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ABSTRACT

Acid food indicators can be used as pH indicators for evaluating the quality and freshness 
of fermented products during the full course of distribution. Iron oxide particles are hardly 
suspended in water, but partially or completely agglomerated. The agglomeration degree of 
the iron oxide particles depends on the pH. The pH-dependent particle agglomeration or 
dispersion can be useful for monitoring the acidity of food. The zeta potential of iron oxide 
showed a decreasing trend as the pH increased from 2 to 8, while the point of zero charge 
(PZC) was observed around at pH 6.0-7.0. These results suggested that the size of the iron 
oxide particles was affected by the change in pH levels. As a result, the particle sizes of iron 
oxide were smaller at lower pH than at neutral pH. In addition, agglomeration of the iron 
oxide particles increased as the pH increased from 2 to 7. In the time-dependent aggregation 
test, the average particle size was 730.4 nm and 1,340.3 nm at pH 2 and 7, respectively. These 
properties of iron oxide particles can be used to develop an ideal acid indicator for food pH 
and to monitor food quality, besides a colorant or nutrient for nutrition enhancement and 
sensory promotion in food industry.

Keywords: Iron oxide; Particle; pH; Acid food indicator

INTRODUCTION

pH is a basic and important factor in both food processing and food distribution because it 
affects not only the chemical properties of food materials, but also the status of microbial 
growth in the internal and external environment of the food system [1-3]. Acid food 
indicators can be used as pH indicators for evaluating the quality and freshness of fermented 
food products during the distribution process [4]. Several fruit and vegetable extracts 
containing pH-responsive pigments such as anthocyanins have been used as edible pH 
indicators. However, commercial applications of anthocyanin-based acid food indicators 
have been restricted because they are susceptible to heat, light, pH, oxygen, and some 
enzymes like polyphenol oxidase.

Iron is a common element existing in the earth and a component of whole living cells [5]. 
Furthermore, it is an essential trace mineral element for the maintenance of health [6]. 
However, iron deficiency is still commonly occurring single nutrient deficiency in the world. 
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Iron-deficiency anemia can be caused by iron loss from the body and insufficient dietary 
intake or absorption of iron [7]. Iron oxides are widely used in the life (e.g., iron ores, 
pigments, catalysts, in thermite, hemoglobin) [8,9]. Recently, they are also used as a colorant 
or nutrient in sausage casings, candies, chewing gums, cosmetics, and some drugs in various 
industries including the food industry [10]. The use of iron oxides in food is permitted by 
the General Standard for Food Additives, established by the Codex Committee on Food 
Additives and Contaminants. One study reported that iron oxide nanoparticles containing 
nanocomposite films were adopted as a biosensor to indicate glucose levels, but there is 
no research reporting its application as a pH indicator [11]. Iron oxide is commonly used 
to produce red color, but its degree of redness is influenced by particle concentration, pH, 
and other factors [12]. Iron oxide particles are hardly suspended in water; instead, they are 
partially or completely agglomerated [13]. The degree of iron oxide particle agglomeration 
varies depending on the pH. The pH-dependent particle agglomeration or dispersion 
can be useful for indicating acidic foods. This property can be used for indicating carbon 
dioxide (CO2) concentration in foods. A visual indicator reflecting the CO2 concentration 
may provide untrained consumers with an efficient and easy way to monitor the quality of 
foods. Such an indicator is designed to change its appearance depending on the change in 
pH of the aqueous suspension, due to the equilibrium between dissolved CO2 and generated 
carbonic acid [14]. Iron oxide particles in the acidic solution are dispersing, but are getting 
agglomerating as the pH is increasing up to 7 and above. The change in the agglomeration 
of iron oxide particles upon H+ generation from carbonic acid can be utilized as a visual 
indication system. The mechanism can be largely explained as follows: the amount of H+ 
formed from CO2 dissolved in the food decreases the pH of the suspension containing the 
iron oxide particles, which leads to the agglomerated particles to gradually disperse under 
low pH. Previous studies have reported the application of an indication system based on 
the variation of pH in smart packaging [15-17]. For this reason, iron oxide particles in the 
suspension can be used to detect the quality of food depending on the CO2 concentration. 
Figure 1 gives a brief illustration of this mechanism. Hilty [18] reported that nanostructured 
iron oxide can improve the solubility of iron in the acids and the sensory characteristics in 
foods. In addition, many of previous studies proved that antibacterial activity of iron oxide 
nanoparticles can be used against microbe such as Escherichia coli [19]. Dietary iron oxide 
nanoparticles can have the function to delay the neurodegeneration and aging in drosophila 
[20]. All these previous reports can certificate that iron oxide is safe as a food additive and 
has the bio containment in microbiome or other organisms.

The objectives of this study were to determine the physicochemical properties of iron oxide 
particles and to investigate their potential use as a visual indicator for acid, acidified, and 
fermented foods.

MATERIALS AND METHODS

Materials
Iron (III) oxide MP 99.9% (< 10 μm) was purchased from American Elements, USA. Extra 
pure grade disodium hydrogen phosphate anhydrous (Na2HPO4) and sodium dihydrogen 
phosphate (NaH2PO4) were obtained from Daejung Chemical Co., Korea. Sodium citrate, 
citric acid, bile extract, lipase, pancreatin, and sodium bicarbonate (NaHCO3) were obtained 
from Sigma-Aldrich, USA.
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Scanning electron microscopy (SEM)
The iron oxide MP 99.9% (< 10 μm) was examined using a field-emission scanning electron 
microscope (FE-SEM, S-4300, Hitachi, Tokyo, Japan) to verify its size. An accelerating voltage 
of 15.0 kV was used for each sample.

Particle size distribution measurement
Particle size distribution was determined on a particle size analyzer (Delsa Nano C, Beckman 
Coulter, Inc., Fullerton, CA, USA) using the dynamic light scattering (DLS) method. Fe2O3 
powder (0.1 g) was suspended in 100 mL of deionized water and stirred using a magnetic 
stirrer (Wisestir MS-MP4, DAIHAN Scientific Co., Ltd., Seoul, Korea) at room temperature, 
500 rpm for 1 hour. The suspended sample was then subjected to sonication using an 
ultrasonic processor (VCX-750, Sonics & Materials, Newtown, CT, USA) at 38% power using a 
6 mm diameter probe for 20 minutes. After the sample was pre-treated, the mean diameters 
of the particles were measured on an intensity basis using the particle size analyzer. The 
suspension was poured into a cuvette and its particle size was measured at 25°C with a fixed 
scattering angle of 165°. Each sample was analyzed at least three times.

Zeta potential at different pH levels
The zeta potential was measured using a particle size analyzer using the electrophoretic light 
scattering method. Samples were diluted 10 fold using deionized water. The pH was then 
adjusted to 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 with either HCl or NaOH. Subsequently, 1 mL of 
the pH-adjusted sample was injected into a flow cell. The zeta potential was measured at five 
points in the cell, viz. 0.7, 0.35, 0, –0.35, and –0.7. All samples were measured three times at 
a fixed temperature and angle of 25°C and 15°, respectively.
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Figure 1. Illustration of the indication process of iron nanoparticles as CO2 indicator at pH 2 and pH 7 condition.



Time-dependent agglomeration at different pH levels
Time-dependent agglomeration of the iron (III) oxide particles was measured by the particle 
size analyzer using the DLS method. For time-dependent aggregation of iron (III) oxide at pH 
2.0 and 7.0, the change in particle size was measured at 37°C for 1 hour with 2 seconds intervals.

Statistics
All data were measured three times and the processing of original data and graphs are 
operated by the Simplot 10.0 version (Systat Software, Inc., San Jose, CA, USA).

RESULTS

Physicochemical properties of iron oxide powder by scanning electron microscopy
A typical SEM micrograph clearly shows the three-dimensional shape of the iron oxide 
powders, illustrating the surface morphology of the iron oxide particles (Figure 2). The 
iron oxide particles had a stable and common structure. The SEM image shows the 
nanoscale particles with estimated particle size ranging from 200 to 250 nm, indicating the 
inhomogeneity in particle size distribution. The iron oxide particles showed agglomerated 
and clustered morphology. The size distribution of the iron oxide particles was measured 
using DLS, as shown in Figure 3. The average size of the iron oxide particles was 
approximately 300 nm.

Zeta potentials of iron oxide at different pH levels
The zeta potentials of iron oxide at different pH values are shown in Figure 4. Zeta potential 
indicates the dispersion stability of particles in colloids. The zeta potentials of the iron oxides 
were varied in the range between 32.5 mV to -19.4 mV. The zeta potential of the iron oxides 
showed a decreasing trend when the pH increased from 2 to 8, while PZC was observed 
around at pH 6-7. These results suggested that particle aggregation would occur when the pH 
was close to neutral.
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Figure 2. Picture of iron oxide particles.

(A) Normal graph of iron oxide powder by naked eye, (B) Micrographs of iron oxide particles by SEM (scale bars, from left to right: 500 nm).



Time-dependent aggregation at different pH levels
The changes in the particle size of iron oxide at different pH levels are shown in Figure 5. The 
initial particle size at pH 2.0 was 446.5 nm and the particle sizes were varied between 315.6 nm 
and 1,295.6 nm overtime. The average particle size was 730.4 nm. The initial particle size at pH 
7.0 was 1,440.5 nm and the particle sizes were varied between 1,101.4 nm and 1,496.5 nm. The 
average particle size was 1,340.3 nm. These results confirmed that the pH level affects the size 
of the metal oxide particles. At pH 2.0, the suspension was stable and no precipitation was 
observed, while precipitation was gradually observed at pH values close to 7. These results also 
proved that the size of the nanoparticles depends on the pH. Thus, lower pH values result in a 
smaller particle size of iron oxide [21-23] which can be an important factor for developing an 
acid indicator.
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Figure 3. Size distribution of iron oxide particles.

Figure 4. Zeta-potential of iron oxide particles at different pH levels.



DISCUSSION

DLS values of the iron oxide particles showed that the particles were aggregated in water 
and their particle sizes were larger than the primary nanoparticle size (100 nm) obtained 
from the SEM images. Thus, the average particle size was slightly greater than the size 
determined via SEM because the particles were agglomerated when iron oxide powder was 
dispersed in distilled water [24]. Zeta potential measurement of the iron oxides showed that 
the PZC of the iron oxides was around at pH 6.0-7.0. These results confirmed that particle 
aggregation would occur when the pH was close to neutral. At zeta potential ranging from 0 
to ± 5 mV, the suspension was so unstable that the particles could be rapidly agglomerated or 
coagulated. However, the zeta potential of iron oxide at pH 2 was higher than that at pH 7.0. 
Generally, particles with zeta potential greater than ± 30 mV were moderately stable, whereas 
particles with zeta potential less than ± 30 mV showed an incipient settling. This pH-based 
aggregation is ideal for adoption in an acid indicator for pH indication in food systems. 
As indicated in previous studies, different pH levels affected the degree of aggregation, 
stabilization, and bioavailability of the nanoparticles [25,26]. This phenomenon involves 
a gradual variation and therefore, it can be useful for making potential food indicators to 
monitor the nutritional quality and safety of acidic foods during the food processing and 
distribution. Furthermore, iron oxides are widely applied in clinical nutrition and treatment 
field, for example, in constructing the drug delivery system, they are used as carriers in 
magnetic drug targeting for cancer treatment and other application such as tissue repair, 
and coating of polymer and protein and so on [23,27,28]. In addition, iron deficiency is 
still considered the most common single nutrient deficiency in the world. Therefore, this 
study result suggests beneficial information on the research for iron-fortified foods and 
pharmaceuticals.

CONCLUSION

The agglomeration grade and particle size of iron oxide particles were affected by the pH 
levels. The particles size was smaller at lower pH than at neutral pH, because agglomeration 
increased when the pH changed from 2.0 to 7.0. This is attributed to the pH-dependent zeta 
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Figure 5. Time-resolved DLS of iron oxide particle suspensions at different pH: (A) pH 2.0 and (B) pH 7.0.



potential variation of the iron oxide particles. This mechanism can be used to develop an 
ideal acid indicator for monitoring the food pH and quality through the agglomeration or 
dispersion of iron oxide particles depending on the pH. In addition, iron oxide is also a kind 
of colorant or nutrient that is used for nutrition enhancement and sensory promotion in the 
food industry. Further studies are therefore necessary to investigate the linear relationship 
between particle agglomeration and factors such as CO2 concentration, acid generation, and 
microbial growth, all of which can affect the pH of food systems. Also, another further study 
is needed to use food matrix to validate these results and to test consumer acceptability by 
sensory evaluation.
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