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Abstract

Sodium ferric gluconate complex (SFGC) is the third generation of iron supplement of
polysaccharide iron (lll) complex (PIC). For evaluation of technological level and application
value of the prepared SFGC, it would be of great significance to determine the iron content
in SFGC in a simple but effective way. This paper introduces the cyclic voltammetry (CV)
method for determination of iron content in SFGC. Under established optimal experimental
conditions, the content of free iron ions can be directly scanned and calculated, while the
total iron content can also be determined by completely acidifying SFGC into Fe3* ions. After
optimizing and screening, the optimal scanning conditions are determined as pH 3 and
0.05 V/s of the scanning rate. Prior CV measurements, 0.4 V of the enrichment potential,
and 3 min of the enrichment time are found optimal. It has also been verified that COs* ions
present in the solution show little interference in the system within the experimental range
of investigation. The contents of free Fe3*, Fe?* ions and the total iron determined after acid-
hydrolysis of SFGC can be accurately calculated according to the corresponding linear
relationships between peak currents and iron concentrations. In this paper, the repeatability
and accuracy of the method are verified, and its feasibility as a convenient and effective
method to determine the iron supplements is confirmed.
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Introduction

The iron-deficiency anemia is currently the most common type of anemia, which widely exists in
many countries around the world, especially in the developing countries [1,2]. By inadequate iron
intake, the synthesis of hemoglobin in human’s body will be affected, resulting in inadequate oxygen
supply to cells and tissues [1,3]. Iron-deficiency anemia has usually been treated by iron
supplements. Development of iron supplements is carried out through three stages, where the third
generation, namely the macromolecular compound iron supplement, is a new type of iron complex

http://dx.doi.org/10.5599/jese.749 281



http://dx.doi.org/10.5599/jese.749
http://dx.doi.org/10.5599/jese.749
http://www.jese-online.org/
file:///D:/Dokumenti/Dropbox/03_jESE/0_WEB/Articles/OLF/DOC/lhphch@126.com

J. Electrochem. Sci. Eng. 10(3) (2020) 281-291 DETERMINING CONTENTS OF IRON IONS

formed by ferric ions and the carrier of organic macromolecular complex [4]. Compared with
previous two generations, the third one has higher iron content and better solubility, because iron
in the complex does not exist as ions. Hence iron supplements of this new generation cause little
digestive side effects and among them, the saccharide-iron complexes are under wide research work
[5]. In addition to being the iron supplement, the saccharide itself has many biological activities, and
is beneficial to the body by various synergistic effects after being absorbed. Therefore, the
saccharide-iron (lll) complex is a promising type of nutritional iron supplement [6,7].

Gluconic acid sodium salt (D-SG) (Figure 1) is used as a molecular shell to effectively adsorb the
metal iron ions in the solution, forming a stable iron complex. The complex is called sodium ferric
gluconate complex (SFGC), having possible structure shown in Figure 2. This iron supplement is
highly stable and has no toxic side effects.
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Figure 1. Molecular structure of D-SG Figure 2. Proposed structure of SFGC

The iron content is one of the most important indicators to analyze the complexation process
and technological results of sodium ferric gluconate complex (SFGC) preparation [8-10]. Since less
content of free iron ions can reduce irritation in the digestive tract, high content of complex iron
increases a status of the product. Therefore, it is important to determine the contents of free and
total iron in SFGC rapidly and accurately.

So far, the determination of iron content mainly includes the methods such as potassium dichro-
mate solution titration, phenanthroline spectrophotometry, atomic absorption spectrometry, etc.
[11,12]. However, the titration technique not only consumes plenty of time and chemicals, but also
produces a great deal of pollutants because of the utilization of toxic potassium dichromate and
mercuric chloride in the operation [13]. The spectrophotometry requires a pre-treated sample with a
complicated operation and has low sensitivity and poor accuracy [14]. Although the atomic absorption
spectrophotometry does not require a pretreatment process, the operation is simple and fast and
accuracy is high, the equipment is expensive, and difficult to popularize [15]. The most important is
that all above mentioned methods cannot accurately distinguish and separately determine the
contents of free iron ions and total iron in the complex when they both exist in the system. This brings
difficulties to evaluation of the complexation process and outcome of the iron complex system.
Therefore, it would be of great importance to develop an accurate, rapid, convenient and cost-
efficient method for respective determinations of free iron ions and total iron in the complex.

In this paper, a classical electrochemical research method [16,17], that is cyclic voltammetry
technique is adopted. It allows free Fe3* and Fe?* ions in the sample solution to form a reversible
redox system and generate current peaks by corresponding redox reactions. Based on these redox
reactions, the content of free iron ions in SFGC can be determined directly, while the total iron
content can be determined after conversion of SFGC into free Fe3* ions by acid-hydrolysis. Acid-
hydrolysis conditions, pH, potential scanning rate and some other experimental parameters are
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optimized in this paper, and the methodological verification is carried out in order to obtain a
practical and efficient detection method.

Experimental

Reagents and materials

D-sodium gluconate (D-SG) was purchased from Chengdu Kelong Chemical Co., Ltd., Sichuan
Province, China. Ultrapure water (18.25 MQ cm) was used throughout the experiment. All other
reagents and chemicals employed in this experiment were of analytical grade.

Apparatus

The electrochemical measurements of cyclic voltammetry (CV) were performed with a CHI610E
electrochemical workstation (Chenhua Co. Ltd., Shanghai, China). It contains a conventional three-
electrode system comprised of platinum as the auxiliary electrode, saturated calomel electrode as
the reference electrode and 3-mm-diameter glassy carbon (GC) as the working electrode. The pH
measurements were assayed with a FE20 FiveEasyTM pH meter (Mettler Toledo, Shanghai, China).
All measurements were carried out at indoor temperature.

Preparation of SFGC

40 mL of 1.18 mol/L Na,COs solution was added to another 40 mL solution which contained 10 g
D-SG. Afterwards, the solution containing (60 mL) 1.25 mol/L of FeCl3-6H,0 was added dropwise
under continuous stirring. The synthesis of the complex was performed at pH 11 (adjusted by adding
5 mol/L NaOH). The mixture was heated at 100 °C at least 3 h in the oil bath, and then filtered and
cooled to room temperature. The complex was precipitated by 0.2 L of ethanol. After 4 h of standing,
the ethanol was decanted, and the precipitate was centrifuged at 3000 r/min for 10 min. The
supernatant was decanted, and the precipitate was dissolved in 0.1 L redistilled water. Dialysis of
the solution was used to remove unbound ions (Cl, Na*, Fe3*). Finally, the complex was washed
successively from the dialyzed solution by ethanol and acetone and dried for 3 h in vacuum after
decantation. Thus, the sodium ferric gluconate complex (SFGC) was obtained as a black powder.

Preparation of Fe standard solutions and acid hydrolysis of SFGC

0.01 mol/L Fe3* standard solution: 0.1351 g of FeCl3-6H,0 was dissolved in ultrapure water, mixed
and diluted to the required concentration (50 mL). After that, the samples of standard solution were
diluted to different concentrations (0.009, 0.008, 0.007, 0.006, 0.005 mol/L, 50 mL).

0.05 mol/L Fe?* standard solution: 0.4970 g of FeCl>-12H,0 was dissolved in ultrapure water, mixed
and rapidly diluted to the required concentration (50 mL). After that, the samples of standard solution
were diluted to different concentrations (0.045, 0.040, 0.035, 0.030, 0.025 mol/L, 50 mL). As Fe?* ions
are easily oxidized into Fe3* ions, all prepared Fe?* solutions should be used right after preparation.

SFGC acid-hydrolysis solution: 0.2500 g of SFGC was dissolved in ultrapure water, mixed and
diluted to 5 g/L (50 mL). Hydrochloric acid solutions (2 mL) with different concentrations (1, 3, 5,
7 mol/L) were slowly added to 4 mL of 5 g/L SFGC solution in 25 mL beaker, respectively. After 5 min
stirring, the solution was treated by acid-hydrolysis method for 5 min at room temperature (RT),
water bath (20 °C) and refrigerator (4 °C), respectively.

Test method

To improve reproducibility and sensitivity of peak currents in CV measurements, the surface of
the working GC electrode was polished successively with 1, 0.3, and 0.05 um alumina powders on a
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nylon polishing cloth to achieve the hydrophobic property, and then washed for five minutes in an
ultrasonic bath of nitrate, ethanol and water respectively [18]. It is worth noting that the KzFe(N)s-
KCI standard solution should be scanned for the electrode testing purpose by cyclic voltammetry,
where the potential difference of anode and cathode peaks of 60-80 mV is the main criteria of well
electrode working [19].

Test solutions were deoxygenated before measurements by purging with nitrogen for 5 min.
After that, a three-electrode was placed, and then the system was rested for 2 min. Experimental
settings included the scan rate of 0.05 V/s, and the number of cycles was 6. Cyclic voltammograms
were measured within the potential range of +1.0to -1.0 V, where peak currents are recorded [20].
Standard calibration curves are plotted with Fe3* or Fe?* concentrations at the abscissa, and the
oxidation peak currents at the ordinate axis, respectively.

Results and discussion

Characteristic peak scanning of free iron ions and SFGC

SFGC has chelated iron properties, and the presence of free iron ions will reduce stability of the
composite product [21]. Therefore, the content of free iron ions in the solution is an important
indicator for determining the complex iron [8,9]. Standard solutions of 0.01 mol/L Fe3* and Fe?* were
scanned by CV and electrochemical characteristic peaks are found consistent with those reported
in the literature [22,23] (Figure 3a,b). However, no electrochemical response indicated by absence
of characteristic peaks of free iron ions is observed in the scanning of 1 g/L SFGC solution (Figure 3c).
Hence, it is indicated that there are no free iron ions, or the content of free iron ions in SFGC solution
is lower than the detection limit.
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Figure 3. Characteristic peaks recorded by CV (0.05 V/s) at GC electrode in standard solutions of (a) Fe**
ions, (b) Fe?* ions, (c) SFGC.

Determination of free iron ions in SFGC

With CV technique, the corresponding electrochemical characteristic peaks can be obtained by
scanning free Fe>* and Fe?* ions under certain conditions. In experiments, the detection conditions
should be optimized in terms of pH, potential scanning rate, as well as enrichment potential and
enrichment time applied prior CV measurements. Additionally, with free Fe3*and Fe?* ions added to
SFGC solution in the cyclic voltammetry scanning, the signal response showed a linear relationship
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with the added concentration, suggesting that the determination of free iron ions would not be
affected by the chelated iron. Therefore, the content of free iron ions can be detected and calculated
by this method.

Optimization of detection conditions

Determination of optimal pH

The value of pH has important impact for the studied system. As the acidity will affect the
hydrolysis and H* can inhibit the hydrolysis of Fe3* [24], keeping the system stable for a certain
period of time for easy measurement [19]. pH was adjusted to 1, 2, 3, 4, 5 and 6 respectively, for
cyclic voltammetry scanning (Figure 4). At pH 1-3, the peak widths and peak currents changed little,
indicating that the electrical signal within this pH range is relatively stable, what is beneficial for
analytical determination. Since at pH 3, the electrical signal showed the strongest response and the
highest sensitivity, the optimal pH value was selected to 3.

8
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Figure 4. CV curves (0.05 V/s) of GC electrode in diluted Fe** solution at pH (1-6).

Determination of optimal scanning rate

Cyclic voltammetry curves were recorded for Fe3* standard solution diluted multiple times, within
the scanning potential range of +1.0 to -0.4 V, at scanning rates of 0.01 - 0.09 V/s (Figure 5). It is
seen in Figure 5 that as the scanning rate increases, the peak current also increases. At the same
time, the oxidation peak potential is shifted positively, but the reduction peak potential is shifted
negatively. When the scanning rate is too low, the electrical signal is weak and the curve peak is not
so obvious, which is not conducive to the detection of Fe3*. Nevertheless, when the scanning rate is
too high, the electrical signal is strong, and Fe3* characteristic peak becomes deformed. Therefore,
the optimal scan rate is chosen to be 0.05 V/s.
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Figure 5. CV curves of GC electrode in diluted Fe** solution (pH 3) at different scanning rates (0.01- 0.09 V/s)

Determination of optimal accumulation potential and time

Fe3* standard solution was taken to investigate the effect of accumulation potential applied prior
CV measurements on the peak current (Figure 6 A). According to the results, the peak current did
not change with the positive shift of the potential when the accumulation potential was changed
from 0.8 V to -0.2 V, indicating that the reduction degree of iron ions on the electrode surface is
practically the same. Hence, 0.4 V was selected as the optimal accumulation potential. Under this
potential, the effect of accumulation time (10-240 s) on the peak current was investigated
(Figure 6B). CVs in Figure 6 B suggest that with the extension of accumulation time, more iron ions
are precipitated and enrichment is more complete. At this time, Fe3* concentration around the
electrode increases, and the peak current also increases. 3 min later, however, the peak current did
not change much, demonstrating that adsorption reached saturation. Therefore, 3 min were
selected as the best accumulation time.
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Figure 6. CV curves of GC electrode in standard Fe** solution under (A) different accumulation potentials
(0.8 to -0.2 V) and (B) different accumulation times (10 to 240 s)
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Method validation

Effect of interfering ions

Since SFGC solution contains CO3% ions, Na,COs was added into 0.001 mol/L Fe3* standard solution
in order to simulate SFGC solution and to study effect of these ions to determination results [25].
Na,COs concentrations of 0, 0.001, 0.01 and 0.1 mol/L were added respectively in the standard
solution of Fe3*ions, and measured CVs are shown in Figure 7. No change or different peak is observed
in Figure 7. By comparing the peak current values, RSD was found less than £2 %, which suggests that
COs% ions do not interfere to the determination of iron ions.

Current, pA

1 1 1 1 1 1
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4
Potential, V

Figure 7. Influence of interfering COs* ions on CVs of GC electrode in standard Fe* solution for (a) three
different concentrations of Na,COs, (b) Fe** standard solution with three different concentrations of Na,CO3

Accuracy

On the basis of the current experiment, Fe3* standard solutions of 80, 100 and 120 % concen-
trations were respectively added into 1 g/L SFGC solution. After iron content was determined, the
measured value was compared with the theoretical value to calculate the recovery rate. The results
showed that recovery rates were 100.2, 99.8 and 98.6 %, and RSDs were 3.02, 2.06 and 2.36 %,
respectively. The same method was repeated by adding Fe?* standard solutions. The results showed
that the recovery rates of those three concentrations were 99.1, 99.8 and 100.6 % and RSDs were
1.98, 1.56 and 2.63 %, respectively.

Stability and repeatability

In order to investigate stability of the system and repeatability of measured data, six cyclic
voltammetry curves in standard Fe3* and Fe?* solutions were repeatedly measured according to the
experimental conditions determined above [26]. RSD of the peak current was calculated to be
0.9-1.6 %, and the peak shape of each curve was good. Therefore, this test method has high
reproducibility and high stability, and can be applied in practice.

Limit of detection (LOD) and limit of quantitation (LOQ)

When the concentration of Fe3* is greater than 5.0x103 mol/L (LOQ), the oxidation peak area
does not change with the concentration increase, indicating that Fe3* ions are adsorbed on the
electrode surface. LOD was calculated to be about 1.0 x 103 mol/L at SNR of 3 times. In the same
way, LOD of Fe?* was determined as 8.9x10°3 mol/L and LOQ was 2.5x102 mol/L.
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Linearity and range

Gradient of standard solution concentrations of Fe3* (0.005-0.01 mol/L) and Fe?* (0.025-0.05 mol/L)
were added to 1g/L SFGC solution, respectively and their CVs are scanned under the optimal
experimental conditions (Figures 8 and 9). Linear regression equations for two standard Fe3*and Fe?*
solutions could be then obtained: Y = 12.85667 + 2786X, R? = 0.9961 (Fe3*) and Y = 42.32+703.8X,
R2 =0.9924 (Fe?*). The detection limit was low, reaching mM level. Thereupon, it could be reasoned
that iron in the complex would not affect the interference of free iron ions and that the content of
free iron ions in any SFGC sample could be calculated according to the standard curve equation.
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Figure 8. CVs of GC electrode in SFGC solution containing standard Fe** solutions (0.005-0.01 mol/L) and
calibration plot (line is linear fit)
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Figure 9. CVs of GC electrode in SFGC solution containing standard Fe? solutions (0.025-0.05 mol/L) and
calibration plot (line is linear fit).

Determination of the total iron content in SFGC

The cyclic voltammetry was employed to scan 1 g/L SFGC solution and 1 mol/L D-sodium
gluconate solution. In both solutions, however, no characteristic peak of free iron ions is observed
(Figure 10a and b). Nevertheless, the characteristic electrochemical behavior can be observed after
the acid-hydrolysis of SFGC solution (Figure 10c). These results showed that stability of the

288 (co) X



H. Liu et al. J. Electrochem. Sci. Eng. 10(3) (2020) 281-291

complexed iron is high because D- sodium gluconate serves as a molecular shell to effectively adsorb
the metal iron ions in the solution, forming a stable complex. Therefore, the iron core content is
difficult to be determined directly by the electrochemical scanning [27]. When the sample was acid-
decomposed, the complexed iron is completely converted into free Fe3* ions, and the
electrochemical redox peak appeared in the potential range of -0.4-1.0 V. The ratio of anode to
cathode peak currents (IPC/IPA) is 1.026, what is close to the theoretical value of 1 for the reversible
reaction. This means that the redox reaction of iron ions is a reversible process.

>

Current, pA
EN =
T T
%
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Potential, V

Figure 10. Comparison of cyclic voltammograms of (a) SFGC solution before acid-hydrolysis,
(b) D-SG solution, (c) SFGC solution after acid-hydrolysis

0.01 M Fe3* standard solution, 5 g/L SFGC solution and their mixture were acidolyzed at the same
time. After the cyclic voltammetry scanning (Figure 11), it can be seen that the characteristic peaks
of Fe3* are similar in shape, but with some horizontal stretching. The results showed that the
complex iron can be completely converted to Fe3* ions by acid-hydrolysis in SFGC solution.

Current, pA

1
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 0.4 -0.6
Potential, V

Figure 11. Verification of Fe** characteristic peaks in solutions of (a) FeCls,
(b) FeCls and SFGC mixture, (c) SFGC
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Optimization of acid hydrolysis conditions

The electrochemical scanning results of reduction peak currents (ix) in SFGC solutions after acid-
hydrolysis at different concentrations of hydrochloric acid solution and different temperatures are
compared in Table 1. It is shown that iron core in the complexing iron could be completely released
and converted into free Fe3* ions by acid-hydrolysis with 5 mol/mL hydrochloric acid solution for 5
min. The temperature has small effect on the acid-hydrolysis process, which can be carried out
directly at room temperature.

Table 1. Determination of acid-hydrolysis conditions

HCI concentration, moll/L Temperature, °C
1 3 5 7 RT 4 20
Acid-hydrolysis 5 min - ipc® / A 9.85 10.79 11.04 11.12 11.04 10.99 11.08
Acid-hydrolysis 10 min - i/ WA 9.85 10.82 11.11 11.09 11.09 11.03 11.07

2jpc : Reduction peak current

Linearity range

Standard solutions of Fe3* ions after acid-hydrolysis at different concentrations were scanned
under optimal conditions (Figure 12A). Within the range of 0.01 - 0.04 mol/L, the peak currents
presented a good linear relationship with Fe3* concentration (Y =2.27714+836X), R>=0.9957
(Figure 12B). Therefore, the total iron content in any SFGC sample solution can be obtained using
this linear fitted equation.

60 60
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40 L 1 L 1 1 I I L L L I 1
1.0 0.8 0.6 0.4 0.2 0.0 0.2 04 06 0.01 0.02 0.03 0.04 0.05

Potential, V ¢/ mol L

Figure 12. (A) CV curves for different concentrations of standard Fe* solution after acid-hydrolysis of SFGC,
(B) reduction peak current vs. concentration of Fe**

Application

Three sample solutions with concentration of 0.1 g/L were prepared by SFGC containing 10 mg
iron, and the content of free iron in the samples was determined by cyclic voltammetry under the
optimal conditions. Further, acid-hydrolysis was carried out before the sample was measured. The
total iron content in SFGC was calculated by the linear regression equation, and RSD value was then
acquired (Table 2).

Table 2. Determination of free iron ions and total iron content in SFGC.
Total amount of iron

Sample number Free iron Found?®, mg Relative to labeled, % RSD, %
1 --b 9.89 98.9 0.75
2 -- 10.16 101.6 1.65
3 -- 10.08 100.8 1.07

2mean value of 6 parallel measurements; ®no free iron ions were detected
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Conclusions

In this paper, the contents of free iron ions and total iron in the system were detected by the
cyclic voltammetry scanning with glassy carbon electrode. The optimized experimental conditions
were defined as solution pH 3, potential scanning rate 0.05 V/s. Before CV measurements,
enrichment potential 0.4 V and enrichment time 3 min were found optimal. Free Fe3* ions were
measured in the range of 0.005-0.01 mol/L, while free Fe?* ions were measured in the range of
0.025-0.05 mol/L. The peak current was linearly correlated with the concentration of iron ions, and
the results showed that the method is stable and reproducible. The chelated iron can be completely
converted to Fe3* ions by acid-hydrolysis under 5 mol/L hydrochloric acid solution for 5 min, and
then calculated according to the linear relationship.

Compared with the previous methods for determination of iron content, here proposed
electrochemical detection method can determine the contents of free iron ions and total iron in the
system. Also, the proposed method has the advantages of simple operation, short response time,
good sensitivity, and accurate stable results. This method can also be used for determination of
other complexes of iron.
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