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Developed compounds of magnetic iron iodide nanoparticles (MIINPs) were simply and 

cheaply prepared for their potential use in the bioapplications through magnetic 

hyperthermia therapy, using a co-precipitation method based on the study of various 

factors such as temperature, molar ratio and pH. Two samples of MIINPs were chosen 

based on the proportions of iorn and iodide in the sample, respectively 52 and 48% in 

MIINPs-1 and 45 and 55% in MIINPs-2. Fourier transforms infrared spectroscopy 

(FTIR), thermal analysis (TA), energy dispersive X-ray spectroscopy (EDX), and X-ray 

diffraction (XRD) were used to characterize the prepared compounds. The chemical 

composition of MIINPs-1 and MIINPs-2 was determined by means of an elemental 

analysis using EDX technique and confirmed using structural modeling by Visual   

Minteq 3.0, Match 1.9 and Endeavour 1.7 software. The magnetic properties of both 

samples were measured and found to be superparamagnetic materials. Both MIINPs-1 

and MIINPs-2 samples have approximately the same magnetization (nearly 36.1 emu/g) 

in the 500 Oe coercive field as safe operating limits for MHT achieving 94% and 86.4% 

of their saturation values respectively. Specific absorption rates (SARs) were practically 

and theoretically determined as well as it was found that the practical SAR value of 

MIINPs-1 is  much closer to the theoretical value than in the case of MIINPs-2. 
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 INTRODUCTION   

Magnetite nanoparticles (MNPs) are currently used in 

many life sciences areas, including magnetic 

hyperthermia treatment (MHT), chemo-hyperthermia 

treatment of bone and lung cancers [1, 2], magnetic 

resonance imaging (MGI)  [3, 4], drug delivery [5], 

antibacterial agents for water treatment [6]. Fe3O4 super-

paramagnetic iron oxide nanoparticles (SPION) are 

approved for clinical use by the US Food and Drug 

Administration [7], it is a biocompatible compound with 

very low toxicity, making it one of the best and most 

preferred stable materials for future medical 

applications.  

The preparation methods have a strong influence on 

the magnetic properties of MNPs because of the 

dramatic dependence of the magnetic properties on the 

morphology and structure of the MNPs. Developing the 

synthesis methods to allow better control of particle size, 

size distribution, shape and crystal defects have long 

been a scientific and technological challenge. The two 

major chemical problems emerged during the 

preparation of MNPs, one being the synthesis of mono-

disperse nano-structures, and the other being 

reproducibility [8]. The preparation methods of metals or 

metal oxide nanoparticles are relatively complex and 

expensive compared to the preparation of iron oxide 

nanoparticles, due to their low cost preparation [8], and 

low toxicity [9]. Different techniques for preparing 

magnetic iron-oxide nanoparticles have been used,     

such as co-precipitation [10-15]. and hydrothermal      

method [16-20]. Although, the co-precipitation 

techniques formed relatively low crystallinity and 

poormagnetic properties of the prepared              

materials [21-23]. However, it was used due to its 

simplicity and relatively small environmental impact 

[11, 24-35].  
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Magnetic iron iodide Nanoparticles (MIINPs) are 

novel compounds, which have not been recognized in 

the literature and prepared on the basis of the iodide 

addition, during the preparation of magnetic iron oxides 

at high pH and certain conditions using co-precipitation 

technique. On the other hand, the hydrothermal methods 

are not appropriate for preparing compounds containing 

iodine due to loss of iodine during the preparation 

process [36, 37]. Magnetite NPs have been stabilized by 

a variety of ligands such as dextran [38], cationic 

liposomes [39], polyvinyl alcohol, hydrogel [40], lauric 

acid [41- 42], citric acid [43] and maghemite NPs 

stabilized by dextran [38].  

The hysteresis curves of the Hydroxyapatite-coated 

magnetite nanoparticles (HA-MNPs) and MNPs have 

been measured with an applied coercive field at 8500 

Oe. It showed the saturation magnetization (Ms) of   

HA-MNPs about 10 emu g−1, which is ~25% of MNPs     

(~40 emu g−1) [44]. These results indicated that coating 

of MNPs with the HA nanocrystallites was significantly 

affected the magnetization properties. The use of MNPs 

in MHT is based on their magnetic properties and the 

safe external alternating magnetic field (AMF) [45-49] to 

assess the specific absorption rate (SAR) value (watt/g), is 

a measure of the energy rate when MNPs is exposed to 

an electromagnetic field, then determine the generated 

heat (41–46oC) [45-49].  

This work focused on the preparation of new MIINPs 

using a simple and cheap co-precipitation method to 

study the effect of iodine on their chemical compositions 

and magnetic properties for MHT applications. In order 

to recognize the crystallographic, morphological, and 

chemical composition of the chosen MIINPs samples, 

they were practically characterized by various techniques 

such as FTIR, XRD, XRF, EDX, and TEM and 

confirmed computationally by structural modeling using 

Visual Minteq 3.0, Match 1.9, and Endeavour               

1.7 software. Then, the magnetic properties were 

measured to study the effect of iodine ratio on 

magnetization behavior and on the obtained specific 

absorption rate (SAR) values of the both MIINPs 

samples. Due to the possibility to use these compounds 

in the medical field, measurements of cytotoxicity were 

performed to ensure their safety for medical uses. 
 

Materials and Methods 

Materials  

Analytical  grade   ferrous   sulfate   heptahydrate    

(FeSO4.7H2O), ferric ammonium sulfate dodecahydrate 

(NH4Fe(SO4)2 12H2O), and potassium iodide (KI) were 

purchased from Fisher Scientific Company (USA) and  

Honeywell Company (Germany) and used for MIIN 

preparation 

Optimal conditions of MIINPs preparation 

The FeSO4.7H2O and NH4Fe(SO4)2 12H2O equimolar 

solutions at 0.18 M were mixed in water and heated to 

the appropriate temperature, then added a specified 

quantity of KI solution with stirring and adjusted the pH 

to a certain value. The residual precipitate was collected 

by removing the water from the upper layer. The 

magnetic iron-iodine particles were washed down to        

a constant pH by bi-distilled water. The precipitate 

surface was stabilized by adding 40 mg of citric acid/mg 

of precipitate for 2 hours at 80oC to get the compounds 

prepared in nano-scale. Several factors were studied, 

such as the iron-to-iodide molar ratio (2-0.334) at pH 12 

and 50oC, pH (9-12.5) at 0.5 Fe/I molar ratio and 50oC, 

reaction temperature (25- 80oC) at 0.5 Fe/I molar ratio 

and pH12.  

Two samples (MII-1 and MII-2) were selected based 

on the iron and iodine ratios of the produced precipitate. 

MII-1 and MII-2 were prepared at a molar ratio of        

0.5 Fe / I, 50oC at pH 12 and pH 10 respectively. The 

crystal size of the MIIs was stabilized by adding 40 mg 

of citric acid/mg of MII to prepare MIINPs, at 80oC for  

2 hours. The colloid solution was obtained by cooling to 

room temperature. 
 

Structural analysis of optimized MIINPs 

Several techniques were used to investigate the 

selected MIINPs compounds. Scanning Electron 

Microscope (SEM-JSM, 5600-LV), equipped with the 

Energy Dispersive X-ray (EDX-Oxford), Si-Li crystal   

10 x 3 mm in size ; thin windows 5 μm beryllium; 

energy range 0-20 keV; resolution 137 keV used to 

estimate the proportions of the elements (O, K, S, Fe and I) 

in the prepared compounds. To determine the 

proportions of hydrogen and nitrogen, elemental analysis 

was used. The JSX-3222 (XRF) analyzer, Japan (JEOL 

type) is an energy-dispersive X-Ray fluorescence 

spectrometer (XRF). X-ray diffractometer (XRD) (X-lab 

Shimadzu X-6000) used a wavelength of 1.54oA 

diffractometer Cu-Kα source for quantitative and 

qualitative analysis. MIINPs FTIR spectra in the 400–

4000 cm-1 range were used to determine the functional 

group in the prepared compounds. Fig. 1 displays           

a schematic diagram of the chemical structure 

assessment in preparation solution speciation, which was 

modeled using Visual Minteq 3.0 software to obtain the 

accessible cation and anion species during the reaction 

process. Assignments for the overall function group were 

discussed and preliminary crystalline phase 

identification was carried out using the Match               
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1.9 software. Simulation of crystallographic structure 

was computitionally carried out using Endeavour 1.7, the 

initial crystallographic system, space group, cell 

parameters and molar content were set based on the 

EDX data. The simulation goodness was judged by 

calculating Mean Absolute Error (MAE) and Residual 

Square Mean Errors (RSME), as follows [50]: 
 

                                                              (1)  

 

 

                                                         (2) 

                                    

Diamond 3.2 visualized the simulated structure and 

precisely groups function recognition was performed by 

assigning the deconvoluted FTIR spectra, where the 

simulated structure was used to guide deconvoluted peak 

assignment. A high-resolution electron transmission 

microscope (HR-TEM, Tecnai G20, FEI, Netherlands) 

was used to determine crystal size and structural 

morphology of MIINPs. 

Thermal and magnetic performances of the optimized 

samples 

Thermogravimetric (TG) and differential thermal 

analysis (DTA) were used to track changes in the mass 

of the selected MIINPs by raising the temperature to 

evaluate their thermal stability. The magnetic properties 

of the materials were measured using vibrating sample 

magnetometer (VSM) by Lake Shore Model 7410 from 

USA. The magnetic diameter (Dm) distributions for the 

optimized samples were determined by fitting the 

magnetization curve to Langevin function L (a) using 

Log-Normal Distribution [51]: 
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1
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6𝑘𝐵𝑇
                                                  (4) 

Where Ms is is the measured saturation magnetization, 

Dmv is the average magnetic diameter, ln(σ) is the 

standard deviation of the magnetic diameter distribution, 

μo is free space permeability, Md is the domain 

magnetization of the MIINPs, kB is the Boltzmann 

constant, and T is the absolute temperature. 

The specific heat capacities of MIINPs were 

estimated by shaking 5 ml aqueous solution               

(1mg MIINPs/ml) in a glass tube and exposed them to 

the magnetic induction heater (DW-UHF-10 kW, China) 

with magnetic field strength (H= 9.27 kA/m) at a steady 

frequency (f= 198 kHz). The specific absorption rate 

(SAR) was calculated using the following equation, 

depending on the Box – Lucas method [52]: 

∆𝑇 = 𝑎(1 − 𝑒−𝑏(𝑡−𝑡𝑜))                                        (5) 

𝑆𝐴𝑅 =
𝑎𝑏𝐶

𝑚𝑀𝐼𝐼𝑁𝑃
                                                        (6) 

Where T and t are the temperature changes and time, C 

is the specific heat of aqueous solution, and mMIINP is the 

magnetic particle concentration in the solution.  The 

linear loss (L) and the intrinsic loss power (ILP) are 

determined by the following equation: 

 𝐿 = 𝑏𝐶                                                                 (7) 

𝐼𝐿𝑃 =
𝑆𝐴𝑅

𝐻2𝑓
                                                            (8) 

 

Fig. (1): MIINP characterization procedure 
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Cytotoxicity evaluation 

The cells were propagated in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% heat-

inactivated fetal bovine serum, 1% L-glutamine, HEPES 

buffer and 50µg/ml gentamycin. All cells were 

maintained at 37ºC in a humidified atmosphere with    

5% CO2 and were sub-cultivated two times a week. The 

cells were seeded in a 96-well plate at a cell 

concentration of 1×104 cells per well in a growth 

medium of 100 μl for cytotoxicity assay. After 24 h of 

seeding, fresh medium containing different 

concentrations of samples of MIINPs was added. The 

microtiter plates were incubated for a 24-hour duration at 

37oC in a humidified incubator with 5% CO2. For each 

test sample concentration three wells were used. Control 

cells were incubated without test sample and with or 

without DMSO. It was found that the small amount of 

DMSO found in the wells (maximum 0.1%) did not 

influence the experiment. The yield of viable cells was 

determined by a colorimetric method after incubation of 

the cells. Media were aspirated after the end of the 

incubation period and the crystal violet solution              

(1 percent) was added for at least 30 minutes to each 

well. The stain was removed, and tap water was used to 

rinse the plates until all excess stain was removed. 

Glacial acetic acid (30 percent) was added to all wells 

and mixed thoroughly, and then the absorbance of the 

plates is measured after gently shaken at 490 nm 

wavelength. All experiments were performed in 

triplicate. A calculation was made of the cell cytotoxic 

effect of each test compound. The optical density was 

measured to determine the number of viable cells, and 

this equation used to calculate the percentage of 

viability: 

Viability yield (%) = ODt x100 /ODc 

Where ODt is the mean optical density of wells treated 

with the tested sample and ODc is the mean optical 

density of untreated cell. The relation between surviving 

cells and drug concentration is plotted to get the survival 

curve of each cell line for the specified compound. The 

Cytotoxic concentration (CC50), the concentration 

required to cause toxic effects in 50% of intact cells, was 

estimated from graphic plots of the dose response curve 

for each concentration.   

RESULTS AND DISCUSSION 

Optimal conditions for MIINPs preparation 

Fig. 2 (a, b, and c) studies the various parameters, 

such as temperature, pH and molar ratio, that affect the 

MIINPs preparation method. The main objective of this 

work is to prepare MIINPs compounds similar to MNPs 

compounds, where an increase in the content of iodine in 

MIINPs does not affect their magnetic properties and 

their biological safety as MNPs compounds to be used 

for different purposes. 

Fig. 2 (a) indicates that the iron ratio at room 

temperature is 12% higher than iodine, and the 

difference increased from 20 to 24%, respectively, by 

increasing the temperature from 60 to 80oC with 

preserving the iron ratio superiority. The results could be 

attributed to the iodide (I-) is oxidized to volatile iodine 

(I2) in the presence of Fe2O3 and Fe3O4 oxidizing species 

[37], which can lead to a reduction in the iodine ratio at 

80oC around 25%. The oxidizing species Fe2O3 and 

Fe3O4 were formed by the reaction of ferrous and ferric 

ions at pH > 10 [53]. The main factors affecting iodine 

evaporation are temperature and iodide concentration in 

the presence of oxidizing species [37, 54] according to 

the following reaction: 

 2𝐹𝑒(𝑎𝑞)
3+  +   2𝐼(𝑎𝑞)      

−
80℃
→      2𝐹𝑒(𝑠)

2+   +   𝐼2 ↑      (9) 

The possibility of preparing MIINPs compounds with 

a higher iodine content at pH 9 was shown in Fig. 2 (b), 

a further increase in pH, the iodine content would be 

decreased. The presence of iodide ion at pH 10 may lead 

to the formation of -and -Fe2O2I as shown in 

equations (10-12), which is responsible for maintaining 

the iodine content superiority to iron.  

Fe2+ + 2OH- → Fe (OH)2                                   (10) 

Fe3+ + 2OH- +I-  → FeOI + H2O                       (11) 

FeOI +Fe(OH)2 → Fe2O2I + H2O                      (12) 

Increasing the pH > 10 lead to a decrease in the content 

of iodine in MIINPs compounds  [53] as shown in 

equations (13-17).                            

Fe2+ + 2OH- → Fe (OH)2                                   (13) 

2Fe (OH)2   → 2FeO  + 2H2O                           (14) 

2FeO +2OH-  → 2FeOOH                                  (15) 

Fe3+ + 2OH- + I-  → FeI(OH)2                            (16) 

FeI(OH)2 +   2FeOOH → Fe3O4I + 2H2O          (17) 
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Fig. (2):  MIINP optimization (a) Influence of temperature on MIINPs composition (Fe/I= 0.5 at pH 12), (b) 

Influence of pH (Fe/I= 0.5, Temp.=50oC), (C) influence of Fe/I ratio (pH 12, Temp.=50oC) 

 

    Table. (1): Comparison between the chemical compositions of the studied samples obtained as 

      measured by EDX and calculated from the simulated structure. 
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Fig. 2(c) shows that decreasing the molar ratio of Fe/I 

from 2-0,334 during MIINP preparation results in           

a decrease of the iron ratio from 86-46% with an 

increase in the iodine ratio from 14-54%. The results 

indicate that the maximum incorporation of iodine was 

obtained using Fe/I molar ratio of 0.33.  

Oxygen (O2-) and iodide (I-) ions are competing to 

interact with ferrous (Fe2+) and ferric (Fe3+) ions in order 

to form stable MIINPs compounds. Pauling's crystal 

structure rule was applied in a cation-anion compound 

based on the proportion of the cation's ionic radius to the 

anion's ionic radius. This is simply given by RC/RA. The 

ionic radii of Fe2+, Fe3+, O2-, and I-are equal to 0.78, 

0.65, 1.4 and 2.2 oA, respectively. The ratios 

of RFe2+ RO2−⁄ ,and RFe3+ RO2−⁄ , are equal to 0.56 and 

0.45, respectively. The ratios of RFe2+ RI−⁄ , and 

RFe3+ RI−⁄ , are equal to 0.35 and 0.3, respectively. The 

Fe+2 and Fe+3 ratios presented on the octahedral sites 

(0.41-0.73) with the oxygen ions and arranged on the 

tetrahedral sites (0.23-0.41) with the iodide ions. The 

literature data confirmed Fe2+ ions present on the 

octahedral sites and Fe3+ions are arranged on octahedral 

and tetrahedral sites [25]. Despite the sample with       

Fe/I =0.33 has the highest I/Fe ratio of 1.2, but this 

sample was not selected for further investigations as the 

excess KI precipitates were detected.  

 The two compounds are sample (a)                 

(MIINP-1; Fe/I=0.5 at pH 12 and 50°C) and sample (b) 

(MIINP-2; Fe/I=0.5 at pH 10 and 50°C) were selected 

based on the percentages of iodide and iron as in sample 

(a), iodide (48%) is lower than iron (52%) and in sample 

(b) iodide (55%) is higher than iron (45%). The iodide in 

the MIINPs-1 sample is bound to Fe3+ in the octahedral 

form, whereas the iodide in the MIINPs-2 sample is 

bound to Fe2+ and Fe3+ in the tetrahedral and octahedral 

forms. 
 

Characterization of the chosen MIINPs   

TEM images identified the  size  and  morphology  of

 MIINPs-1 and MIINPs-2. Fig. 3 (a, b) indicates that the 

crystal size of the two chosen samples exists in nano-

scale. MIINPs-1 crystalline sizes are smaller in the range 

of 5.85-7.25nm and are more uniformly distributed than 

MIINPs-2, which ranges widely from 6.45-57.13nm. 

Fig. S1 (a-d) shows the distribution of different 

species proportions in preparation solution of sample 

MIINPs-1 and MIINPs-2. The preparation conditions are 

clearly affected the forming species where oxides, 

hydroxides, ammonia, halides, and sulfates are the main 

expected groups. 

The EDX spectra of MIINPs-1 and MIINPs-2 

confirmed the presence of iron, iodine, oxygen, 

potassium and sulfur as shown in Fig. S2 (a, b). In 

addition to, Table 1 demonstrates the comparison 

between the chemical composition of the samples 

studied as determined practically by EDX and the 

calculated theoretically by simulation structure. 

Fig. 4 and Table 2 illustrate the functional groups in 

the prepared samples. Preliminary investigations of 

MIINP-1 spectra showed a broad peak appears at 3173.6 

cm-1 that may be due to the peaks overlap of the 

hydroxyl group and ammonium group. Two sharp and 

strong peaks were observed at 1092 and 614 cm-1 and 

correlated to sulfate group, and weak peaks at 886.7 and 

892 cm-1 were attributed to Fe=O and Fe=N, respectively 

[55]. Medium peaks appeared at 745 and 459.9 cm-1, 

which were attributed to Fe-I [56-59] and Fe-O [60]. For 

MIINP-2, two strong peaks at 3125 and 1396.2 cm-1 are 

shown and indicated the presence of the hydroxyl group. 

Two peaks at 1121.9 and 668.6 cm-1 were attributed to 

the sulfate group. Several peaks range 750-450, which 

are correlated to Fe-I [56-59] and Fe-O [60]. The peaks 

are more intense for MIINP-2 and shifted to a slightly 

lower wavelength that might indicate a stronger bond 

with iodide [61, 62]. FTIR spectra (Fig. 4), for both 

samples are consistent with the theoretical results (Fig. 

S1 (a,b)) and confirms the presence of iron hydroxides 

species, ammonium sulfate and potassium sulfate in 

MIINPs-1 and iron-iodine and oxides in the presence of 

hydroxides and sulfate salts in MIINPs-2 [61-72] It 

should be noted that nitrogen and oxygen bonding with 

hydrogen, either bending or stretching bands overlap in 

the ranges 1400-1600 and 3000-3600 cm-1, respectively 

[61-65, 73-75] . So a detailed peak assignment could 

only be obtained after structure analysis. 

The MIINPs-1 and MIINPs-2 crystalline structures 

were analyzed using XRD technique, as shown in Fig. 5. 

The XRD patterns of MIINPs-1 and MIINPs-2 are very 

similar to the XRD analysis of α, γ-Fe2O3 and Fe3O4 

phases. These structures are difficult to distinguish due 

to both phases show high crystallinity. However, some 

literature data pointed to the XRD pattern associated 

with the maghemite phase as well as two additional 

peaks are at 23.77 (210) and 26.10 (211) respectively 

[50-52].  Maghemite phase is more prominent in the 

structure of MIINPs-1, and magnetite in MIINPs-2 

structure. The presence of X-ray peaked at 21.5o in both 

MIINPs is attributed to iodide [76]. On the other hand, 

the experimental data were compared with the 

preliminary analysis of XRD patterns in the 
supplementary file to check the reliability of the 

structure simulation in Figure (S.3 & S.4). The simulated 



   45                                            Preparation and Characterization of New Nanoparticles Compounds….. 

Arab J. Nucl. Sci. Appl., Vol. 54, 4, (2021)   

 

structure indicated that the final chemical formula is 

Fe48I8O96N24S24K20H20, and I50Fe32O36K12S14N32H104 for 

the MIINP-1 and MIINP-2, respectively. The 

proportions of elements were determined using the 

simulation results and compared to the EDX results as 

shown in Table 1. The absolute errors in calculating of 

individual element %in the range (9×10-4-8×10-2) and 

(8×10-3-1.22×10-2) for MIINP-1 and MIINP-2, 

respectively. The errors in calculating the chemical 

formula of MIINP-2 are greater than that of MIINP-1 

this could be due to increased hydrogen inclusion in 

MIINP-2. The EDX results showed the content of Fe, K, 

S and O for the MIINP-2 sample, referring to limited 

inclusions of FeSO4 and KSO4
- in its MIINP-2 structure. 

Fig.5 shows the bonds of the model structure for samples 

(a, b), the increased hydrogen content in the MIINP-2 is 

due to the presence of abundant ratio of water molecules. 

Examination of Figure S5 indicates that the iron 

coordination in both samples is affected by the 

incorporation of iodine. The coordination of iron is 4 in 

MIINP-1, and 6 in MIINP-2. 

TGA curves of MIINPs-1 and MIINPs-2 in Fig. 6 (a, b) 

show three stages of decomposition behavior, the first is 

gradual in ranges 50-250oC, followed by rapid 

decomposition in ranges 250-650oC, and finally weight 

stability with further temperature increase. The first 

gradual losses are related to the loss of weakly bound 

water molecules, dehydration, and de-hydroxylation[77]. 

The peaks at 103 and 92°C with a weight loss of 1.39 

and 4% for the MIINPs-1 and MIINPs-2, respectively, 

could be attributed to the removal of physical adsorbed 

hydroxyl on MIINPs as in MNPs [78]. The number of 

water molecules was calculated using the Alberti 

equation [79] for MIINPs-1 and MIINPs-2, and found to 

be 6 and 23 respectively. Broad diffraction peaks were 

observed at temperatures above 200oC, and could be 

attributed to the formation of Fe2O3 and peak formation 

of goethite [28]. Mostly goethite (HFeO2) and 

lepidocrocite (-FeO(OH)) were known in the 7th edition 

of Dana's Mineralogy System as minerals of hydrous 

iron oxides [80] .  Xi-Yun et al 2004 [81] pointed to the 

formation of Fe3O4 at the temperature >200oC. 
 

 

Fig. (3): TEM micrograph of (a) MIINPs-1 (b) MIINPs-2 
 

     Table (2): FTIR spectral analysis for sample (a) MIINPs-1 and (b) MIINPs-2 

Range Sample (a) Sample (b) Peak assignment Ref 

400-700 
412 400 Fe2-O  sym. bend octahedron position 

60,  64, 74 
610 601 Fe3-O tetrahedron position 

782 786 Saturate N-H third overtone stretching 74 

700-1400 
- 875 M-Halide bending 74 

1101 1094 S-O band 51, 62 , 64, 74 

1400-3500 

1425 1403 First N-H  stretching with metal in coordination 74 

1610 1708 
of O-H bending in water with increases I combination 

with cation 
58, 64,74 

2405 
2927 
2927 

N-H bending and strongly in H2O 64, 65 

3268. 3209 O-H stretching 58, 64,74 
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Fig. (4): FTIR spectra of the prepared magnetic iodide (a) MIINPs-1; (b) MIINPs-2 

 

 

 

Fig. (5): XRD patterns and phase identification results for the iron iodide (a) MIINP-1 (b) MIINP-2 
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The feasibility of using MIINPs for several purposes  

TGA curves in Fig. 6 demonstrate that both MIINPs-1 

and MIINPs-2 samples have thermal stability in the 

practical range for hyperthermia treatment of the cancer 

cells [4]. 

The magnetization curves show that both samples are 

superparamagnetic materials as shown in Fig. 7. 

Increasing the iodine content in MIINPs-2 led to a slight 

increase in the magnetism. The reported study indicated 

that an increase in the saturation magnetism is 

accompanied by increased coordination of iron in 

MNPs[82] .The magnetic parameters of the prepared 

materials were compared with the published data in 

literature, as shown in Table 3. It was found that the 

values of saturation magnetization at low coercive force 

(Hc) reach considerably high values [44, 82-83]. Both 

MIINPs-1 and MIINPs-2 samples have the same 

magnetization (nearly 36.1 emu / g) in the 500 Oe 

coercive field as safe operating limits for MHT, 

achieving 94% and 86.4% of their saturation values, 

respectively. Fig. S6 (a, b) shows the distribution of the 

magnetic diameters of the particle size that were 

evaluated by TEM for both samples. The particle size of 

MIINPs-1 (5-7nm) is significantly smaller than the 

magnetic diameter (15 nm), which suggests strong 

magnetic dipole order on the surface layer (Fig. S6 (a))[52]. 

On the other hand, The MIINPs-1 particle size (about 

7nm) is smaller than its magnetic diameter (14.46 nm), 

which suggests strong magnetic dipole order on the 

surface layer Fig. S 6 (a) [52]. On the other hand, the 

magnetic diameter of MIINPs-2 (18 nm) is smaller than 

of its particle size (about 57nm) in Figure S6 (b). Fig. S7 

plotted the cumulative distribution function (CDF) of the 

magnetic diameter of 31 commercial MNPs, and the 

magnetic diameter of the MIINPs-1 and MIINPs-2 

samples (14.46 and 18nm) that indicates the strong 

magnetic performance of the prepared samples.  

The use of magnetic induction heater to raise the 

temperature of colloid solutions MIINPs-1 and MIINPs-2, 

indicating the temperature rise to 10 °C within 22 and 18 

min, respectively as shown in Fig. S8.  Fig. 8 shows that 

the experimentally measured SAR values for MIINPs-1 

and MIINPs-2 are 59.6 and 79.9 Watt / g, and the 

calculated values are 58.72 and 61.26 Watt/g with 

coefficients of 0.988 and 0.968, respectively. In case of 

MIINPs-1 the calculated value was found to be similar to 

the measured value and was slightly different in the case 

of MIINPs-2.  The linear losses of MIINPs-1 and 

MIINPs-2 were 28.18 and 29.9 Watt/g and intrinsic 

losses were were 3.45 and 3.6*10-3 nHm2/gm, 

respectively. To allow a clear comparison of the specific 

loss of these materials independently of the used 

magnetic field properties, ILP were calculated for the 33 

commercial MNPs using Eq. (8). For the 33 commercial 

MNPS, SAR values were calculated and the cumulative 

distribution function of these materials was plotted as 

shown in Fig. S9. The results indicate that ILP of the 

prepared materials lies in the high 0.999 percentile, 

which indicates its excellent thermal properties. 
 

  

Fig. (6): TGA and DTA analysis of the prepared magnetic iron iodide (a) MIINPs-1; (b) MIINPs-2 
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Fig. (7): Magnetization curves of MIINPs-1 and MIINPs-2 

 

 

Fig. (8): Specific absorption rate (SAR) as a function of MIINPs compounds. at v ∼   

198 kHz and Hmax. ∼ 9.27 kA/m. 

 
Table (3): comparison of the magnetic properties Cytotoxicity  

Fig. 9 indicates a decrease of 20% in cell viability of 

the MIINPs-1 and MIINPs-2 concentrations of 75 and 

200μg/ml, respectively. The cell viability decreased 

directly based on MIINPs-1 concentration, which is 

more affected at 100 μg/ml. The critical concentrations 

of MIINPs-1 and MIINPs-2, which killed 50% of the 

cells, were evaluated at 237 and 434 μg/ml. The 

cytotoxicity of MNPs in human cell lines has been 

previously studied and their safety for medical uses has 

been confirmed [84]. The MIINPs-2 is less toxic than 

MIINPs-1, which may be attributed to the high content 

of iodine and water molecules in MIINPs-2. MIINPs 

toxicity levels are compatible with previous studies [44] 

and shows that both of these compounds are safe for 

medical applications. 

Sample Ms (emu/g) Hc (KOe) Ref. 

MIINPs-1 38 1 This work 

MIINPs-2 42 1 This work 

Manganese ferrite 43 1.563 82 

MNP 20 2 44 

HA-MNP 5 2 44 

MNP 68 17.5 83 

Modified MNP 60 17.5 83 
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Fig. (9): Viability assays  of the normal human lung 

fibroblast cells (MRC-5 cell) against the 

cytotoxicity of (a) MIINPs-1 and (b) MIINPs-2. 

 

CONCLUSION 

The co-precipitation method used to prepare new 

iron iodide magnetic nanoparticles compounds using 

variable molar ratios of iron to iodide, pH and reaction 

temperature. The iron-to-iodide molar ratios and the pH 

solution play an important role in preparing these 

compounds. The MIINPs-2 and MIINPs-1 could form 

effective magnetic species of Fe2O2I and Fe3O4I, 

respectively. Due to a decrease in pH from 12 to 10 at     

a constant molar ratio of Fe/I (0.5) and 50oC, the iodine 

content in MIINPs-2 is greater than MIINPs-1. This can 

be attributed to the fact that the iron ions in the oxidation 

state Fe3+ are more than Fe2+ in MIINPs-1 at pH 12. On 

the other hand, with the high iron ratio in MIINPs-1, 

offset by a decrease in the iodide ratio, this resulted in    

a reduction of almost half of the toxicity of MIINPs-2 

compared to MIINPs-1. Optimal nanoparticles are 

superparamagnetic materials (38 and 42 emu/g), with 

specific absorption rates (SARs) of 59.6 and 79.9 W/g 

for MIINPs-1 and MIINPs-2, respectively.  
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