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Abstract 

In this study, three-component nanoparticles of iron, nickel and lithium were synthesized with two methods of 

combined technique (co-precipitation, hydrothermal) and pechini sol-gel. The optimum conditions for producing 

MNPs by co-precipitation method were found to be at pH=13 with constant stirring rate of 1000 rpm and at 

temperature of 72 ˚C under nitrogen atmosphere. The situation for preparing nanoparticles by pechini sol-gel 

method including dissolving nitrate salt of three metals in water then adding citric acid and ethylene glycol 

respectively in temperatures 60 and 80 0 C with pH=7 and placing sample in temperatures 190 and 500 0 C for 

720 and 60 minutes respectively. In the comparison of two methods, morphology and size of produced magnetic 

nanoparticles with combined method of co-precipitation- hydrothermal was more suitable. Response surface 

methodology was used to verify the best synthesized nanoparticles in size. Silica and amine groups in the coated 

nanoparticles were loaded to target drugs.  
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1. Introduction 

Advances in nanotechnology and molecular biology 

are rapidly enabling the development of nanoparticles 

(NPs) with specific functional properties that address 

the shortcomings of traditional disease diagnostic and 

therapeutic agents [1-3]. Biocompatible magnetic 

nanoparticles  based on iron oxide NPs are key 

components for biomedical applications such as drug 

delivery systems [4-6], hyperthermia [7], MRI contrast 

enhancement [8-10] and magnetic particle imaging 

(MPI) [11]. 

 

 

An important point in development of nanoparticles to 

be used in biomedical applications is that the particle 

size and distribution should be controllable [12]. MNPs 

based on nickel composition are highly interesting 

materials due to their superparamagnetic behavior at 

room temperature. For biomedical applications, 

important results are directly obtained by conjugation 

of Ni–MNPs with an enzyme [13]. Thus, they may be 

used for diagnostic and therapeutic applications [14-

17].  
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MNPs are being developed as drug carriers thanks to 

careful nanostructure construction (tailored drug 

release characteristics, low immunogenicity, etc.), 

yielding improved treatment efficacy and reduction of 

unwanted side effects [18, 19]. As a drug delivery, the 

particle should be biocompatible to the body’s immune 

system. In order to be most effective, carrier particles 

must have a long retention time while circulating in the 

blood [20]. For this purpose, silica MNPs must be 

coated.  Silica has been known to be one of the most 

ideal coating layers for MNPs due to its reliable 

chemical stability, biocompatibility and reactivity with 

various coupling agents, making them suitable for 

conjugation with drugs for in vivo applications [21].An 

experimental design was developed to decrease the 

number of experimental runs and consider the 

interaction of parameters to recognize true optimum 

points with reasonable runs. Response surface 

methodology (RSM) has been reported to be an 

effective tool for optimization of a process in which the 

independent parameters have a combined effect on the 

desired response. RSM is a method that combines 

statistics and mathematics to analyse the relative 

significant influential factors in a system [22]. 

The preparation of MNPs will be examined in this 

study by the sol-gel method and combined technique, 

which consists of the controlled precipitation and 

hydrothermal methods. Another aim of this paper is 

applying RSMtooptimize the effect of various 

experimental factors on the size of silica coated 

magnetic nanoparticles (SiO2-MNPs). 

2. Experimental 

2.1 Reagents and apparatus 

All chemicals and reagents used in this work were of 

analytical grade and were obtained from Merck 

Company. Deionized distilled water (DDW) was used 

to prepare all the solutions. 

X-ray diffraction (XRD) (X’Pert Pro MPD, 

PANalytical, 2009) was used in order to examine the 

PS and the crystal structure. The PS and morphology 

of the MNPs were investigated by employing scanning 

electron microscopy (SEM) (KYKY-EM3200, Madell 

Technology, USA) at 15 kV. Furthermore, the Fourier 

transform infrared spectroscopy (FT-IR) was 

employed to explore the absorption spectra of the 

SiO2-MNPs from 450 to 400 cm_1 (Nicolet Magna 

550 series II FTIR, USA). The NP powder was mixed 

with KBr and the spectra were obtained through the 

analyzer. The magnetic properties of the samples were 

then studied using vibrating sample magnetometer 

(VSM). Ultrasonic (Bandelin SONOREX RK 514H, 

capacity 18.7 L, 600 W) was employed for mixed phase 

synthesis. 

2.2 Optimization of MNPs 

Central composite design has been studied by many 

statisticians in response surface analysis and is perhaps 

the most popular class of second order designs. Central 

composite design (CCD), the most popular RSM and 

Minitab 17.1 statistical software were used to 

determine the optimum conditions in co-precipitation 

method and produce the best nanoparticles in size. 

Three experimental effective factors, stirration rate 

(rpm), temperature (˚C) and pH were selected to run the 

optimization method. Particle size was considered as 

the response. Three levels of the factors were used in 

optimization by RSM (table 1). Experimental factors 

were selected based on having the most significant 

effect on the efficiency of the controlled precipitation 

method. Previous experimental trials were used to 

select Factor levels. 

Table 1.Factors used in the factorial design 

Factors/Level -1 0 1 

Rate (rate/min) (X1) 500 1000 1500 

pH (X2) 9 11 13 

Temperature (X3) 60  72 85 
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A set of 20 experiments were designed by Minitab 

(Table 2). The XRD spectra were utilized to determine 

the crystallographic identity of the produced material, 

and phase purity was considered for calculating the 

mean particle size; it must be explained that this was 

done according to the broadening of the most 

prominent peak observed in the XRD profile.The 

diffraction peaks of the XRD patterns of the prepared 

MNP samples can be seen in Fig. 1, as determined by 

Mini tab software and the Scherrer equation. The SiO2-

MNPs showed minor strong reflection peaks at low 2θ 

values that originated from the amorphous silica 

matrix, due to the thin silica coating layer in SiO2- 

MNPs.  

Table 2. Particle size obtained with RSM design. 

Std order Run order Block X1:rate X2:pH X3:Temperature YExp: MNP 

size(nm) 

1 1 1 500 9 60 54.73 

15 2 1 1000 11 72 45.62 

8 3 1 1500 13 85 55.89 

13 4 1 500 11 72 58.12 

12 5 1 1000 11 85 53.09 

11 6 1 1000 11 60 49.51 

20 7 1 1000 11 72 45.02 

3 8 1 500 9 85 50.95 

5 9 1 1500 9 60 70.16 

2 10 1 500 13 60 64.43 

17 11 1 1000 11 72 45.35 

9 12 1 1000 9 72 47.29 

6 13 1 1500 13 60 44.73 

16 14 1 1000 11 72 45.82 

10 15 1 1000 13 72 43.05 

19 16 1 1000 11 72 45.07 

14 17 1 1500 11 72 58.39 

4 18 1 500 13 85 69.80 

7 19 1 1500 9 85 72.00 

18 20 1 1000 11 72 47.15 

 

2.3 Synthesis of Li0.25Ni0.5Fe2O4 NPs by combined 

technique 

Magnetic nanoparticles of Li0.25Ni0.5Fe2O4 were 

prepared by a combined technique, which consists of 

the controlled precipitation and hydrothermal methods. 

First in co-precipitation method, sufficient amounts 

ofFeN3O9.9H2O, LiNo3, and NiN2O6.6H2O (Li: Ni: 

2Fe) were mixed in distilled water at room temperature 

and stirred approximately at 1000 rpm for 15 min. 

Next, based on optimum conditions in table 2 for 

preparing MNPs of the least size, the mixture was 

placed in an oil bath heated to 72˚C  and subjected to 
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nitrogen atmosphere with constant stirring at 1000rpm 

for 40 min.Afterwards, 1.2 M NaOH solution was 

added drop-by-drop to the solution under nitrogen 

atmosphere. Following this in hydrothermal method, 

the mixture was transferred to a Teflon-lined autoclave 

and maintained at 190 ˚C for 12 h.The products were 

washed three times with distilled water and then dried 

at 80˚C for 15 h in a vacuum oven. The MNPs were 

obtained heated at 800 ˚C for 2 h. 

The Stöber method was used for coating MNPs with 

silica [23]. SiO2-MNP was prepared by mixing certain 

amounts of ethanol, distilled water and tetraethyl 

orthosilicate (TEOS) in a 250 mL two neck flask and 

stirred magnetically at 1500 rpm, in a 40 ˚C water bath 

for about 30 min. Sufficient amount of 25% NH4OH 

was added to the solution and reacted under mechanical 

stirring for 30 min. Subsequently, Magnetic 

multicomponent nanoparticles were added to the 

solution and stirred for another 6 h. The SiO2-MNPs 

were separated by magnetic field, washed with 

absolute ethanol three times and dried at 80 ˚C in a 

vacuum oven. SiO2-MNPs were functionalized by (3- 

Aminopropyl) triethoxysilane (APTES) as an amine 

agent. Enough amounts of SiO2-MNPs were washed in 

ethanol and water for 30 min with an ultrasonic 

processor. APTES and dimethylformamide were added 

to the solution and shaken in a shaker at 350 rpm for 2 

h. The SiO2-MNPs were isolated with a magnet and 

washed with phosphate-buffered saline (PBS) three 

times. Finally, glutaraldehyde (GA) was added to the 

SiO2-MNP suspension in PBS and shaken for 1 h. The 

activated SiO2- MNPs were prepared by washing 

suspension three times with PBS.  

2.4 Synthesis of LiNiFe2O4 NPs by pechini sol-gel 

method 

Magnetic nanoparticles of nickel Lithium ferrite were 

synthesized by pechini sol-gel method [25]. 

Stoichiometric amounts of FeN3O9.9H2O, LiNo3, 

NiN2O6.6H2O, Citric acid and ethylene glycol were 

used as precursor materials. For the hydrolysis 

reaction, sufficient amount of metal nitrates was mixed 

in distilled water at room temperature under magnetic 

stirring at 1500 rpm for 15 min. Controlled amounts of 

Citric acid as chelating agent were added to the solution 

at 60 ˚C and mixed for 1 h. A little amount of NH4OH 

was added to the solution to reach the pH at about 7. 

The solution was heated to 80 ˚C then ethylene glycol 

as a polymerization agent was added to the mixture and 

stirred magnetically for another 1 h. The wet gel was 

dried in an oven at 190 ˚C for 12 h. For the calcination 

process, dry gel was heated at 500 ˚C for 1 h. finally 

MNPs were formed. 

3. Results and Discussion 

3.1Preparation and properties of MNPs  

To determine the optimal parameters required for the 

preparation of MNPs, CCD was employed as a reliable 

methodology to evaluate the interactions between the 

independent variables. Accordingly, the influence of 

pH, temperature and rate of reaction was studied. The 

MNP PS obtained under each synthesis condition and 

the relationship between the reaction conditions and PS 

can be seen in Table 2. By comparing the data obtained 

in this study with those already found in the previous 

studies, it was clear that the PS obtained here was 

smaller; in fact, it was the smallest, with the run 15 

MNP PS of 43.05 nm. 

3.2Studying three-dimensional response surface 

plot 

Results of the twenty designed experimental runs were 

investigated by using three-dimensional response 

surface to study the effects of factors and their 

interactions on synthesis of MNPs. (fig.1) 



Journal of Applied Chemistry       Using the design experiment …       Vol. 13, No. 49, 2018 

57 

 

 

 

Figure 1.3-D response of (a) nanoparticle size vs tempreture and stirring rate at the central level of pH, (b) nanoparticle size vs pH and 

tepreture at the central stirring rate,(c) nanoparticle size vs stirring rate and pH at the central level of tempreture. 
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3.3Effect of three factors on synthesis of MNPs 

3.3.1. Stirration Rate 

The stirration rate in preparation of MNPs was found 

to be important for achieving complete reduction. As 

shown in Table 2, the optimal PS of 43.05 nm was 

obtained using a rate of 1000 rpm at an oil bath 

temperature. This result indicated that variation in 

stirration rate may affect PS. Both decreasing and 

increasing the rate from 1000 rpm resulted in an 

increase in PS. The rate-temperature interaction shows 

that at 72 ˚C in rate of 1000 rpm, both values 

minimized PS (Fig 1a). Studying the effect of varying 

the pH-rate relationship indicates that pH has a good 

impact on PS (Fig 1b).  

3.3.2. Temperature 

The influence of temperature factor between 60 ˚C and 

85 ˚C on size of MNPs was studied. By increasing the 

temperature to 72 ˚C, a reduction in the size of MNPs 

was obtained, although the largest size was observed at 

higher temperatures. The bigger MNPs were obtained 

when temperature factor increased from 72 ̊ C to 85 ̊ C. 

Previous research has shown that the size of MNPs 

increases at higher temperature. Therefore, the best 

condition to form optimal MNPs in size was found at 

72 ˚C (Fig. 1c). 

3.3.3. pH 

A digital pH meter was used to measure the pH values 

of the solutions. The interactions between pH and two 

other factors are shown in figures 1b and 1c.  It can be 

concluded that increasing the amount of pH in any 

temperature decreases the size of MNPs. At high pH, a 

small PS was produced compared to lower pHs, which 

may be due to the MNPs’ tendency to bind to each 

other and agglomerate. Other research suggested that 

the optimal pH for producing the smallest PS must be 

in the range of 9.7–10.6 [23]. Synthesis with final pH 

13 under other synthetic conditions yielded the 

smallest PS (Table 2). Therefore, run 15 was selected 

as the optimal condition and the MNPs produced in that 

run were used for further experiment. 

3.4 Comparative study on structure and 

morphological properties of MNPs prepared by 

combined method and pechini sol-gel 

XRD was used to determine the size and crystal 

structure of MNPs. As shown in figure 2(a and b), the 

diffraction peaks of the XRD patterns were found to be 

consistent with Li2NiFe2O4 structures for both 

methods. Average crystallite size was obtained 44.24 

for combined method and 57.42 for pechini sol-gel. 
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Figure 2. X-ray diffraction pattern showed formation of Li2NiFe2O4 

Scanning electron microscopy is known as a common 

technique to determine the morphology and size 

distribution of prepared particles in scales ranging from 

micro to nano. The SEM image in Fig. 3 shows the 

minimum size of MNPs was observed in the sufficient 

range for both methods. Comparing SEM images, it 

was found that MNPs which were prepared by 

combined methods of co-precipitation and 

hydrothermal have spherical-shaped in their surface 

morphology and qualified agglomeration. 

 

 

Figure 3. Comparative SEM images of MNPs. (a) by combined method (b) pechini sol-gel. 
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3.5. Analysis of particle size in combined method 

FT-IR spectroscopy is known as a useful tool used to 

show the functional group of any organic molecule. 

FT-IR has been widely employed to confirm the 

attachment of different functional groups to each step 

of functionalization. In the FT-IR spectra (Fig. 4), 

magnetic nanoparticles are shown in the lower peaks. 

Peak broadening in the area around 1700 and 3400 

could be related to the silica coating. Since FT-IR 

spectrum could be more relevant to the operating 

groups, the functional groups were as follows: Area of 

NH was in the area between 2500- 4000, C-N was in 

the area 1000 – 1350. 

 

Figure 4. Fourier transform infrared spectroscopy. 

 

As shown in Figure 5, the diffraction peaks of the XRD 

patterns of MNP samples and SiO2-MNPs were 

compared. There is minimum difference in X-ray 

diffraction patterns of SiO2-MNP and MNP, which 

means silica coating, has no significant impact on 

MNPs size. 
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Figure 5. X-ray diffraction patterns showing minimum difference between SiO2-MNP and MNP 

VSM is meant to evaluate the magnetization of the 

MNPs as a function of an applied external magnetic. 

The results related to the magnetization of the samples 

at room temperature (Fig. 6) revealed that the 

saturation magnetization value of SiO2-MNP was 

lower than that of MNPs, owing the diamagnetic 

contribution of the silica shell surrounding the 

magnetite. 

 

 

Figure 6. Superconducting quantum interference device magnetization curves. The silica coated MNPs are compared with uncoated MNP 
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4. Conclusion 

In this study, two methods of sol-gel pechini and 

combined technique were compared with each other. 

The novel Li2NiFe2O4magnetic nanoparticle is easily 

synthesized with low cost. SEM images revealed the 

spherical shaped morphology for nanoparticles. The 

minimum sizes of MNPs gained from the XRD and 

SEM were in good agreement. Based on these results, 

the composite nanoparticles were observed to have a 

spherical shape and a uniform size distribution; 

therefore, they could be considered for targeted drug 

delivery. In other research, glutaraldehyde was 

introduced as an effective cross linking agent in 

formation of imide bonds between the amine groups of 

SiO2-MNPs or the aldehyde groups of glutaraldehyde. 
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