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ABSTRACT: This study is comprised of the synthesis and characterization of uniform  

fine particles of iron oxide in different shapes and sizes. Varying amounts of iron (III) chloride  

and sodium dihydrogen phosphate were heated at 98 oC for various periods, following the forced 

hydrolysis method. Scanning electron microscopic analysis showed that the shape and size  

of the precipitated particles were dependent on the applied experimental conditions. Selected batches  

of the synthesized particles were characterized by various physical methods i.e., XRD, FT-IR, 

electrophoretic mobility to confirm their identity. The high concentration of phosphate ions tended 

the particles to grow lengthwise so as the morphology of the precipitated particles change from 

spherical (axial ratio 1) to ellipsoidal (axial ratio 6) shape. The excess amount of ferric chloride in 

the reaction medium facilitated the growth of the primarily formed particles.  

The particle size increased with aging and attained a limiting value in 94 h. All the solids were 

crystalline and the observed peaks in the XRD patterns corresponded to iron (III) oxide. These 

findings are important in developing a facile and robust method for the synthesis of monodispersed 

particles of various metal oxides and controlling their size and shape. 
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INTRODUCTION 

Particle uniformity is important for reproducibility  

in performance in almost all powder-based technologies. 

The motivation of synthesizing a variety of hematite  

(α-Fe2O3) nanoparticles concerning size and shape were 

ambitious due to their properties and potential 

applications in various fields because of its nontoxicity, 

environment-friendly, low cost, high stability, corrosion 

resistance under the applied environment and numerous 

functions [1,2]. Its application as a catalyst, pigments, 

anticorrosive agents, gas sensors [3-7], in medical fields 

[8, 9] and magnetic recording media has been explored 

intensively. Therefore, great efforts have been offered  

 

 

 

to the morphology controlled precipitation of α-Fe2O3 

nanoparticles in different shapes and sizes due to its new 

physical and chemical properties. Particularly, the main 

concern for Fe2O3 preparation is to manage particle 

aggregation for obtaining homogeneously dispersed 

uniform nanoparticles. Due to the strong applications  

in various fields and novel properties of the iron oxide 

nanoparticles, precipitation of nanometer-scale hematite 

has attracted the researchers [10,11]. The α-Fe2O3 particle 

size, shape, and microstructure are strongly dependent  

on the experimental conditions and applied synthesis route. 

Various synthesis methods i.e., sol-gel, solvothermal and  
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hydrothermal, thermal decomposition and forced 

hydrolysis have been stated in the literature for the 

precipitation of hematite nanoparticles [12-16].  In all these 

reported methods, the forced hydrolysis of Fe3+ for natural 

systems plays a vital role as it does not require any 

precipitator. The experimental variables which affecting 

the precipitation process are widely studied, such as  

the nature and concentration of iron salts, aging and heating 

temperature, additives, pH, the presence of the chelating 

agent, etc. [17-20].  The shape and size of γ-FeOOH 

particles have been strongly affected by the presence of 

sodium polyanethol sulphonate during hydrolysis of FeCl3, 

solutions [21].  It was also observed that dioxane and 

different amines influenced the morphology of hematite 

particles during forced hydrolysis [22, 23]. The growth of 

γ-FeOOH particles inhibited and promoted respectively  

at low and high concentrations of Cu 2+ or Cr 3+ in the reaction 

medium during hydrolysis [24]. The small number of 

phosphate ions changed the morphological features of 

hematite in the hydrolysis of FeCl3 and Fe(ClO4)3 solutions 

[25-29]. The morphology change from spherical to disk-

like shape was observed in the presence of Polyvinyl 

alcohol [30] while polyethylene glycol shaped α-Fe2O3 

particles with spherical morphology [31]. The present 

study focused on the forced hydrolysis of acidic FeCl3 

solutions in the presence of sodium dihydrogen phosphate 

intending to explore the effect of different experimental 

parameters on particle uniformity, particle size and 

morphological features for the preparation of submicron 

monodispersed particles of Fe2O3, of different morphologies 

for promising technological and biomedical applications.  

 

EXPERIMENTAL SECTION 

Materials 

A. R. grade ferric chloride, sodium dihydrogen phosphate, 

ethyl alcohol, and acetone were obtained from Merck and 

used as received.  Doubly distilled water was used for making  

all solutions for experimentations. Pyrex glassware was used 

for solutions storage and carrying out tests. All the working 

solutions were filtered through a micropore filter for removing 

possible insoluble contaminants from the solutions.  

The prepared solutions were never used for longer than 4 days. 

 

Synthesis of iron oxide 

A series of reactants solutions were made in 100 mL 

Pyrex glass bottles (reaction vessels), which contained 

1x10-2 – 3x10-2 mol/L FeCl3, and 4x10-5 – 7x10-4 mol/L 

NaH2PO4. The volume of each solution was kept 80 mL. 

The bottles were tightly closed with glass stoppers and 

heated them in an oven at 98 oC for various periods (24-94h). 

At the end of the heat treatment, the reaction vessels  

were removed from the oven and cooled down to room 

temperature in cold water. The resulting solid material  

in the reaction, medium was removed from the solution 

mixture by the centrifugation process. It was then washed 

with a sufficient amount of water, dried in air and stored 

in desiccators for further characterizations.  

 

Characterization 

Scanning Electron Microscopy (SEM) 

Morphologies of the precipitated particles of iron 

oxide were inspected with SEM (SEM: JSM-6490, JEOL). 

A carbon conducting tape was used to hold on a sample 

stub. The samples were then coated with gold in  

an Auto Fine Coater [JFC-1600, JEOL] for 30 sec. and 

were then transferred to the SEM examination chamber. 

After Evacuating the SEM with regular procedures,  

the powders were inspected for their morphology.  

The working distance and voltage were adjusted respectively 

as 10 mm and 15 kV. 

 

Fourier Transform Infrared (FT-IR) spectrometry  

Fourier transform infrared spectrometer (Shimadzu, 

IR Prestige-21, FT-IR-8400) was used for the analysis of 

the test materials of iron oxide. For these analyses,  

the potassium bromide of IR grade was ground with  

a suitable amount of each of the test samples in pistol and 

mortar.  An appropriate amount of this mixture in a cup  

was placed in the Diffuse Reflectance Accessory  

(DRS-8000A) and analyzed in the 4000-400 cm-1 region.   

For each measurement, the number of scans was adjusted 

to 10.  

 

X-Ray Diffractometry (XRD) 

Selected batches of the precipitated powders of Fe2O3 

were analyzed with X-ray diffractometry. These analyses 

were carried with XRD, JEOL JDX-3532, using Cu Kα 

radiations. The samples were analyzed in 10-80o range of 

the 2θ. The step angle and scan speed were kept 0.05o
  

and 0.1o/sec, respectively in all the measurements.  

The software, JDX-3500, was employed for the identification 

of the crystalline phases in the test samples. 
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Table 1: Effect of NaH2PO4 concentration on the precipitation of  Fe2O3 particles. The constant parameters for all samples are: 

.temperature = 98 oC, aging time = 94 h and the FeCl3 conc. = 2x10-2 mol/L 

Batch No. NaH2PO4 (mol/L) The average width of particles (nm) Particle’s axial ratio Figure No. 

1 4x10-5 253 1.01 Fig.1A 

2 6x10-5 220 1.08 Fig.1B 

3 8x10-5 200 1.03 Fig.1C 

4 2x 10-4 125 2.05 Fig.1D 

5 3x10-4 190 1.95 Fig.1E 

6 4x10-4 138 2.72 Fig.1F 

7 5x10-4 105 3.98 Fig.1G 

8 6x10-4 144 4.43 Fig.1H 

9 7x10-4 109 6.00 Fig.1I 

 

Electrophoretic mobility 

Electrophoretic mobility of the desired samples of 

iron oxide particles was determined by using the 

Zetaphoremeter (CAD instrument, Z4000). For this 

purpose, dilute dispersion (0.1 g/L) of these particles 

were made in aqueous electrolyte solutions. These 

dispersions were adjusted to various pH values  

in the range 2-10 with either 0.2 mol/L sulfuric acid  

or sodium hydroxide and sonicated for about 30 min.  

to ensure uniform distribution of the dispersed particles  

in the electrolyte medium. Measurements were then 

carried out according to the standard procedures, 

described in the operation manual of the mentioned 

equipment. 

 

RESULTS AND DISCUSSION 

Synthesis of Fe2O3 particles 

The Fe2O3 particles were synthesized by the forced 

hydrolysis method [32-35]. Following this process, 

solutions of ferric chloride, containing suitable amounts 

of sodium dihydrogen phosphate, were heated at the 

elevated temperature for various periods in tightly closed 

reaction vessels, which led to the formation of the 

precipitated particles of Fe2O3. The precipitation process 

involved the thermally initiated extraction of hydrogen 

from the soluble hydrated metal ions, leaving behind  

the insoluble Fe2O3. The mechanism involved is described 

below (Eqs. (1-4)) [36].   

3 1
3

FeCl Fe 3Cl                                                     (1) 

    Fe H O Fe H O Fe OH H O
    
3 23

2 2 26 5
6    (2) 

        Fe OH H O FeFe OH H O Olation
  
1

2 24 3 3
2   (3) 

   Fe O OH H O Fe O OH Fe O H O    2 2 2 2 2 3 24 2
(4) 

(*Olation is the process by which metal ions form 

polymeric oxides) 

Preliminary experiments indicated that the 

concentration of the reactants significantly affected  

the particle size, and shape of the precipitated particles  

of Fe2O3. As such, systematic work was carried out  

in which the effect of the composition of the reactant 

mixture and other reaction parameters, such as reaction 

aging on the morphological features of the precipitated 

particles were explored. It was further noted that in most 

of the experimental trials, precipitated particles with 

irregular particle shape and sizes were obtained. To reach 

a stage, where the particles with reasonable uniformity 

could be obtained, extensive optimization of the applied 

experimental parameters, especially concerning  

the composition of the reactant mixtures were performed. 

Below are presented results of the selected work, which 

describe the role of various experimental parameters  

in the particle’s formation and their subsequent growth.  

 
Effect of sodium dihydrogen phosphate concentration 

A series of reactant solutions were made, which 

contained 4×10-5 - 7×10-4 mol/L sodium dihydrogen 

phosphate and 2×10-2 mol/L iron(III) chloride (Table 1). 

These solutions were aged for 94h at 98 oC in tightly 

closed Pyrex glass bottles, which led to the formation of 

the light brown dispersions of the precipitated particles. 
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Fig. 1: Scanning electron micrographs (SEM) of the synthesized Fe2O3 prepared by heating at 98 oC, aqueous solutions containing 

2x10-2 mol/L iron (III) chloride and sodium dihydrogen phosphate (A) 4x10-5 mol/L, (B) 6x10-5 mol/L, (C) 9x10-5 mol/L,  

(D) 2x10-4 mol/L, (E) 3x10-4 mol/L, (F) 4x10-4 mol/L(G) 5x10-4 mol/L, (H) 6x10-4  mol/L, (I) 7x10-4  mol/L for 94 h 

 

After isolation from the mother liquors, the precipitated 

particles were analyzed with SEM and the images are displayed 

in Figs. 1A-I. Inspection of these figures indicated that  

the particles precipitated in spherical shape when the 

reactant mixture contained 2×10-2 mol/L iron (III) chloride 

and 4×10-5 - 8x10-5 mol/L sodium dihydrogen phosphate. 

On further increase in sodium dihydrogen phosphate 

concentration in the reactant mixture, the precipitated 

particles got the ellipsoidal shape, which was also 

accompanied by the increase in size.  

The observed results suggested that; (1) phosphate 

ions in the reactant mixture acted as shape directing 

species, (2) under the applied experimental conditions, 

the critical concentration of sodium dihydrogen 

phosphate, which turned the spheroids into ellipsoids, 

existed in the narrow concentration range, i.e. 8×10-5 - 

2×10-4 mol/L, (3) the changeover from spheroids to 

ellipsoids in the described concentration range of sodium 

dihydrogen phosphate pointed to the possibility that 

above the critical concentration of sodium dihydrogen 

phosphate, the phosphate ions effectively coordinated 

with the formed primary particles of the Fe2O3 and thus 

produced the observed changes in the particles 

morphology. It is believed [37] that better harmonizing 

between the interatomic O-O bond distance in the PO4
-2 

and Fe-Fe bond in the Fe2O3, facilitate the coordination 

of the PO4
-2 ions with the Fe ions, parallel to the c-axis of 

the Fe2O3 hexagonal crystalline structure. Following  

this sort of interaction between the anisometric Fe2O3 

primary particles and the phosphate ions, the particles 

tended to grow lengthwise. The preferentially adsorbed 

phosphate ions were largely desorbed upon the ripening 

of the particles. This effect was found more pronounced 

at a higher concentration of sodium dihydrogen 

phosphate in the reaction medium. As can be seen, the 

axial ratio increased from 1.01 (Fig. 1A) to 6.00 (Fig. 1I)  

as a function of sodium dihydrogen phosphate concentration 

at the lowest and highest values respectively. The proposed 

mechanism for the particles growth and elongation  

is schematically illustrated in scheme 1. 
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Table 2: Effect of concentration of FeCl3 on the precipitation of  Fe2O3 particles. Constant parameters  

for the listed samples were: temperature = 98 oC, aging time = 94 h, and NaH2PO4 conc. = 1x10-4 mol/L. 

Batch No. FeCl3 (mol/L) Average width of particles (nm) Particle’s axial ratio Figure No. 

1 1x10-2 85 1.02 Fig.2A 

2 1.6x10-2 136 1.75 Fig.2B 

3 2x10-2 207 1.92 Fig.2C 

4 2.4x10-2 187 1.30 Fig.2D 

5 3x10-2 424 1.39 Fig.2E 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Schematics of elongated growth of hematite particles 

 

Effect of iron(III) chloride concentration 

Several reactant solutions were prepared  

with varying concentration of FeCl3 was adjusted  

in the range of 1×10-2 -3×10-2 mol/L, while sodium 

dihydrogen phosphate concentration was kept constant  

at 1x10-4 mol/L (Table 2). These solutions were heated  

at 98 oC for 94 h; finally, precipitated solids were formed 

in the reactant solutions. The solids were separated from 

the mother liquor, washed, dried and then examined under 

the scanning electron microscope. Figure 2A-E show  

the electron micrographs of the products obtained. Inspection 

of these figures indicated that particle size increased  

with the increase in the iron (III) chloride concentration. 

Since iron (III) chloride was one of the reactants  

for the precipitation reaction; therefore, its excess amount 

in the reactant mixture facilitated the growth of the 

formed primary particles and by increasing the concentration,  

the particles transformed from small spheroids of 84 nm 

to large oval-shaped particles of 591 nm length (Fig. 2A and E).  

However, it is observed that the increase in Fe(III) 

chloride concentration initially promoted the particle 

elongation until the attainment of the axial ratio of 1.92 (Fig. 2C). 

Further increase in the iron concentration helped  

in particle growth, as clear from the axial ratio of 1.39  

for particles shown in Fig. 2E (mean length 591 nm, 

mean width 424 nm). These results suggest the importance 

of controlling the initial concentration of Fe3+ so that various 

sized and shaped iron oxide particles could be obtained. 

The observed results agreed with those reported by Ruiz [32] 

and Wei Wang et al. [38] who employed ferrous sulfate 

and ferric chloride respectively as one of the reactants  

for the precipitation of iron compound by forced 

hydrolysis. 

 

Effect of aging time 

In this regard, experiments were performed in which 

the reactant mixtures, containing 2x10-2 mol/L iron (III) 

chloride and 1x10-4 mol/L sodium dihydrogen phosphate 

were heated for various intervals of time (24-94 h)  

at 98 oC (Table 3). It was noted that in all cases,  

the precipitated particles appeared in the reactant 

mixtures after the aging period.  

On isolation from their mother liquors, the recipitated 

solids were inspected with a scanning electron 

microscope and the micrographs thus recorded are given 

in Figs. 3A-C. It was observed from these micrographs 

that the size of the particle increased with increase  

in the aging period and attained a limiting value in 94 h.  

It is added that aging longer than 94 h had a negligible 

effect on the particle's growth. 
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Table 3: Effect of aging time on the precipitation of Fe2O3 particles at 98 oC. 

Batch No. NaH2PO4 (mol/L) FeCl3 (mol/L) Aging time (h) Average width of particles (nm) Particle’s axial ratio Figure No. 

1 2x10-2 1x10-4 24 111 1.27 Fig.3A 

2 2x10-2 1x10-4 48 149 1.36 Fig.3B 

3 2x10-2 1x10-4 94 177 1.61 Fig.3C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Scanning electron micrographs (SEM) of the particles (Fe2O3) prepared by heating at 98 oC, aqueous solutions containing, 

(A) 1x10-2 mol/L, (B)1.6x10-2 mol/L, (C) 2x10-2 mol/L, (D) 2.4x10-2 mol/L and (E) 3x10-2 mol/L iron(III) chloride and 1x10-4  mol/L 

sodium dihydrogen phosphate for 94 h. 

 

 

 

 

 

 

 

 

 

Fig. 3: Scanning electron micrographs (SEM) of the Fe2O3 particles obtained by heating  at 98 oC, aqueous solutions containing 

2x10-2 mol/L iron(iii) chloride and 1x10-4  mol/L sodium dihydrogen phosphate for 24h (A), 48h (B) and 94h(C). 

 

Characterization 

It is added that the particles are shown in Fig. 1I and 

Fig. 2C were selected as typical examples and designated 

as Fe2O3(L) and Fe2O3(S) respectively in the rest of the 

discussion; they were characterized by different 

techniques. X-ray diffractometric analysis (Fig. 4) 

showed that the particles shown in Fig. 1I and Fig. 2C 

were crystalline. Based on peak position in the displayed 

XRD patterns, both the solids were identified as Fe2O3 [33, 

39-41] and peaks were indexed according to the JCPDS 

cards stored in the database of NIST software CMPR-

LOGIC. The spectrum is given in Fig. 4B is purely hematite 

(∝-Fe2O3) because of the XRD peak of (104)  

for ∝-Fe2O3 with the dh k l values of 2.69 at 2θ=33.3°  

was very prominent. All the peaks in Fig. 4B matched 

well with the standard PDF# 1-1053D which designates 

the crystal of rhombohedral ∝-Fe2O3 with space 

group R-3c.  
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Fig. 4: X-ray diffraction patterns of the synthesized Fe2O3 particles shown in Fig. 1I (A) and Fig. 2C (B), a=Fe2O3. 

 

Moreover, the deviation of the XRD curve from zero 

value of ordinate might be a sign of the presence of some 

amorphous phase in this sample. However, careful 

consideration of the spectra displayed in Fig. 4A revealed 

that the peak at 2θ=35.7° in Fig. 4A is relatively more 

intense than that in Fig. 4B, which is the indication of 

some structural changes between the two samples. The 

XRD pattern in Fig. 4A reflected the presence of 

maghemite (γ-Fe2O3) PDF# 240081D along with 

hematite (∝-Fe2O3) PDF# 6-502. The strongest reflection 

of maghemite is the (311) peak having the dh k l values of 

2.52 at 2θ=35.7°. Similarly, the second intense peak 

(110) for hematite (∝-Fe2O3) with the dh k l values of 2.51 

also appeared at Bragg’s position comparable to the peak 

(311) for maghemite. Therefore, the strongest peak  

in Fig. 4A consists of two overlapping peaks (110)  

and (311) of hematite and maghemite, respectively. 

Furthermore, in Fig. 4A the peak (440) of maghemite  

at 2θ = 62.7° was also almost in the same position as  

the hematite peak (214) [42]. Due to the thorough overlapping 

of (110) and (311) peaks, it was difficult to determine  

the relative ratio of hematite to maghemite in Fig. 4A.  

The crystallite size of hematite crystal calculated 

using a well-known Debye Scherrer’s equation (Eq. 5) 

from (104) peak turned out to be 45 nm and 28 nm for 

Fig. 4A and B, respectively. 

D . cos   0 9                                                             (5) 

The FT-IR spectra (Fig. 5) of both types  

of the particles were found closely identical, which 

demonstrated that particle shape and size had  

a negligible effect on the spectral profiles of these 

particles. It is mentioned that Musić et al. [43] reported 

shape/size-dependent differences between the IR 

spectra of different batches of Fe2O3 particles. 

However, their method of preparation was different 

from our systems, which pointed to the fact that 

irrespective of the composition of the particles,  

the preparation method also contributes towards  

the properties of the final products. 

Inspection of spectra in Fig. 5 showed bands  

at different frequencies because of different vibration modes 

of various surface groups, such as Fe-O (467, 577 cm-1), 

PO4
-3 (907, 960-1043 cm-1), and OH (1640 and 3438 cm-1) 

[42,44-45].  

Similarly, electrophoretic mobility of the Fe2O3  

was determined (Fig. 6) concerning pH in the aqueous 

electrolyte medium. It is added that composition  

of the electrolyte solution used in the zeta potential 

measurements of hematite particles was kept identical  

for both the samples. The examination of this figure 

revealed that the zeta potential of the Fe2O3(L) (Fig. 6A) 

particles decreased with the rise in pH of their dispersions. 

The sign of zeta potential changed from +tive to -tive in 

the vicinity of pH ~5.25, which was recognized as Iso 

Electric Point (IEP) of the Fe2O3(L) particles under the 

described components of the electrolyte dispersion. It is 

worth mentioning that other researchers have also 

reported the IEP value of the hematite (Fe2O3) particles, 

which turned out to be in the pH range of 7-9 [46,47]. As 

can be noted, the IEP value of the hematite particles was 

rather on the acidic side as compared to those reported in 

the literature, which may be ascribed to the employed 

composition of the electrolyte dispersion.   

20     25     30     35    40     45     50     55     60     65     70     75     80 

2 / degree 

20     25     30     35    40     45     50     55     60     65     70     75     80 

2 / degree 

(A) 

 

(B) 



Iran. J. Chem. Chem. Eng. Akhtar K. et al. Vol. 38, No. 5, 2019 

 

28                                                                                                                                                                    Research Article  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: FT-IR spectra of the particles shown in Fig. 1I (A) and 

Fig. 2C (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Electrophoretic mobility of the Fe2O3 particles exposed 

in Fig. 1I (A) and Fig. 2C (B) as a function of pH in aqueous 

electrolyte medium. 

 

Furthermore, the zeta potential values of Fe2O3(S) 

particles were also determined under identical conditions 

and the outcomes are included in Fig. 6B. As is shown  

in the figure, the IEP of this batch of Fe2O3(S) matched 

well with that of the Fe2O3(L). However, slight differences 

were found in the zeta potential values at the given pH 

values. This was attributed to the difference in particle 

sizes, which may have affected their electrophoretic 

mobility at the given pH values.  

 

CONCLUSIONS 

1- Forced hydrolysis of a known amount of the 

FeCl3 in aqueous solutions in the presence of sodium 

dihydrogen phosphate successfully produced 

monodispersed systems of Fe2O3 particles in different 

shapes and sizes.  

2- The interaction between the Fe2O3 primary particles 

and the phosphate ions at higher concentrations tended 

the particles to grow lengthwise so as the shape of the 

precipitated particles change from spherical to ellipsoidal. 

3- The excess amount of ferric chloride in the reactant 

mixture facilitated the growth of the formed primary particles.  

4- The particle size increased with the increase  

in the aging period and attained a limiting value in 94 h. 

5- The particle size slightly affected the zeta potential 

of the Fe2O3 particle system.  
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