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Abstract  

 

The kinetics and oxidation of neutral red by chlorate ion were studied in an aqueous hydrochloric 
acid medium at 300 K, with an ionic strength (µ) of 0.2 M (NaCl), by monitoring the absorbance of 
neutral red (NR) at 515 nm. The reaction was found to be first order concerning both [NR] and 
[ClO₃⁻], with a stoichiometric mole ratio of 1:1 between NR and ClO₃⁻. The effect of ionic strength 
variations was further confirmed by observations that the reaction rate was independent of 
changes in ionic strength and that the addition of cations had no effect on the rate. No evidence of 
active radical involvement was observed. The experimental rate law determined was: Rate = 
(Kk₃[H⁺])[NR][ClO₃⁻]. Based on the experimental results, an outer-sphere mechanistic pathway is 
proposed. 
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Introduction  

The chlorate ion (ClO₃⁻) is an 
inorganic substance with a strong oxidizing 
capacity (Jeffrey, 2019) and can be used in 
the preparation of homemade explosives 
(Cajigas et al., 2019; Yeager, 2011). Levanov 
et al. (2008) described the formation of 
chlorate as the main product of the thermal 
(non-photochemical) reaction between 
ozone and chloride ion in alkaline solutions 
at pH 8.4–10.8 and measured the rate of this 
process. Chlorate ions have also been 
reported in water processing applications 
(Hou et al., 2018; Wang et al., 2015). 
Structurally, the chlorate ion is trigonal 
pyramidal. It is utilized in the manufacture 
of inks, pesticides, textiles, leather, paper 
goods, and pharmaceuticals (Francois & 
Josee, 2019). Chlorate ion (ClO₃⁻) is formed 

as a by-product during the disinfection of 
drinking water, food production water, and 
the sanitization of food contact surfaces on 
equipment, especially when chlorine, 
chlorine dioxide, or hypochlorite is 
employed (EFSA, 2015). Additionally, at 
high temperatures, the breakdown of 
chlorate produces oxygen (Greenwood & 
Earnshaw, 1997). Chlorates, combined with 
hydrochloric acid, can also be used to 
chlorinate aromatic compounds without the 
need for organic solvents (Sharma, 2014). 
Furthermore, chlorates are effective in 
controlling weeds such as Morning Glory, 
Canada Thistle, Johnson Grass, and St. John's 
Wort (OHR, 1995; USEPA, 1994). Primarily, 
as reported by Youngblut et al. (2016), 
chlorate is employed as a herbicide to treat 
specific areas and eradicate plants along 
roadsides, ditches, fences, and other similar 
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areas. Research has also demonstrated that 
these herbicides are effective in defoliating 
and stripping the leaves of various crops, 
including rice, sunflowers, southern peas, 
sorghum, cotton, corn, flax, peppers, and 
soybeans (Kidd & James, 1991; USEPA, 
1994).   

Neutral Red (NR) is a eurhodin dye 
widely used for staining living cells and was 
first demonstrated to serve as a CO₂ sensor 
due to its unique optical properties, which 
change with dissolved carbon dioxide 
(dCO₂) concentrations (Erison et al., 2021). 
Neutral Red has a variety of applications in 
biological systems (Repetto et al., 2008; 
Victor, 2022). It is also used in the dyeing of 
silk, paper, and cotton, as well as in the 
production of inks (Ibrahim et al., 2016; 
Salem, 2002). In an eco-toxicological safety 
report by Kastury et al. (2015) and at 
http://www.tiem.utk.edu/~gross/bioed/w
ebmodules/phbuffers.html, acute toxicity 
values for NR were observed to lie between 
2.5 × 10⁻⁴ M and 0.01 M. 

Despite these uses, the direct 
assessment of the redox activities of Neutral 
Red with the strong oxidizing agent chlorate 
has not been reported. Hence, there is a high 
possibility that chlorate could affect the 
chemistry of Neutral Red, given its 
applications in pharmaceuticals, pesticides, 
inks, leather, and as a bleaching agent. The 
work by Levanov et al. (2008), cited in 
Levanov et al. (2019), remains a preliminary 
investigation, as basic kinetic parameters 
such as reaction order, temperature effects, 
and ionic strength were not explored. 
Furthermore, the scarcity of research on the 
kinetics and mechanism of the reaction 
between Neutral Red and chlorate ions has 
prompted the authors to undertake this 
study. Therefore, this research offers deeper 
insight into the reaction pathways of 
Neutral Red and chlorate ions. Additionally, 
the kinetic data generated and the proposed 
mechanisms will contribute to the 
conceptual understanding of the redox 
mechanisms of dyes. 

 

 

Methodology  
 
Materials 

Distilled water was used to prepare 
stock solutions for all experiments. 
Analytical-grade reagents were employed 
throughout the study without any additional 
purification. The following materials were 
obtained from Merck: distilled water, 
glassware, thermometer, UV-visible 
spectrophotometer (Model 721, PEC 
Medical), neutral red, sodium chlorate, 
sodium chloride, sodium nitrate, sodium 
carbonate, methyl orange, and silver nitrate. 
Hydrochloric acid, acrylamide, methanol, 
and diethyl ether were sourced from BDH, 
Nigeria.  
 
Investigation procedure 

The stoichiometry of the reaction was 
determined using the mole ratio method in 
spectrophotometric titration (Khan, 2016; 
Umoru & Effiong, 2022a). The oxidant 
concentration varied from 1:0.2 to 1:2 
(oxidant/reductant), while the dye 
concentration remained constant. The 
conditions for the NR/ClO₃⁻ system were as 
follows: D = 80.1, [ClO₃⁻] = (4.0–40.0) × 10⁻⁵ 
M, λₘₐₓ = 515 nm, [NR] = 2.0 × 10⁻⁵ M, µ = 
0.2 M (NaCl), and T = 300 K. A few drops of 
dilute nitric acid and silver nitrate solution 
were added dropwise to the already 
oxidized mixture. Additionally, a glowing 
wooden splint was introduced into the 
mixture to test for oxidation products 
(Vogel, 2000). 

A UV-visible spectrophotometer 
(Model 721, PEC Medical) was used to 
measure the absorbance of the fully reacted 
solutions (A∞) at 515 nm after 
approximately thirteen hours. The acquired 
absorbances were plotted against the mole 
ratios of the reactants. The point of 
inflection in the plot indicated the reaction's 
stoichiometry. 

The reaction rate between the oxidant 
and neutral red was studied by monitoring 
the decrease in absorbance of the dye at its 
λₘₐₓ using the same UV-visible 
spectrophotometer. For all kinetic 
measurements, [ClO₃⁻] was at least 200 
times greater than [NR] at the experimental 
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temperature, ensuring pseudo-first-order 
conditions. The ionic strength and [H⁺] of 
the reaction medium were kept constant 
(Ibrahim et al., 2016). 

Pseudo-first-order plots were 
constructed using the linear least squares 
method, plotting log (At - A∞) versus time 
(s). The pseudo-first-order rate constants 
(k₁) were obtained from the slopes of these 
plots. The second-order rate constants (k₂) 
were then calculated using k₂ = k₁/[ClO₃⁻]. 
The slope of the plot of log k₁ versus log 
[NR] revealed the reaction order with 
respect to the oxidant (Ibrahim et al., 2016; 
Nkole et al., 2023; Umoru & Effiong, 2022b). 

At constant ClO₃⁻ and NR 
concentrations, as well as constant ionic 
strength and temperature, the effect of [H⁺] 
on the reaction rate was examined by 
varying [H⁺]. A plot of log k₁ versus log [H⁺] 
provided the order of the reaction with 
respect to hydrogen ion concentration 
(Nkole et al., 2022b).  

The ionic strength of the reaction 
mixture was varied while maintaining 
constant ClO₃⁻, NR, and [H⁺] concentrations 
at 300 K. The relationship between the 
reaction rate and changes in ionic strength 
was determined by plotting log k₂ versus 
√µ, yielding a slope of 1.02ZAZB. The 
reactants’ charges at the activated complex 
are represented by ZA and ZB, as shown in 
Equation 1 (Nkole et al., 2021): 
 
Log k = log ko + 1.02ZAZB√µ                                             (1)                                                              
 

The effect of the dielectric constant of 
the reaction medium on the reaction rate 
was investigated by varying the quantities 
of acetone in the reaction mixtures while 
keeping other conditions constant. A plot of 
log k₂ versus D⁻¹ (where D is the dielectric 
constant) was used to analyze this 
relationship (Osunkwo et al., 2018). The 
dielectric constant was calculated using 
Equation 2 as follows.  
 

(2) 
 

Notes: 
V = volume                 
 

The effect of added ions on the 
reaction rate was studied by introducing 
different concentrations of NO₃⁻ and Mg²⁺ 
ions while keeping the concentrations of 
ClO₃⁻, NR, and HCl constant, along with 
constant temperature and ionic strength. 
Additionally, the generation of free radicals 
in the reaction medium was tested by 
adding 0.5 cm³ of 0.1 M acrylamide solution 
to a partially oxidized reaction mixture 
containing ClO₃⁻ and NR. Control 
experiments were conducted by 
independently adding acrylamide solution 
with excess methanol to ClO₃⁻ and NR 
solutions (Nkole et al., 2022b).  

Finally, kinetic and spectroscopic 
techniques were employed to check for the 
presence of a stable, identifiable 
intermediate species during the reaction. 
The spectroscopic method involved 
recording the electronic spectra of partially 
reacted mixtures at intervals between 400 
and 800 nm. The kinetic method involved 
constructing a Michaelis–Menten plot of 
1/k₁ versus 1/[ClO₃⁻] (Umoru & Babatunde, 
2019).  

Results and Discussion 

Stoichiometric and Product Analysis 
The stoichiometric investigation of 

the oxidation of neutral red by chlorate ion 
revealed that one mole of dye was 
consumed by one mole of ClO₃⁻. In contrast, 
the oxidation of Orange II dye by chlorate 
ion exhibited a different mole ratio of 1:2 
(OR: ClO₃⁻) (Myek et al., 2020). The 
oxidation process produced an organic 
product, oxygen gas, and chloride ion as a 
result of the reactants' molar contributions. 
Figure 1 displays the titration curve, while 
Equation 3.0 presents the stoichiometric 
equation for the reaction. The presence of 
chloride ions was confirmed by the 
formation of a curdy white precipitate upon 
the addition of silver nitrate to the ether 
layer of the product mixture. Oxygen gas 
generation was validated by the re-ignition 
of a glowing splint upon exposure to the 
heated product mixture (Vogel, 2000). The 
products formed at the end of the reaction 
are shown in Equation 3 as follows: 
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Determination of Pseudo-First-Order, 
Second-Order Rate Constants, and Order 
of Reaction 

The reaction appeared to be first-

order concerning [NR], based on the linear 

plots of log (At – A∞) versus time, where At 

and A∞ were the absorbance values at time t 

and reaction completion, respectively, 

under pseudo-first-order conditions. 

Pseudo-first-order rate constants (k₁) were 

determined from these plots. 

A typical plot is shown in Figure 2. 

The slope of the plot of log k₁ against log 

[ClO₃⁻] (see Figure 3) produced an R² value 

of 1, indicating that the reaction was first-

order concerning [ClO₃⁻]. As presented in 

Table 1, the second-order rate constants 

(k₂) derived from k₁/[ClO₃⁻] were relatively 

consistent. The rate law for the reaction can 

thus be expressed in Equation 4 as follows. 

 
 
 

 

Effect of Hydrogen Ion Concentration on 
the Reaction Rate   

Protonation of ClO₃⁻ ions during the 
reaction (Equation 6.0) caused an increase 
in the reaction rate with increasing [H⁺] (see 
Table 1). This finding contrasts with Hassan 
et al. (2021), who observed a decrease in 
rate with increasing [H⁺]. A direct acid 
dependency plot of log k₁ versus log [H⁺] 
(see Figure 4) produced a straight line with 
a slope of 0.763, indicating a positive 
dependency. The overall rate equation 

based on this observation is depicted in 
Equation 5. 

 

 
 

Notes: 
a is the slope representing the reaction's 
acid dependency. 

  
 
 
 

Figure 1. Plot of absorbance versus mole ratio for the determination of the stoichiometry of the 
oxidation of NR with ClO₃⁻ at [NR] = 2.0 × 10⁻⁵ M, [H⁺] = 3.0 × 10⁻³ M, µ = 0.2 M, and T = 300 K. 
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103 [ClO3
-], 

M 

103 [H+] M µ, M 

 

103 k1, s-1 k2 M s-1 

4.00 3.00 0.20 8.08 2.02 

5.00 3.00 0.20 10.15 2.03 

6.00 3.00 0.20 12.18 2.03 

7.00 3.00 0.20 14.14 2.02 

7.50 3.00 0.20 15.30 2.04 

8.00 3.00 0.20 16.15 2.02 

8.50 3.00 0.20 17.25 2.03 

9.00 3.00 0.20 18.27 2.03 

7.00 1.00 0.20 7.01 0.87 

7.00 2.00 0.20 10.34 1.56 

7.00 3.00 0.20 14.14 2.03 

7.00 4.00 0.20 18.76 2.61 

7.00 5.00 0.20 22.23 3.07 

7.00 6.00 0.20 26.98 3.45 

7.00 7.00 0.20 30.21 3.89 

7.00 8.00 0.20 34.42 4.24 

7.00 3.00 0.05 14.13 2.02 

7.00 3.00 0.08 14.14 2.03 

7.00 3.00 0.10 14.12 2.03 

7.00 3.00 0.15 14.12 2.03 

7.00 3.00 0.20 14.13 2.03 

7.00 3.00 0.25 14.13 2.04 

7.00 3.00 0.30 14.13 2.04 

7.00 3.00 0.40 14.14 2.04 

 

Table 1. Pseudo-first-order and second-order rate constants for the oxidation 
of NR with ClO₃⁻ at [NR] = 2.0 × 10⁻⁵ M, T = 300 K, and λₘₐₓ = 515 nm. 

Figure 2. Typical pseudo-first-order plot for the oxidation of NR with ClO₃⁻ at 
[NR+] = 2.0×10-5 M, [ClO₃⁻] = 7.0 × 10-3M, [H+] = 3.0 × 10-3 M, µ = 0.20 M, 
λmax = 515 nm, and T = 300 K. 
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Effect of Ionic Strength and Dielectric 
Constant on the Reaction Rate 

The reaction rate remained 
unchanged with increasing ionic strength 
(see Table 1), suggesting that uncharged 
species interacted at the rate-determining 
step (Equation 7). Similarly, variations in 
the dielectric constant (see Table 2) did not 
affect the reaction rate. These findings 
contrast with previous studies (Abdulsalam, 
2016; Adetoro, 2021; Bugaje, 2021; Ibrahim 
& Hamza, 2016), which reported a decrease 
in reaction rate with increasing ionic 
strength. 

 

Effect of Added Ions on the Reaction Rate 

As shown in Table 3, the addition of 
ions (NO₃⁻ and Mg²⁺) to the reaction 
medium did not have a significant effect on 
the reaction rate, indicating no catalytic or 
inhibitory effect. This suggests that the 
reaction involved uncharged species at the 
rate-determining step. This observation 
contrasts with that reported by Osunlaja 
(2012). 

 
 
 
 
 

Figure 4. Plot of log k1 versus log [ClO3-] for the oxidation of NR with ClO3- at [NR] = 2.0 × 10-5 M, 
[ClO3-] = 7.0 × 10-3 M, [H+] = 3.0 × 10-3 M, µ = 0.20 M, T = 300 K, and λmax = 515 nm. 

Figure 3. Plot of log k1 versus log [H+] for the oxidation of NR with ClO₃⁻ at [NR] = 2.0 ×10-5 M, [ClO3-] = 
7.0 × 10-3 M, µ = 0.20 M, and T = 300 K 
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D 102 1/D k1, s-1 k2, M s-1 

80.10 1.24 4.07 2.03 

79.72 1.25 4.07 2.03 

79.34 1.26 4.05 2.02 

78.58 1.27 4.05 2.02 

77.44 1.29 4.05 2.02 

76.30 1.31 4.03 2.01 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Table 2. Effect of changing the dielectric constant on the oxidation of NR with ClO₃⁻
 
at [NR] = 2.0 ×10-3   M, 

[ClO3
-] = 7.0 × 10-3  M, [H+] = 3.0 × 10-3 M, µ = 0.20 M, T = 300 K, and λmax = 515 nm. 

 

Ion            103[Ion], M                  k1, s-1                          k2, M–1 s–1 

 

NO3
-             0.00    4.07     2.03 

                       10.00    4.58                 2.29 

                       20.00                4.86                                 2.43 

                       30.00               5.16              2.59 

                       40.00   5.18                                 2.74 

                       50.00  5.84                   2.92 

                       60.00    6.34                                 3.17 

Mg2+            0.00    4.07                                 2.03 

                       10.00   4.05     2.02 

                       20.00    4.07    2.03 

                       30.00     4.07                     2.03 

                       40.00    4.05                                2.02 

                       50.00    4.05    2.02 

                       60.00   4.05   2.02 

Table 3. Effect of added anions and cations on the oxidation of NR with ClO₃⁻ at [NR] = 2.0 × 10-5 M, [ClO3
- 

] = 7.0 × 10-3 M, [H+] = 3.0 × 10-5 M,  µ = 0.20 M, T = 300 K, and λmax =515 nm. 
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Figure 6. Spectrum of neutral red and the NR–ClO₃⁻ reaction mixture. 

Figure 5. Michaelis-Menten plot of 1/k₁ versus 1/[ClO₃⁻] for the oxidation of NR with ClO3
- at [NR] = 2.0 × 

10-3 M, [ClO3
-] = 7.0 ×10-3 M, [H+] = 3.0 × 10-3 M, µ = 0.20  M, T = 300 K, and λmax =515 nm. 
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Free Radical Test 

The partially reacted mixture of 

NR and ClO₃⁻ with excess methanol did 

not form a gel upon the addition of 

acrylamide, indicating the absence of 

free radicals. This finding contrasts with 

Fawzy (2016), who reported free radical 

participation during permanganate 

oxidation of fluorenone hydrazone. 

Test for Intermediate Formation 

 

Kinetic Method  

The Michaelis-Menten plot of 

1/k₁ versus 1/[ClO₃⁻] (see Figure 5) 

exhibited a negligible intercept, 

suggesting that no significant 

intermediate formation occurred.  

Spectroscopic method 

The reaction proceeded without 

the formation of an intermediate 

complex, as evidenced by the absence of 

a discernible shift in λmax (515 nm) when 

the reaction mixture of NR and ClO₃⁻ 

was scanned between 400 and 800 nm 

(see Figure 6).  

Based on the following 

observations, it was highly likely that 

neutral red was oxidized by ClO₃⁻ in 

acidic aqueous media via an outer-

sphere mechanism:  

I. The negligible intercept on the 

Michaelis-Menten plot. 

II. The absence of complex 

intermediate formation.The 

reaction mechanism can be 

summarized as follows: 

    (6) 

 
 
 

 

 

 
 

Rate = k3[NR][HClO3]                                       (9) 

From Equation 6.0; 

[HClO3-]=K[ClO3-][H+]                                    (10)  

Substituting Equation 10 into Equation 9; 

Rate=Kk3[H+][NR][ClO3-]                     (11)                                                                                                    

Rate=k[NR][ClO3-]                                          (12)                                                                                              

where k = Kk3[H+] and Equation 12 

conforms to Equation 4. 

 
Conclusion  

The oxidation mechanism of neutral 

red in acidic aqueous solution in the 

presence of chlorate ions has been 

extensively studied. Irrespective of the 

concentrations of the oxidant and reductant, 

the reaction consistently exhibits first-order 

consumption of the reductant relative to 

each mole of oxidant produced. Kinetic 

analysis reveals that the reaction rate 

constant is highly dependent on the acidity 

of the solution, highlighting the acid-

sensitive nature of the dye’s redox behavior. 

Based on spectroscopic and kinetic data, the 

reaction is best described by an outer-

sphere electron transfer mechanism. 
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