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      In this research, the Ag/ZnO/SBA-16 was synthesized and used as loading and release of phenobarbital drug. To identify and characterize 

the properties of Ag/ZnO/SBA-16 nanostructure, several identification methods such as XRD, FTIR, BET, EDX, SEM, and TEM were used. 

The influence of various parameters was investigated using the RSM methodology, by experimental design (DOE) software. Drug release in 

three different environments at 37 ℃ including aqueous, acidic, and alkaline was studied. The isotherm and kinetic studies showed that the 

drug loading process follows the Freundlich isotherm and the Higuchi kinetics model. The thermodynamic study also showed that drug 

loading on Ag/ZnO/SBA-16 nanocomposite is an exothermic and spontaneous process at low temperatures. 
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INTRODUCTION 
 

      The science of nanotechnology is very promising in the 

pharmaceutical industry. Because by using new drug 

targeting systems, drugs are produced that are much more 

effective and bring more profit. These effects become more 

obvious when we know that currently, 13% of the huge 

pharmaceutical industry market is related to the sale of 

products including silicate drug delivery systems [1]. 

Designing and manufacturing controlled drug release 

systems can be very useful in managing treatment methods 

by drugs. So far, many materials have been introduced as 

drug release systems, among which we can mention 

biodegradable polymer materials, ceramic materials such as 

hydroxyapatite, calcium phosphates, SBA family, etc. [2-4]. 

With the controlled and targeted drug delivery method, the 

toxicity of the drug, its destruction, and its repeated use are 

prevented. Biocompatibility and drug loading capacity are 

important characteristics that are considered for materials 

needed as drug carriers. The design of these materials                

must be done properly to prevent rapid diffusion.  Therefore,  
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mesoporous materials are used as drug carriers due to their 

unique properties such as higher surface-to-volume ratio, 

controllable particle size effect, as well as biocompatibility 

and biodegradability. Today, research on mesoporous silica 

nanoparticles for medical purposes has increased [5-8]. In 

fact, the high porosity of mesoporous silica materials allows 

biologically active molecules of different sizes to settle in the 

cavities of these materials [9]. Also, the regular porosity 

network of these materials makes it possible to achieve a 

suitable loading and releasing speed. On the other hand, since 

the adsorption of molecules in mesoporous materials is a 

surface phenomenon, the specific surface of these materials 

also leads to the adsorption of more biologically active 

molecules [10].  

      From the beginning of the 21st century, attempts to make 

various types of silica nanoparticles began. By using organic 

silanes along with structure-directing agents or shapers and a 

mixture of water and alcohol as a solvent, new mineral 

substrates with regular structures in nanometer dimensions 

were prepared [11]. Silica-based mesoporous Santa Barbara 

amorphous (SBA) materials have been widely used as drug 

delivery systems.  Among these materials, SBA-15 and SBA-

16 were quickly noticed because they have desirable surface  
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and physicochemical properties such as low toxicity, 

biocompatibility, biodegradability, and synthesis using cheap 

materials. SBA-15 and SBA-16 are three-dimensional 

silicate porous materials including SiO2 and surface hydroxyl 

(OH) groups, which are prepared using non-ionic copolymers 

as a template and have an amorphous structure like other 

porous materials [12]. SBA-15 crystallizes in a hexagonal 

structure, while SBA-16 has a cubic crystal structure. SBA-

16 has attracted more attention due to its three-dimensional 

cubic structure with open channels according to the Im3m 

space group. SBA-16, the main subset of these materials, 

particles containing parallel open mesochannels with a 

narrow and tunable pore size distribution in a wide range 

from 2 to 50 nm, high surface area, uniform pore size, high 

pore volume, thermal and chemical stability, hydrophobicity 

or Controllable hydrophilicity, insolubility in water,                    

non-toxic, significant mechanical resistance and high 

concentration of active sites on their surfaces, biocompatible 

and biodegradable, wall thickness of about 3 to 4 nm, and 

have higher mechanical stability and hydrothermal stability 

than MCM-41 compounds [13]. These properties make these 

materials dominant for absorption,  so nanoparticles can 

easily disperse evenly among these holes and improve the 

resulting mesoporous properties. On the other hand, by 

loading nanoparticles on SBA, its aggregation is prevented. 

In addition, it makes the nanocarrier more effective as a drug 

delivery system [14]. However, these mesoparticles do not 

have a wide range of functional groups on their surfaces 

(mainly containing silane groups), which limits the possible 

applications of these materials for specific target molecules. 

As a solution, many studies have made modifications to the 

active sites of SBA-16, adding a variety of ligands (organic 

groups, coordination compounds, nanoparticles, metal 

oxides, etc.) and loading different compounds onto them. 

have provided [15,16]. 

      ZnO NPs are one of the most widely used metal oxide 

NPs in a variety of sectors and research institutions since they 

possess significant applications [17].  Because of the small 

particle size of nano-ZnO, the human body can easily absorb 

zinc.  Since ZnO NPs are relatively affordable and less toxic 

than other metal oxide NPs, they offer a wide range of other 

medicinal uses, including antimicrobial, anti-diabetic, anti-

inflammatory, anti-aging, and also in wound healing and bio-

imaging  [18-21].  ZnO NPs  have a  high  biocompatibility,  

 

 

allowing them to be used in a therapeutic environment for 

antibacterial, antifungal, antiviral, and anticancer properties 

[22].  Several types of inorganic metal oxides, such as TiO2, 

CuO, and ZnO have been produced and have remained in 

current investigations, but ZnO NPs are the most interesting 

of these metal oxides since they are inexpensive to make, 

safe, and simple to prepare [23].  Furthermore, the following 

characteristics must be present in any agent intended for 

human consumption for treating various diseases.  It should 

be nontoxic, must not react with food or the container, should 

have a pleasant flavor or be tasteless, and should not have an 

unpleasant odor.  ZnO NPs are one such inorganic metal 

oxide that meets all of the aforementioned criteria, allowing 

them to be used safely as a medication, package preservative, 

and antibacterial agent [24,25]. Hence, the US Food and Drug 

Administration (FDA) has classified ZnO NPs as a “GRAS” 

(generally regarded as safe) substance [26]. Silver 

nanoparticles (Ag NPs), on the other hand, possess 

anticoagulant and anti-inflammatory activity, which makes 

them ideal candidates for biological applications [27]. 

      Phenobarbital (Fig. 1) was marketed in 1912 by the 

pharmaceutical company Bayer under the brand name 

Luminal. Until the introduction of benzodiazepines in the 

1960s, this drug remained only a common sedative and 

hypnotic. Phenobarbital is a barbiturate drug. This drug is 

usually used to treat epilepsy and seizures in young children 

[28]. 

 
Fig. 1. Structure of PHB drug.  

 

 

      In this research, due to the simple synthesis process and 

well-defined morphology, large pore size, and especially the 

three-dimensional connection of the pores that lead to better 

mass transfer, Ag/ZnO/SBA-16 mesoporous were used as 

phenobarbital drug carriers. The newly synthesized 

nanocomposite was used after identification by different 

techniques (XRD, SEM, TEM, etc.) to investigate drug 

loading and release studies. In  this  work,  with  the  help of  
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experiment design software, the optimal conditions of drug 

loading on nanocomposite were obtained. 5 effective 

variables in drug loading including pH, contact time, 

temperature, drug concentration, and amount of 

nanocomposite were considered. Then, the release of the 

drug was studied in three neutral, acidic, and alkaline 

environments. 

 

EXPERIMENTAL 
 

      Pluronic copolymer f127 was obtained from Sigma 

Aldrich. This substance was used as a surfactant for the 

synthesis of SBA-16. The chemical formula of this substance 

is (CଷH଺O. CଶHସO)୶. For the synthesis of SBA-16, tetraethyl 

orthosilicate (TEOS) solution with a molecular formula 

 Si C଼Hଶ଴Oସ was used as a source of silica. TEOS was 

obtained from Sigma Aldrich Co. with a molecular weight of 

208.3 g mol-1 and a density of 0.933 g ml-1. NaHଶPOସ and 

NaଶHPOସ (Merck Co.) salts were used to prepare buffer 

solutions. A dialysis bag with an average flat width of 23 mm 

(14000MWCO, 99.99% retention) was used to release the 

drug (Sigma Aldrich Company). AgNO3, HCl, and 1-butanol 

were obtained from Merck. Phenobarbital drug with formula 

C12H12N2O3 and molecular weight 232.235 g mol-1 was 

obtained from Iran Food and Drug Organization.  

      First, 1.5 g of pluronic copolymer f127 was added to a 

250 ml Erlenmeyer flask and dissolved in 72 ml of distilled 

water. Then 7.2 ml of concentrated hydrochloric acid was 

added to it, the solution was stirred for 30 min at 60 °C. Then, 

7.7 ml of tetraethyl orthosilicate and 5.5 ml of 1-butanol were 

added to the solution. Again, the solution was placed on a 

magnetic stirrer at a temperature of 55 °C for 24 h. After this 

time, the solution was placed in an oven with a temperature 

of 100 °C for 24 h. To perform calcination on the prepared 

precipitate, it was first washed and then placed in an oven 

with a temperature of 600 °C for 24 h. Finally, the white 

powder of SBA-16 was synthesized [29]. 

      89.9 g of ZnSO4.7H2O and 25 g of NaOH were dissolved 

in 250 ml of distilled water to form solutions with certain 

concentrations, respectively. The two solutions were added 

dropwise under vigorous stirring for 12 h at 65 °C. ZnO 

nanoparticles (ZnO NPs) samples were filtered and collected 

by centrifugation and washed with pure ethanol [30].  

 

 

In this work, zinc oxide and SBA-16 were chosen with a ratio 

of 1:5.  Then, each of them was placed in ultrasonic for                 

30 min. Then, the two solutions were mixed together and 

placed on a magnetic stirrer for 24 h at 30 °C. In the end, it 

was placed in an oven at 80 °C for 24 h to dry the sample 

[31]. 

      0.4 g of ZnO/SBA-16 was added to 10 ml of 0.1 M 

AgNO3 and stirred for 6 h in the absence of light. Then it was 

placed in the oven at a temperature of 70 °C for 12 h [32]. 

      To load the phenobarbital drug, solutions with 

concentrations of 10, 20, 30, 40, and 50 ppm were prepared 

from the PHB drug. Then 50 ml of each of these solutions 

were mixed with specific amounts of Ag/ZnO/SBA-16 

nanocarrier (0.01, 0.02, 0.03, 0.04, and 0.05 g) and 15 min 

were placed in the ultrasonic and then were stirred by a 

magnetic stirrer for 3 h. The absorbance of solutions was read 

by UV-Vis spectrophotometer. The amount of drug loading 

was obtained from Eq. (1): 

 

      EE% =  
( େబି େ౛ ) 

େబ
 × 100                                                        (1) 

 

Where C0 and Ce are the initial and residual concentrations of 

the drug, respectively . 

      To draw the calibration curve (Fig. 2), a stock solution 

with a concentration of 1000mg/liter was prepared from the 

drug phenobarbital. Then concentrations of 20 to 100 ppm 

were prepared using the stock solution and their absorbance 

was read as λmax = 276. 

 

 

 
Fig. 2. Calibration curve of PHB drug. 
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       At zero point charge (pHPZC), the positive and negative 

charges are equal, so at this point, the surface charge is zero 

[33]. To obtain the pHPZC, 0.01 g of the PHB Drug was 

dissolved in 15 ml of distilled water and the pH of the 

solution was set in the range of 2-12 as the initial pH. Then it 

was placed on a magnetic stirrer for 1 h. After this, the final 

pH was read. According to Fig. 3, pHPZC was obtained at 7.9. 

If there was no surface charge, the graph would be red, but 

due to the surface charge, the pH value would be different 

and the actual graph would be green. 

      Experiments always cost money and time. Therefore, the 

goal of every engineer or researcher is to conduct effective 

experiments that obtain the most information with the least 

cost and time, and with the increase in the number of factors, 

this cost and time increases. Therefore, there is a need for a 

method that can obtain the most information about the 

process with the least cost and time, provide logical 

conclusions, and obtain documentary evidence about the 

process. The design of the experiment method is a statistical 

method that is used in the development of statistical models 

to solve various equations [34]. This method is based on 

predicting the functional relationship between the response 

and the experimental variables. It also optimizes variables. 

The design of the experiment method uses a series of 

designed experiments and obtains the optimal response for 

the entire method, which depends on the process variables. 

On the other hand, by using the response level method, in 

addition to investigating the influence of independent 

parameters on the response, the mutual influence of 

independent parameters on the response, which is the 

percentage of drug loading, can be investigated [35,36]. In 

drug delivery processes, it is important to optimize effective 

parameters to  achieve  maximum drug loading on  the  drug 

 

 

 

 

 

 

 

 

 

 

 

 

 

carrier. In this work, the absorption percentage of 

phenobarbital drug by Ag/ZnO/SBA-16 nanocarrier was 

chosen as the final answer for the design of the experiment, 

and the statistical method of using several variables was 

investigated in order to optimize the conditions. Therefore, 

with the help of experimental design, 5 important variables 

in drug loading including pH, initial concentration of the 

drug, amount of drug carrier, temperature, and contact time 

were considered in 5 levels (Table 1). The results were fitted 

using Eq. (2). 

 
      Y =  β଴ + ∑ 𝛽௜𝑋௜

ହ
௜ୀଵ + ∑ 𝛽௜௝𝑋௜𝑋௝                                      (2) 

 

Where Xi and Xj are independent variables, Y is the 

dependent variable or response, and β is the fitting 

coefficient. In this research, 50 tests were suggested by the 

software (Table 2). 

 

 

 
Fig. 3. pHPZC of PHB drug.  

 

 

 

 

 

 

 

 

 

 

 

       Table 1. Effective Factors of Drug Loading by Ag/ZnO/SBA-16 Nanocarrier by CCD Design 

 

 Applied level  Unit Component Parameter 

(+2) (+1) (0) (-1) (-2)    

10 8 6 4 2 - pH A 

0.05 0.04 0.03 0.02 0.01 g NCD B 

50 40 30 20 10 ppm ICT C 

70 60 50 40 30 °C Temp. D 

50 40 30 20 10 min CT E 
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    Table 2. Proposed Software Tests and Experimental Results at Low, Center, and High Levels 
 

   Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response 1 
Std  Run A: pH B: comp. dose C: cons. drug D: temp. E: cont. time load 
   - g ppm C min % 
34  1 10.00 0.03 30.00 50.00 30.00 46.00 
13  2 4.00 0.02 40.00 60.00 20.00 79.25 
37  3 6.00 0.03 10.00 50.00 30.00 80.50 
20  4 8.00 0.04 20.00 40.00 40.00 67.75 
2  5 8.00 0.02 20.00 40.00 20.00 61.50 
36  6 6.00 0.05 30.00 50.00 30.00 88.50 
8  7 8.00 0.04 40.00 40.00 20.00 62.00 
46  8 6.00 0.03 30.00 50.00 30.00 80.25 
4  9 8.00 0.04 20.00 40.00 20.00 66.50 
14  10 8.00 0.02 40.00 60.00 20.00 58.00 
5  11 4.00 0.02 40.00 40.00 20.00 89.75 
38  12 6.00 0.03 50.00 50.00 30.00 73.50 
26  13 8.00 0.02 20.00 60.00 40.00 57.10 
33  14 2.00 0.03 30.00 50.00 30.00 99.50 
48  15 6.00 0.03 30.00 50.00 30.00 80.50 
27  16 4.00 0.04 20.00 60.00 40.00 99.50 
44  17 6.00 0.03 30.00 50.00 30.00 80.25 
19  18 4.00 0.04 20.00 40.00 40.00 100 
43  19 6.00 0.03 30.00 50.00 30.00 80.50 
9  20 4.00 0.02 20.00 60.00 20.00 85.00 
11  21 4.00 0.04 20.00 60.00 20.00 94.00 
1  22 4.00 0.02 20.00 40.00 20.00 90.50 
21  23 4.00 0.02 40.00 40.00 40.00 90.25 
39  24 6.00 0.03 30.00 30.00 30.00 77.50 
22  25 8.00 0.02 40.00 40.00 40.00 66.00 
41  26 6.00 0.03 30.00 50.00 10.00 73.50 
30  27 8.00 0.02 40.00 60.00 40.00 61.00 
3  28 4.00 0.04 20.00 40.00 20.00 98.00 
12  29 8.00 0.04 20.00 60.00 20.00 64.25 
45  30 6.00 0.03 30.00 50.00 30.00 80.50 
6  31 8.00 0.02 40.00 40.00 20.00 66.50 
29  32 4.00 0.02 40.00 60.00 40.00 83.00 
49  33 6.00 0.03 30.00 50.00 30.00 80.00 
28  34 8.00 0.04 20.00 60.00 40.00 68.50 
10  35 8.00 0.02 20.00 60.00 20.00 57.50 
17  36 4.00 0.02 20.00 40.00 40.00 88.00 
31  37 4.00 0.04 40.00 60.00 40.00 87.00 
15  38 4.00 0.04 40.00 60.00 20.00 79.00 
18  39 8.00 0.02 20.00 40.00 40.00 58.50 
25  40 4.00 0.02 20.00 60.00 40.00 86.20 
47  41 6.00 0.03 30.00 50.00 30.00 80.50 
42  42 6.00 0.03 30.00 50.00 50.00 78.00 
40  43 6.00 0.03 30.00 70.00 30.00 68.50 
50  44 6.00 0.03 30.00 50.00 30.00 79.75 
23  45 4.00 0.04 40.00 40.00 40.00 91.50 
32  46 8.00 0.04 40.00 60.00 40.00 62.50 
35  47 6.00 0.01 30.00 50.00 30.00 79.75 
24  48 8.00 0.04 40.00 40.00 40.00 66.00 
7  49 4.00 0.04 40.00 40.00 20.00 87.00 
16  50 8.00 0.04 40.00 60.00 20.00 56.00 

 
1115 



 

 

 

Fekri et al./Phys. Chem. Res., Vol. 12, No. 4, 1111-1131, December 2024. 

 

 

      Drug release was performed using a dialysis bag in three 

neutral, acidic, and alkaline environments as an external 

solution or simulated body environment. The neutral medium 

was distilled water with pH = 6.8 and the acidic and alkaline 

mediums were buffer solutions with pH 4.8 and 7.4, 

respectively. A solution of 500 ml was prepared from each of 

the external environments. Then the dialysis bag containing 

the drug solution and nanocarrier was transferred inside 

them. This set was placed on a magnetic stirrer. Drug release 

experiments were tested at 1, 2, 3, 4, 12, 24, 48, 72, and 96 h. 

 
RESULTS AND DISCUSSION  
 

      According to the FTIR analysis of nano silicate SBA-16, 

a broad peak in the range of 3441.12 cmିଵ associated with 

the symmetric stretching vibration of the O-H bond is 

observed, which is the result of silanol groups. Also, the 

observed peak in the area of 1630.95 cmିଵ is related to the 

stretching and bending vibrations of water molecules 

absorbed on the surface of SBA-16. The peaks at 462.52, 

805.20, and 1086.21 cmିଵ are related to the bending, 

symmetric, and asymmetric stretching vibrations of Si-O-Si, 

respectively [37]. A comparison of FTIR analysis from SBA-

16 and ZnO/SBA-16 samples shows that the peak in the range 

of 463 cmିଵ has become wider, while the intensity of the 

peak located at 805 cmିଵ has been weakened, which proved 

that ZnO has some interactions at the surface of mesoporous 

silica [8]. The FTIR spectra of SBA-16 and ZnO/SBA-16 

samples are very similar to Ag/ZnO/SBA-16 silica 

nanocomposites, which provides good evidence for the 

physical interaction between Ag nanoparticles and the silica 

network. Also, according to the studies, the incorporation of 

metal into the silica framework causes changes in the 

intensity of the band located at 805 cm and is assigned to the 

stretching vibration of the Si-O-Me bond. Therefore, it is 

reasonable to suggest that silver is incorporated into the 

mesoporous silica framework in the Ag/ZnO/SBA-16 

nanocomposite [38,39]. 

      In the XRD spectrum, a strong peak at 2θ = 24° was 

observed for SBA-16, which corresponds to the reflection of 

the d100 crystal plane and indicates a cubic structure with an 

Im3m space group. This peak is the main indicator to identify 

SBA-16 [40]. The XRD pattern of ZnO/SBA-16 

nanocomposite shows a peak at 2θ = 24° with low intensity. 

 

 

Also, seven peaks with intensity (110), (102), (101), (002), 

(100), (103), and (112) in the diffraction pattern of ZnO 

nanoparticles indicate the hexagonal wurtzite structure [41]. 

The XRD pattern of Ag/ZnO/SBA-16 in Fig. 5 shows that the 

structure of SBA-16 does not change significantly after Ag 

loading. However, the (110) characteristic peak is shifted 2 

degrees lower after Ag loading,  as well as the 2θ peak at 

38.14° and 64.42° for metallic Ag (JCPDS No. 040783) 

indicated that the Ag/ZnO/SBA-16 composite had been 

prepared [42]. 

 

 

 
Fig. 4. FTIR spectra of Ag/ZnO/SBA-16. 

 

  

 
Fig. 5. XRD patterns of SBA-16, and ZnO/SBA-16 and 

Ag/ZnO/SBA-16. 

 

 

      According to the scanning electron microscope image 

(SEM) in Fig. 6, we can conclude that the morphology of 

SBA-16 after the placement of ZnO and Ag is spherical and 

there is no fundamental change in its structure.  Figures 6c 

and 6d show the transmission electron microscope  image of  
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Ag/ZnO/SBA-16 nanocomposite with 100 nm magnification. 

Black halos in the image indicate the presence of ZnO [43]. 

As can be seen in the figure, zinc oxide is completely 

uniformly distributed on the surface of SBA-16 

mesostructure, which confirms that the Ag/ZnO/SBA-16 

nanocomposite has been successfully synthesized.  Moreover, 

many highly dispersed Ag nanoparticles are observed in the 

Cubic channels of SBA-16. The fringes in Fig. 6d give a                   

d-spacing of 0.23 nm, corresponding to the (111) atomic 

planes of the cubic silver lattices [44]. 

      EDX analysis of the mesostructure of SBA-16 (Fig. 7a) 

shows that silicon has the highest peak compared to other 

elements, which confirms that SBA-16 is a silicate material. 

The presence of Zn and Ag peaks in Fig. 7b confirms that                         

the Ag/ZnO/SBA-16 nanocomposite has been correctly 

synthesized. It can  also be seen  that the peak related to Si is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

still the highest peak, which shows that in addition to the 

correct structure of the synthesized nanocomposite, this 

mesopore has maintained its silicate structure. 

      Figures 8a and 8b show the adsorption/desorption 

isotherm and BJH curve of Ag/ZnO/SBA-16 nanocarrier, 

respectively. Figure 8a shows that this nanocomposite has a 

type IV (a) isotherm (IUPAC nomenclature of the isotherms) 

and the absorption/desorption process formed a hysteresis 

loop [45]. When a compound forms a hysteresis loop in its 

isotherm diagram, it can be said that the compound is 100% 

mesoporous. Also, by using the adsorption-desorption 

isotherm diagram and the formed hysteresis loop, the 

geometry of the holes can be recognized. According to the 

diagram, the hysteresis loop is of H1 type. Therefore, the 

holes have a cylindrical geometry [46,47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 6. Images of Ag/ZnO/SBA-16 nanocomposite (a,b) SEM analysis, (c,d) TEM analysis.  
 

(a) (b) 

(c) (d) 
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      Figure 8b shows the BJH curve of the nanocomposite in 

the range of 1-100 nm. Using this curve, the size distribution 

of the holes can be measured. In the prepared nanocomposite, 

the maximum distribution of holes is in the range of 1-10 nm. 

Also, the BET analysis of Ag/ZnO/SBA-16 nanocomposite 

can be seen in Table 3.  The results showed that the                        

specific surface area of Ag/ZnO/SBA-16 nanocomposite is               

276.87 m2 g-1. Also, the average particle diameter and pore 

volume were obtained as 10.90 nm and 0.5378 cm3 g-1, 

respectively. Therefore, it can be concluded that the 

synthesized nanocomposite is mesoporous.  Based on a 

classification by IUPAC, materials whose pore sizes are 

between 2-50 nm are mesoporous, so nanoporous materials, 

which are a subset of nanostructured materials, have 

nanometer-scale pores [48]. This type of material with a very 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

high internal surface area has a great ability to absorb and 

interact with atoms, molecules, and ions. According to the 

results obtained from BET analysis, it can be concluded that 

Ag/ZnO/SBA-16 is a nanostructure due to the presence of 

nano-scale holes. 

 

 

Table 3. BET Analysis of Ag/ZnO/SBA-16 Nanocomposite 

 

BET analysis 

Vm 61.74 [cm3(STP) g-1] 

aS, BET 276.87 [m2 g-1] 

C 165. 60 

Total pore volume (p/p0 = 0.986) 0. 5378 [cm3 g-1] 

Average pore diameter 10.90 [nm] 

 
Fig. 7. EDX analysis of (a) SBA-16 and (b) Ag/ZnO/SBA-16. 

 

 

 
Fig. 8. (a)Adsorption/desorption analysis and (b) BJH-plot of Ag/ZnO/SBA-16 nanocomposite. 

 

(a) (b) 
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      Table 4 shows the appropriate statistical model for drug 

loading on the adsorbent. The p-value and the regression 

coefficient are statistical parameters that are checked to 

measure the accuracy and correctness of the suitable model. 

If the p-value is less than 0.05 and the regression coefficient 

(R2) is closer to 1, the model is more suitable [49]. As can be 

seen in Table 4, the quadratic model has a p-value  less than 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.05 and the highest regression coefficient (0.9996) 

compared to the other 3 models. 

      Considering the Quadratic  model, the statistical 

parameters obtained from the analysis of variance (ANOVA) 

are shown in Table 5. As can be seen, all parameters have p-

values less than 0.05, which indicates the correct relationship 

between factors and parameters [50].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Table 4. Suitable Model Based on Statistical Analysis of Experimental Data 

Source 
Sequential 

p-value 
Lack of fit 

p-value 
Adjusted 

R2 
Predicted 

R2 
 

Linear < 0.0001 < 0.0001 0.9084 0.8930  

2FI 0.0004 < 0.0001 0.9492 0.9516  

Quadratic < 0.0001 0.6069 0.9996 0.9992 Suggested 

Cubic 0.8251 0.3602 0.9995 0.9929 Aliased 

 
     
    Table 5. Results of Analysis of Variance (ANOVA) for the Regression Models  

Source Sum of squares df Mean square F-value p-value  

Model 8442.86 20 422.14 5750.28 < 0.0001 Significant 

A-pH 7164.99 1 7164.99 97598.91 < 0.0001  

B-comp. dose 197.80 1 197.80 2694.39 < 0.0001  

C-cons. drug 129.78 1 129.78 1767.82 < 0.0001  

D-temp. 202.28 1 202.28 2755.32 < 0.0001  

E-cont. time 55.34 1 55.34 753.86 < 0.0001  

AB 8.66 1 8.66 118.01 < 0.0001  

AC 80.80 1 80.80 1100.68 < 0.0001  

AD 4.61 1 4.61 62.84 < 0.0001  

AE 1.93 1 1.93 26.23 < 0.0001  

BC 185.04 1 185.04 2520.56 < 0.0001  

BD 7.95 1 7.95 108.29 < 0.0001  

BE 36.02 1 36.02 490.64 < 0.0001  

CD 37.30 1 37.30 508.13 < 0.0001  

CE 14.38 1 14.38 195.85 < 0.0001  

DE 20.40 1 20.40 277.88 < 0.0001  

A² 106.91 1 106.91 1456.27 < 0.0001  

B² 33.03 1 33.03 449.90 < 0.0001  

C² 18.74 1 18.74 255.30 < 0.0001  

D² 99.72 1 99.72 1358.38 < 0.0001  

E² 37.17 1 37.17 506.37 < 0.0001  

Residual 2.13 29 0.0734    

Lack of fit 1.57 7 0.0716 0.9030 0.6069 Not significant 

Pure error 0.5547 7 0.0792    

Cor total 8444.99 49     
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      Optimum values by graphic analysis and using Design 

Expert software can be extracted as surface curve (Fig. 9) and 

contour curve (Fig. 10) diagrams. These diagrams have the 

ability to check the simultaneous  response of  two variables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Contour diagrams represent the image of surface diagrams on 

the screen and are two-dimensional diagrams [51]. As the 

contour graph moves towards the red color, each factor 

provides a better level of response.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9. Response surface diagrams for the effect of some factors on the resulting EE%. 

 

 
Fig. 10. Contour curves for the effect of some factors on the resulting EE%. 
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      The normal probability curve shows how the residual 

values follow a normal distribution. Even though the data 

follows a normal distribution, some average distribution is 

expected. Therefore, the results show that the data have a 

normal distribution and are consistent with the model 

proposed by the software (Fig. 11a). The graph of actual 

values versus predicted values is shown in Fig. 8b. According 

to Fig. 11b, it can be seen that there is a good fit between 

these two values and the actual and predicted values are near 

to each other. The curve of standard residual values versus 

responses can be seen in Fig. 11c. This diagram shows the 

distribution of the results of the 50 proposed experiments by 

the experiment design software. According to the figure, all 

the results are within the confidence range of -4 to +4, which 

indicates a good fit between the model and the answers 

obtained [52,53]. The curve of the residual values versus the 

predicted values should have a random distribution. 

According to Fig. 11d, all the results are within the 

confidence range of -3 to +3. Also, the dispersion of the 

results can be seen. It is concluded that the model has the 

ability to describe the responses [54]. 

The coded equation related to the factors affecting the 

amount of drug loading is as follows: 

 

%Load = +80.24 - 13.38A + 2.22B - 1.80C - 2.25D + 1.18E 

- 0.5203AB + 1.59AC + 0.3797AD - 0.2453AE - 2.40BC + 

0.4984BD + 1.06BE - 1.08CD + 0.6703CE + 0.7984DE - 

1.83A² + 1.02B² - 0.7653C² - 1.77D² - 1.08E²                                                             

                                                                                   (3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Five parameters significantly affected the load % of the 

drug onto the nanocomposite. The pH, composite dosage, 

initial concentration of the drug, the effect of temperature, 

and contact time factors were investigated by RSM method. 

The maximum amount of drug loading on Ag/ZnO/SBA-16 

nanocomposite was observed at pH = 2.82 (Fig. 12a). The 

results showed that pH has an inverse relationship with 

loading percentage. At low pH (lower than pHpzc = 7.9), H+ 

ions are placed on the nanocomposite sites and the 

nanocomposite surface becomes more positive. Therefore, 

the amine group of phenobarbital drug is protonated, and the 

drug loading rate increases. But at high pH (higher than 

pHpzc), OH- ions increase on the surface of the nanocarrier 

and the repulsion between the surface and the drug reduces 

the amount of drug loading [55]. 

      The effect of the dosage of Ag/ZnO/SBA-16 

nanocomposite on the amount of EE% was investigated                 

(Fig. 12b), which had a positive effect (p-value < 0.05). It 

was observed that the amount of drug loading increased with 

an increasing amount of nanocomposite. Because by 

increasing the amount of nanocarrier, a wide surface, and 

more active sites are available to the drug molecules, which 

results in more loading of the drug. The maximum amount of 

nanocomposite for drug loading is 0.04 g [56]. 

      The initial drug concentration is also inversely 

proportional to the drug loading percentage (Fig. 12c). For 

the present study, the optimal initial drug concentration was 

10 ppm. At higher concentrations, all the active sites of the 

drug carrier are occupied by drug molecules, as a result, the 

loading percentage decreases with the increase of the initial 

concentration [57]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. Graphical plots of the a) Normal % Probability vs. Externally Studentized Residuals b) Predicted vs. Actual c) 
Externally Studentized Residuals vs. run Number and d) Externally Studentized Residuals vs. predicted. 
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      Another parameter that can affect the loading of 

phenobarbital drugs on Ag/ZnO/SBA-16 nanocomposite is 

temperature. The process of drug loading on the nanocarrier 

was investigated at five temperatures of 30, 40, 50, 60, and 

70 °C (Fig. 12d). The results showed that the amount of drug 

loading decreases with increasing temperature. This decrease 

in loading can be attributed to changes in Gibbs free energy. 

In the adsorption process, enthalpy changes are negative 

(exothermic) and entropy changes are positive. According to 

the equation of ∆G = ∆H-T∆S, with the decrease in 

temperature, Gibbs free energy becomes negative and the 

absorption process becomes spontaneous [58]. 

      The contact time to achieve stable absorption is directly 

proportional  to  the  drug  loading  capacity  (Fig. 12e). The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

results showed that up to ~13 min, a rapid increase in loading 

occurs, which is due to an increase in the surface area of 

mesoporous silica particles ready for loading. In other words, 

in the first minutes, a large number of active sites of the 

nanocomposite are available to the drug molecules, therefore, 

the drug loading increases [59]. 

      In Table 6, the optimal value of parameters affecting                         

the amount of phenobarbital loading on Ag/ZnO/SBA-16 

nanocomposite is shown. It also shows the predicted and 

experimental value of EE percentage in the drug loading 

process. The small difference between the predicted and 

experimental values (ΔEE% = 0.28) indicates the success of 

drug loading on the nanocarrier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12. The effect of main factors on the encapsulation EE% of Phenobarbital drug by Ag/ZnO/SBA-16 nanocomposite. 

 

 

    Table 6. Optimal Parameters and EE% for the Encapsulation of PHB Drug on Nanocarrier 

 

pH NCD ICT Temp. CT EE% 

(Predicted value) 

EE% 

(Experimental value) 

ΔEE% Desirability 

2.82 0.04 10.00 65.5 12.87 100 99.73 0.28 1 
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      In this research, six isotherms of Langmuir, Freundlich, 

Temkin, Jovanovich, Redlich-Peterson, and Henry under 

optimal conditions were studied [60]. The calculated 

constants for all isotherms and their correlation coefficients 

(R2) were calculated at the optimum temperature (Table 7 and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13). The results show that the correlation coefficients for 

the Freundlich model is 0.9966 and Redlich-Peterson are 

0.9949, which is more suitable than the other models,  which 

indicates the homogeneity of the absorbent structure [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Isotherms Parameters for PHB Loading onto Ag/ZnO/SBA-16 
 

50 ppm 40 ppm 30 ppm 20 ppm 10 ppm Parameters Model 
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Langmuir 
0.037 0.044 0.050 0.070 0.137 1/qୣ

  
0.07 0.10 0.20 0.55 3.30 1/Cୣ  
 R2 = 0.9702 KL = 0.66 l mg-1 qmax= 34.96   
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Freundlich 
1.43 1.35 1.27 1.13 0.86 logqୣ

  
1.14 0.99 0.66 0.25 -0.52 logCୣ  
 R2 = 0.9966 Kf = 10.95 (mg g-1) (l mg-1)n n = 2.98   
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Temkin 
3.29 3.11 2.94 2.61 1.10 lnqୣ

  
2.63 2.30 1.52 0.58 -1.20 lnCୣ  
 R2 = 0.9366 KT = 1.26 B = 0.5531   
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Jovanovich 
3.29 3.11 2.94 2.61 1.98 lnqୣ

  
 R2 = 0.7771 KJ = 0.0794 l mg-1 qmax= 9.97   
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Redlich-Peterson 
2.63 2.29 1.52 0.33 -1.20 lnCୣ

  
-0.65 -0.82 -1.42 -2.02 -3.19 lnCୣ/𝑞௘  
 R2 = 0.9949 g = 0.656 ag = 10.49   
14.0 9.9 4.6 1.8 0.3 Cୣ (ppm)  
27.00 22.57 19.05 13.65 7.27 qୣ Henry 
 R2 = 0.9058 KHE = 1.279    

 

 
Fig. 13. Isotherms plots of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Jovanovich, (e) Redlich-Peterson, and (f) Henry 
for PHB adsorption. 
 

1123 



 

 

 

Fekri et al./Phys. Chem. Res., Vol. 12, No. 4, 1111-1131, December 2024. 

 

 

The values of qe and Ce were measured to calculate the 

thermodynamic functions of PHB drug loading on 

Ag/ZnO/SBA-16 nanocomposite at three temperatures of 

303, 313, 323, 33, and 343 K under optimal conditions. Using 

the following equations, the values of thermodynamic 

functions were calculated [62]: 

 

      ln Kୡ = −
ΔH°

RT
+

ΔS°

R
                                                          (4) 

 

      ΔG° = −RTlnKୡ                                                                   (5) 

 

     ΔG° = ΔH° − TΔS°                                                               (6) 

 

      Kୡ =
qୣ

Cୣ

                                                                                 (7) 

 

Where, 𝛥𝐻°, 𝛥𝑆°, 𝛥𝐺° , and 𝐾௖ are the standard enthalpy, 

entropy, Gibbs free energy, and equilibrium, respectively. 

According to the value of ΔH°, the absorption between the 

drug and nanocarrier is physical absorption. Also, the values 

of ΔG° show that the process of drug absorption on the drug 

carrier is spontaneous at low temperatures. The results are 

shown in Fig. 14 and Table 8. 

To obtain the best kinetic model for PHB drug loading on 

Ag/ZnO/SBA-16 nanocarrier, seven zero-order (ZO), 

pseudo-first-order (PFO), pseudo-second-order (PSO), 

Higuchi model (HIG), Elovich (EL), and Avrami (AV) 

models using The following equations  were investigated 

(Fig. 15 and Table 9) [63]. 

 

      ZO model:     q୲ =  k଴t + q଴                                            (7) 

 

      PFO model:      ln(qୣ −  q୲) = − kଵt + lnqୣ               (8) 

 

      PSO model:     
୲

୯౪
=  

ଵ

୯౛
t +  

ଵ

୩మ୯౛
మ                                      (9) 

 

      HIG model:      q୲ =  k୧√𝑡  + C                                       (10) 

 
EL model:     q୲ =  β ln(𝛼𝛽) − ln𝑡                                      (11) 

Av model:  ln(−ln (1 − Q୲)) −  q୲) = − Kୟ୴  + 𝑛௔௩ln𝑡     
                                                                                                   (12) 

 

 

 

Table 8. Thermodynamic Parameters for the Adsorption of 

PHB Drug onto Ag/ZnO/SBA-16 at Different Temperatures 

 

Rଶ G° 

(Kj mol-1) 

S° 

(Kj mol-1) 

H° 

(Kj mol-1) 

clnK Temp. 

(K)  

 -11.24   4.45 303  

 -10.86   3.91 313  

0.9999 -10.47 -0.038 -22.85 3.88 323  

 -10.09   3.63 333  

 -9.71   3.35 343  

 

 

 
Fig. 14. lnK vs. 1/T for the adsorption of PHB drug onto 

Ag/ZnO/SBA-16. 

 

 

      According to the regression coefficient (R2 = 0.9983), it 

can be concluded that the loading process of PHB drug on 

Ag/ZnO/SBA-16 nanocomposite corresponds to the Higuchi 

model (HIG) kinetic model (R2 = 0.9983). 

      Figure 16 shows the graph of drug release experiments 

for three aqueous environments (green curve), an acidic 

environment (blue curve), and an alkaline environment (red 

curve). In 2011, Zeng et al. presented a theoretical kinetic 

model for drug release by silica nanoparticles [64].  In this 

model, it is assumed that drug release in the early hours has 

an explosive release and then it is a slow and stable release 

related to the release of drug molecules that are placed inside 

the pores of silica nanoparticles. The results of the study 

demonstrated fast release of drug from the nanoparticles in 

the initial 4 h, that is, 10% of the total drug was released in        

4 h. The fast drug release from nanoparticles may be ascribed 

to the surface-loading (adsorption) of the drug at the particle  
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surface. The initial fast release of drug from nanoparticles 

may be ascribed to the fact that the drug is present on the 

surface of the nanoparticles. Drug molecules absorbed at the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

surface of the nanoparticles are released faster as compared 

to embedded drug. However, further drug release was found 

to be sustained [65].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 15. Linear plots of kinetic models for loading of PHB onto Ag/ZnO/SBA-16. 
 
 
Table 9. Kinetic Parameters were Obtained from the ZO, PFO, PSO, HIG, EL, and AV Models for the PHB Loading onto 
Ag/ZnO/SBA-16 
 

Zero order model (ZO) Pseudo-first-order model (PFO) 
k0 

(mol l-1 min-1) 
qe 

(mg g-1) 
R2 k1 

(min-1) 
qe 

(mg g-1) 
R2 

0.0343 8.817 0.9810 -0.0564 1.25 0.9345 
Pseudo-second-order model (PSO) Higuchi model (HIG) 
k2 

(mol-1 l min-1
) 

qe 

(mg g-1) 
R2 ki 

(min-1) 
R2 

0.0003  33.89 0.9829 0.3556 0.9983 
Elovich model (EL) Avrami model (AV) 
α 
(mg g-1 min-1) 

β 
(g mg-1) 

R2 kav 

 
nav 

 
R2 

6.97 1.46 0.9861 1.22 0.3645 0.9745 
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      Ag particles have excellent bioactivities against diverse 

species of microorganisms due to Ag ion release [66]. Indeed, 

Ag ion has a strong antibacterial property due to its 

multifunctional attack on sensitive and resistant 

microorganisms [67]. However, aggregation of Ag ions due 

to their oxidation leads to the loss of their bioactivities 

[68,69]. For this occurrence, the usage of an appropriate 

substrate can be effective solution to prevent prolonged 

bioactivities. For this purpose, the substrate should protect 

Ag nanoparticles to prevent ion immediate release. Ag/SBA-

16 is known as a perfect substrate to load and carry Ag 

nanoparticles for a long period due to its controlled ion 

release [70,71]. However, it is expected that Ag/SBA-16 can 

save bioactivities due to its higher loaded Ag and more 

complex pore structure [72,73]. SBA-16 has no bioactivities 

due to its biodegradable nature. Also, their porosity can help 

to extend easier microorganisms. Hence, it is expected to not 

observe any antibacterial properties in all steps. According to 

high-loaded Ag nanoparticles in Ag/SBA-16 and their 

controlled release with appropriate dose, it is expected that 

they show prolonged and efficient bioactivities. This feature 

continues until the existence of enough ion dose in bulk tubes 

[74]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 16. In vitro release of PHB by Ag/ZnO/SBA-16 

nanocomposite. 

 

 

      Also, to obtain the best kinetic model for PHB drug 

release four zero-order (ZO), pseudo-first-order (PFO), 

pseudo-second-order (PSO), and Higuchi model (HIG) 

models for three aqueous, acidic, and alkaline environments 

were studied (Fig. 17). The results show that drug release 

follows the Higuchi kinetic model (R2 = 0.9969, 0.9991, and 

0.9992 for aqueous, acidic, and alkaline environments, 

respectively) as well as drug loading.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 17. Linear plots of kinetic models for release of PHB onto Ag/ZnO/SBA-16. 
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CONCLUSION    
 

      In this work, the Ag/ZnO/SBA-16 was synthesized and 

used as loading and release of phenobarbital drug. To          

identify and characterize the properties of Ag/ZnO/SBA-16 

nanostructure, several identification methods such as XRD, 

FTIR, BET, EDX, SEM, and TEM were used. The influence 

of various parameters including pH, drug concentration, 

nanocomposite dose, temperature, and contact time was 

studied by RSM method. Drug release in three different 

environments at 37 ℃ including aqueous medium with                    

pH = 6.8, acidic with pH = 4.8, and alkaline with pH = 7.4 at 

times of 1, 2, 3, 4, 12, 24, 48, 72, and 96 hours was studied. 

The data obtained from isotherm determination studies and 

drug loading kinetics showed that the drug loading process 

follows the Freundlich isotherm with R2 = 0.9966 and                 

the Higuchi kinetics model with R2 = 0.9983. The 

thermodynamic study also showed that drug loading on 

Ag/ZnO/SBA-16 nanocomposite is an exothermic and 

spontaneous process at low temperatures. 
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