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Abstract: Titanium dioxide (TiOy) is a common whitening agent used in the food industry, used in candies, baked
goods and confectionaries. Several food regulatory agencies have banned or severely restricted TiO use due to
potential carcinogenic/ genotoxicity. Rice starch and rice flour were investigated as alternatives to TiO, since they
are cheap, opaque, white and are widely used in industry. Due to its amorphous granules and resulting low
electrostatic forces, the adhesion of rice starch to extruded materials was much weaker than that of TiO..
Adhesives were synthesized from crosslinking citric acid with rice starch and rice flour through esterification
reaction pathways. The results were tested on extruded ferrous fumarate cylinders used in salt fortification and
compared with TiO, was as control. The results show that rice starch as a whitening agent with a modified rice
starch adhesive was a promising option for replacing TiO; as a colour masking/whitening agent. It was observed
that higher mass fractions of citric acid in the adhesive produced better results. Rice flour performed comparably
to the rice starch in adhesives however, the ease of use was poorer due to higher viscosity and clumping. The cost
for using rice starch was a cost-effective alternative to TiO- as rice starch is a cheaper, widely available food
additive.
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1. Introduction

Titanium dioxide is used widely in the food industry in products such as candies, gum, chocolate, coffee
creamers, mints and in cosmetics and sunscreens as a whitening ingredient [1]. In 2018, the annual consumption
of titanium dioxide was four million tons globally [2]. Titanium dioxide is unscented and increases the white colour
and opacity of products. It is ideal for light reflection due to its light scattering properties [1]. Opaque materials
reflect some light and absorb the remaining light, whereas transparent objects such as a glass transmit light which
allows seeing through it. Smooth polished surfaces reflect more light [3]. Food-grade titanium dioxide is typically
200-300 nanometers in diameter [2] and this small size facilitates coverage of material for high light scattering [1].
Nano-sized particles have high surface-to-mass ratio which increases light scattering [2].

Food-grade titanium dioxide is 99% pure [1] and may contain low levels of contaminants including lead,
arsenic, mercury [2]. During the manufacturing process, the by-product of food grade titanium dioxide is a nano-
sized fraction [2]. Nanoparticles have a tendency to cross cell membranes such as the intestinal mucosa [3]. The
European Food Safety Authority (EFSA) banned titanium dioxide E171 in food due to concerns of potential
genotoxicity, from a series of toxicity studies of titanium dioxide nanoparticles [4-6]. Genotoxicity is the capacity
for the chemical to injure DNA in cells, possibly resulting in cancer over time [6].

After a detailed review by the U.S. Food and Drug Administration (FDA), titanium dioxide is still permitted in
Canada [6] and the United States of America. The FDA permits 1% by weight of titanium dioxide in food [7]. The
California Food Safety Act bill 418 originally banned titanium dioxide as well as brominated vegetable oil,
potassium bromate, propylparaben from foods [5]. However, as of October 2023, the bill was amended to eliminate
the ban on titanium dioxide, stating further studies of the adverse impacts on human health are required [5].
Although the debate is ongoing in the scientific community, finding safe alternatives for titanium dioxide is
prudent.

Rice flour and rice starch are attractive alternatives for titanium dioxide, as they are white, opaque, bland in
taste, chemically stable, and they will not chemically react with other nutrients. Rice is a major staple, and its
derivatives have been used in the food industry for decades. Rice flour is milled, dehulled white rice containing
amylose, amylopectin, and crystalline protein bodies of glutelin and prolamin [8]. Rice flour is used in cereals,
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snack foods, baby foods, pancakes, coatings for fried products [9,10]. Rice flour particle sizes range from 63 to
200 pm [11].

Rice starch, derived from the flour, is a white powder composed of amylose and amylopectin, and is gluten free
[8,12]. Rice starch comprises small granules packed tightly together, with size range 2-4 um [8]. The smaller the
particle size, the larger the contact area between particles. Rice starch is usable for edible films and coatings due
to its mechanical properties [13]. Das et al. used rice starch with glycerol and a lipid to form an edible coating on
tomatoes, to protect tomatoes during storage [14]. There are also health benefits to starch since amylose facilitates
slower digestion, similar to a prebiotic and amylopectin has promising baking properties [14].

Starch is semi-crystalline, meaning it is composed of amorphous and crystalline regions [15]. Due to the
disordered nature of amorphous regions, rice starch has weaker electrostatic forces than titanium dioxide which is
a crystalline material, consisting of brookite, anatase and rutile [16,17]. For food applications such as adherence
to the extruded materials, an additional adhesive is required.

Adhesives made by cross-linking glucose (as in rice flour) with citric acid have been applied on wood as a bio-
based glue, due to its high strength and low cost [18]. Li et. al produced a biomass-based adhesive from the
esterification reaction of glucose and citric acid with high strength and eco-friendly properties [18]. Citric acid to
glucose ratios above 0.6 were optimal, with more ester links between citric acid and wood [19].

Another alternative for the adhesive is cross-linking rice starch with citric acid. Heat facilitates the cross-linking
of starch molecules with citric acid, through a process called starch esterification, or starch modification. It is used
in the food industry to alter the properties of starch for various applications. During heating, citric acid reacts with
the hydroxyl groups on the starch molecules, forming ester bonds. These ester bonds cross-link starch molecules,
resulting in modified starch with altered properties including increased adhesion [20,21]. The concentration of
citric acid is an important factor for the strength of the resulting starch films.

Reddy et.al. found that cross-linking starch with citric acid in concentrations of up to 5% (w/w) raised the
molecular weight of the starch and enhanced interactions between molecules, resulting in higher tensile strength
than non-cross-linked starch films [21]. They found that above 5% (w/w), excess cross-linking decreased the
mobility of the starch molecules, decreasing their tensile strength.

This study investigated rice flour-citric acid and rice starch-citric acid adhesives for adherence of rice starch to
extruded ferrous fumarate particles as colour masking agent in salt double fortification with iron and iodine. The
fortified salt consists of an extrusion-based premix mixed with iodized salt. The ferrous fumarate core of the
premix is reddish brown. For consumer acceptability, the organoleptic properties of the salt should not be altered
by the addition of the premix. Therefore, the premix must be colour-masked prior to blending into salt. Current
premix formulations use TiO- for colour-masking. In replacing of titanium dioxide with rice flour or rice starch
the maintenance of organoleptic properties including colour and flavour is critical.

2. Materials and Methods

2.1 Materials
Ferrous fumarate and rice flour were obtained from Wella Nutralogicals, and rice starch and citric acid were
obtained from Sigma Aldrich.

2.2 Preparation of the Ferrous Fumarate Core
Extruded ferrous fumarate was produced based on the methods described by Li YO et. al. (2011) [22]. The
extruded ferrous fumarate was ground to 500-700 pum cylindrical particles using a burr grinder.

2.3 Synthesis of Adhesives

The synthesis of the rice starch and citric acid-based adhesive was adapted from the methods outlined by
Uliniuc, A. et al. (2013) [23]. Briefly, rice starch was dispersed in gently warmed water and citric acid was added
at a predetermined mass ratio with continuous stirring for 30 minutes., Rice flour dispersions were prepared
similarly, and the rice flour-citric acid mixture was stirred for an hour with no heating. Three mass ratios of citric
acid to rice starch were studied — 0.05, 0.1 and 0.2. Three mass ratios of citric acid to rice flour were studied —
0.05, 0.07 and 0.08.

2.4 Coating of Iron Core with Whitening Agent and Preparation of Fortified Salt

Rice starch was used as the coating material. As is convention for layer-by-layer methods, the amount of coating
material added was calculated and reported as a Baker’s percentages of 25-100% of the extruded core’s weight. A
rotating aluminum pan was used to hold the extruded ferrous fumarate while the adhesive was sprayed on, followed
by addition of the whitening agent i.e. rice starch in 25% increments. Between increments, the layer was allowed
to air dry. An overcoat of 15% soy stearin was applied onto the dried particles, to create a moisture barrier. This
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premix was mixed into iodized salt (50 ppm iodine), in order to achieve salt fortified with 1000 ppm iron. A control
premix sample was prepared with 25% titanium dioxide and 15% soy stearin.

2.5 Colourimetric Analysis of the Coated Particles

A 3nh Colourimeter was used to evaluate the effectiveness of rice starch as a whitening agent. The colour
difference relative to iodized Indian salt was quantified using the L*, a* and b* values. The colour difference
between TiO; and the Indian salt was used as the baseline for the comparison. The equation used to determine the
DE value, used in industry, was as follows:

AE*,, = VAL*2 4+ Aa*2 + Ab*2 1)
where, L is the measure of whiteness, a is the measure of the red/green and b is the measure of blue/yellow.

2.6 Imaging of the Coated Particles

A Fisher light microscope was used to examine the particles at 10x and 60x zoom. The microscope images were
used to determine the quality of the coating. Additionally, a lightbox and digital camera were used to take
macroscopic images of the produced samples.

3. Results and Discussion

Rice starch and rice flour were evaluated as alternatives to TiO,. Citric acid was used as a cross-linking agent
to synthesize an adhesive for the whitening agent coating. The results were compared to TiO; as the control in
terms of colour, cost and ease of use.

3.1 Rice Starch — Citric Acid Adhesive with Rice Starch as Coating Material

Three mass ratios of citric acid to rice starch were studied — 0.05, 0.1 and 0.2. Each of the samples were run
triplicate. The average AE values are reported in Figure 1. As the citric acid content increased, the AE of the coated
particles decreased. This is likely due to the formation of a higher amount of starch-citrate in the adhesive. The
increase of starch-citrates i.e. higher esterification acts as a better adhesive [24]. For the 0.05 and 0.1 mass ratio
the higher AE value for the 100% rice starch is likely due to the adhesive loading capacity reaching a maximum.
The 100% rice starch sample produced with 0.2 mass ratio adhesive formulation performed marginally better than
the TiO; control.
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Figure 1. Rice Starch — Citric acid Adhesive with Rice Starch Coating Material

3.2 Rice Flour - Citric Acid Adhesive with Rice Starch as Coating Material

Three mass ratios of citric acid to rice flour were studied — 0.05, 0.07 and 0.08. Each of the samples were run
triplicate. The average AE values are reported in Figure 2. Similarly to the rice starch- citric acid trend (Figure 1),
as the citric acid content increased, the AE value decreased (Figure 2). This shows that the adhesive is able to bond
to more of the rice starch to form a coat. Generally, the trends for rice flour are more erratic than the rice starch
adhesive trends. The AE values were low due to the rice starch appearing white, but under the microscope, large
clumps of rice starch with exposed iron particles were observed (Figure 3). It was noted that while performing the
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experiment, the rice flour suspensions were more difficult to work with and required constant stirring and/ or
vortexing to maintain the suspension. Therefore, the rice starch-citric acid adhesive performed better than that
utilizing rice flour-citric acid as an adhesive.
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Figure 2. Rice Flour — Citric Acid Adhesive with Rice Starch Coating Material

Figure 3. Microscope Images of Premixes Colour-masked with A) Rice Starch with CA:RS adhesive, B) Titanium
Dioxide (control) C) Rice Starch with CA:RF adhesive, D) extrudate no coating.

As seen in figure 3, the premixes are colour-masked with rice starch with rice starch: citric acid adhesive appear
similar to the control (TiO coated premix), with minimal exposed surfaces. They are slightly larger than TiO,
premixes (25% bakers’ percentage) due to more coating material required (75-100% bakers’ percentage) to achieve
the same level of whiteness. Larger amounts of coating material decrease the overall iron content per premix from
18% iron in TiO2 premixes to 10%-14% iron in rice starch premixes. To compensate for lower iron concentration
in the premix, more of the rice starch premix is needed per kilogram of salt for fortification attain 1000 ppm iron
compared with salt fortified with TiO2 premixes. Based on the results shown in Figures 1-3, rice starch-coated
samples with adhesives made from rice starch with citric acid is a viable alternative to replace titanium dioxide as
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a colour masking system. While rice flour based adhesive formulations are slightly less expensive than those based
on, rice flour is a less effective adhesive for attaching rice starch to the extruded core of the premix.

While more rice starch premix is needed per kilogram of salt for fortification, the cost of the formulation is not
significantly higher than salt fortified with TiO, based premix. Based on 2023 market prices of ingredients in India,
the total costs for the rice starch formulations were calculated as 4-5 US cents/kg salt, or 14-19 US ¢/year per
capita. This is a slightly lower than the cost of salt made with premix colour masked with 25% TiO,: 7 US¢/kg
salt, and 24 US ¢/year per capita. Even though more premix is required for the rice formulation than titanium
dioxide, rice is less expensive resulting in the lower overall cost.

4. Conclusion

Rice starch is a viable alternative to replace titanium dioxide as a whitening or colour masking agent in food
formulations. The high stability of rice, limited interaction with micronutrients and its low cost makes it an
attractive alternative to TiO.. As rice flour or starch do not adhere well to extruded ferrous fumarate, an adhesive
is required. An adhesive produced by the cross-linking of rice starch with citric acid resulted in the effective coating
of ferrous fumarate, resulting in premixes that can be blended into iodized salt without significantly altering its
colour or taste. Although appropriate colour requires more rice-based colour masking coating, resulting lower iron
loading in the premixes when compared to those based on TiO, The low cost of rice flour and starch results in a
reduction in the per capita cost of salt fortification with iron and iodine to only 14-19 US¢/year. Long-term stability
testing of these premixes in iodized salt are ongoing, results will be reported when available. In the current and
anticipated regulatory environment, the rice-based whitening systems developed here ensure that technology is
available to address the widespread iron deficiency in developing countries, especially India and Sub-Saharan
Africa through salt double and multiple fortification.
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