان , ونظراً    

مستقر ويحتوي على الكثير من المساوئ مثل الذوبانية القليلة في الماء وكذلك الزيادة لكونه غير 

او النقص منه يسبب اثار سلبية على الجسم لذلك ولغرض الحد من هذه المساوئ وجدت هذه 

حامض الفوليك النانوية -الدراسة والتي تضمنت تحضير مجموعة من مركبات النيكل/المنيوم

باستخدام الطريقة المباشرة وغير المباشرة  (R=3, 4, 5 and 6)ية مختلفة الهجينة وبنسب مول

 باستخدام المعالجة الحرارية وبثلاث درجات حرارية مختلفة. 

بان افضل درجة حرارية لتحضير هذه المركبات   (XRD)بينت دراسات حيود الاشعة السينية 

البلورة اكثر انتظاماً. اضافة الى لظهور قمة ذات شدة عالية والتي تشير الى ان  C˚180عند 

حيود الاشعة السينية اقحام حامض الفوليك بين طبقات النيكل/المنيوم بنجاح  ذلك, بينت اطياف

من خلال المقارنة بين قيم سمك الطبقة بعد وقبل الاقحام. كذلك تم تشخيص المركبات النانوية 

 .(FTIR)الهجينة باستخدام اطياف الاشعة تحت الحمراء 

ضافة الى ذلك, تم دراسة حركيات التحرر لحامض الفوليك الى اوساط مائية مختلفة مثل ا

الكربونات , الفوسفات والكبريتات وبتراكيز مختلفة باستخدام معادلات الرتبة الصفرية, الاولى 

والتي تمثل انتشار الحامض من بين  Bhaskarوالثانية الكاذبة بالاضافة الى استخدام معادلة 

 . وقد بينت هذه الدراسة  بأن حركية التحرر تخضع للرتبة الثانية الكاذبة عات الجزيئيةالتجم

اضافة الى ذلك, في هذه الدراسة تم ابتكار معادلات لتحليل انتشار الجزيئات او الايونات من 

بين تجمعات المركبات النانوية الهجينة ودراسة حركيات انتشار حامض الفوليك من بين هذه 

 ات خلال اوساط مائية مختلفة مثل الكربونات والفوسفات والكبريتات وبتراكيز مختلفة.التجمع

بينت هذه الدراسة ان المعادلات المبتكرة هي الاكثر ملائمة لتحليل انتشار الجزيئات او الايونات من بين  

 خدمة سابقاً. التجمعات الجزيئية للمركبات النانوية الهجينة مقارنة بمثيلاتها من المعادلات المست
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 ( Artificial Neural Network (ANN))في هذه الدراسة تم استخدام الشبكات العصبية الصناعية 

   Alyuda Neuro Intelligenceوالتي تعتمد على فكرة الذكاء الاصطناعي باستخدام برنامج حاسوبي 

نتشار السريع , وجد بان لغرض تخمين تراكيز حامض الفوليك المتحرر مع الزمن باستخدام خوارزمية الا

 هذه الطريقة هي الاكثر دقة لحساب تراكيز حامض الفوليك.
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