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ABSTRACT
This study aimed to explore the oxidation kinetics of reactive Drimaren Blue-HFRL (DB-HFRL), leading to its degradation by
permanganate ions under diverse pH conditions at Amax 610nm using a spectrophotometer. The oxidation reaction of DB-HFRL was
observed on several parameters in acidic and alkaline solutions, such as dye and potassium permanganate (KMnO,) dosage, pH, reaction
time, and temperature. The oxidative products were analyzed through IR spectroscopy, followed by the determination of chemical
oxygen demand (COD) and biological oxygen demand(BOD) of reaction mixtures. The change in pH on the oxidation capability of
KMnO, was monitored under mono, di, and tri protic acids and an alkaline medium. Results showed that oxidation leading to
degradation was higher at low pH compared to higher pH. The percent decolorization/ oxidation of dye waste effluent was rapid at
higher concentrations of KMnOy in the presence of different acids such as CH;COOH, H,SO4, and H3PO, (76.19%) while minimum in
alkaline medium (17.19%). It was observed that the dye decolorization rate was directly proportional to the hydrogen ion concentration
in a given acidic medium (tri-protic acid, HsPO4). This indicates that H ions are significant in dye colour removal and renovation of
wastewater. COD of the laboratory scale prepared wastewater (4500mg/L) showed the effectiveness of the developed process where a
remarkable decline in chemical oxygen demand (COD) was observed in an acidic medium. This study establishes a cost-effective
method to treat textile effluent to protect the ecosystem.
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1. INTRODUCTION:

Of the various industrial wastewaters, those discharged from the dyestuff and textile industries are the most difficult to
treat. Wastewater from such industries is sometimes known as dye wastewater. Alkalinity, biological oxygen demand
(BOD), chemical oxygen demand (COD), and dissolved solids with a concentration of dyes under 1.0 g.dm™ are generally
the characteristics of such wastewater [1,2]. The complex aromatic structure and the synthetic origin of dyes make them
stable and resistant to biodegradation [3,4]. These dyes are divided into three distinct types: anionic dyes, which are direct
and reactive; cationic dyes, which are basic; and non-ionic dyes, which are made of azo groups or anthraquinone types. Of
these three, non-ionic or anthraquinone-based dyes are the most degradation-resistant. They have fused aromatic structures,
which give these dyes the ability to resist degradation [4]. It is alarming that azo-based dyes are being used extensively and
account for 60% to 70% of the whole dye structures known to be manufactured [5]. Versicolor has been used for dye
decolorization, and it has been found that decolorization was dependent on the dye structures [6]. Textile industries use a
lot of water [3]. Initially, they used the water as steam for heating purposes. Then, the water is used as a medium to transfer
dyes to the fibers. The use of water is just not limited to these two processes. It is also required for the processing of the
fibers. One of the widely used fibers is cotton, a substrate that requires a lot of water during its processing. 70 to 150 litres
of water is consumed by dyeing 1 kilogram of cotton with reactive dyes.

Additionally, 0.6 to 0.8 kilograms of sodium chloride (NaCl) and 30 to 60 grams of dyestuff are used in this dyeing process.
The high salinity of the effluents is the result of the electrolytes mentioned above. The pollution caused by using the dyes
can be estimated from the fact that more than 80,000 tonnes of anionic (reactive dyes) are produced and consumed annually
[7]. The wastewater generated using reactive dyes mainly contains hydrolyzed reactive dyes, not fixed on the substrate. It
represents 20 to 30 percent of the reactive dyes applied (on average 2 g.L™). This residual amount is non-recyclable and is
responsible for the coloration of the effluents [8]. In addition, the wastewater also contains non-recyclable dyeing auxiliaries
or organic materials (responsible for high BOD / COD of effluents), textile fibers, 60 g.L™ to 100 g.L™ of the electrolyte.
This electrolyte is mainly NaCl and sodium carbonate (NaCQOs) [9]. The dye wastewater creates water high in COD and
BOD that must be treated before discharge to protect the aquatic life [10,12]. Manganese (V1) is an effective oxidizing and
hydrolyzing agent [12]. It has been used widely in synthetic and analytical chemistry for oxidation [13]. One advantage of
using Manganese (V1) is that it is a self-indicator [14]. The oxidizing ability of this oxidizing agent is dependent upon the
pH of the medium [15]. The expected species in an acidic medium are mainly Mn(VII), Mn (IV) and Mn (l11) [16].
Furthermore, in an acidic medium, Mn(V11) species are HMnO., H,MnO,*, Mn,O7 and MnOs" [17].

The explanation for the H* dependence on the rate of MnO, oxidation has been explained in terms of protonation of Mn0,
in a fast step to give HMnOs, which then reacts with the reductant in a slow step to provide the products [18]. The redox
reaction of malachite green and peroxydisulphate ion occurred in one one ratio, with first-order dependence on the reductant
(malachite green) and fractional order (one-half) dependence on the oxidant (peroxydisulphate) and rates of reaction were
enhanced under both high or low pH relative to neutral conditions [19]. Moreover, the dyeing process contributes as the
primary source of colour in textile waste (effluents). Discharging coloured compounds and effluents from various industrial
activities is unhealthy for the environment. In addition to that, the wastewater has an intense colour and high BOD / COD
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and TOC (total organic carbon) values. The worldwide annual production of dyestuff amounts to more than 7 x 10° tonnes
[20]. Their breakdown products may be toxic, and their removal from the effluent is a major environmental problem and a
need of today [21-23]. Due to the complex aromatic structures, these dyes are unaffected by light, temperature and microbial
attack. Because of this, they are known as recalcitrant compounds [24,25].

The dye sewages are high in colour, pH, chemical oxygen demand (COD), and biological oxygen demand (BOD)[26-34].
Therefore, the aim and objective of the current investigation is to develop a treatment process which should monitor and
compare these parameters with the standard concentrations before discharging. In this study, these critical parameters, pH,
COD, and BOD, are taken into consideration to develop cost-effective and eco-friendly processes for successful control of
wastewater to safe running streams.

2. Materials and Method

All reagents, potassium permanganate, acetic acid, sulphuric acid, phosphoric acid, and sodium hydroxide obtained from
E- Merck, were used as received. A reactive dye, Drimaren Blue HFRL, was taken from the local textile industry. The
experiment was divided into different sessions. Solutions were prepared according to experimental needs, and the reaction
was monitored through spectral changes; absorbance was noted at wavelength 610nm, and kinetic measurements were
done.

2.1. Preparation of Sample Solutions

The decoloration of Drim Blue HFRL was carried out by preparing it in de-ionized water, which was further diluted with
de-ionized water to obtain a series of dye solutions with varying concentrations. The dye solution was scanned from 200 to
800 nm, and its maximum absorbance (Amax 610 Nm) was determined. The concentration of a stock solution of KMnQO, was
0.002 M; reaction mixtures were obtained by taking an appropriate amount of stock dye solution, adding KMnO, with
adjusting pH, and transferring to cuvet. The 0.1 ml. of 1M HONHsCI ( Hydroxylammonium chloride) was added to
eliminate the colour disturbance caused by residual KMnQ4to the absorbance measurement. HONH;CI reacts with residual
KMnO4 to produce a colourless compound. The absorbance value obtained in each case was plotted against time to get a
rate constant.

2.2. pH and Kinetics Measurements

pH of the reaction mixture in diverse acids and alkaline conditions is measured through pH meters. Kinetics measurements
were made by preparing three sets of reaction mixtures in which one species was varied while the others were kept constant
at a given concentration. All contents were mixed, and the progress of the (inlets) reaction was monitored by recording the
change in optical density A __ during the reaction on a UV/Visible spectrophotometer (Shimadzu 160-A).The reaction order

was evaluated by measuring the specific reaction rate at various pH [19-27]. The percent decrease in absorbance was
calculated by using the formula:

% Decrease in Absorption = (1 - %) x 100 (1)
l

where A¢ = absorbance after 15 min or final absorbance.

Aj = Absorbance at 0 min or initial absorbance.
2.3. Analysis of COD and BOD
The analysis of COD was conducted by COD analyzer APHA 5220-C. The amount of organic compounds present in the
wastewater is determined by chemical oxygen demand, usually referred to as COD of the running stream. In acidic
conditions with strong oxidizing agents, these compounds oxidize into CO.. In this method, different samples of reaction
mixtures were refluxed for 2-3 hr in a strongly acid solution with a known additional amount of potassium dichromate
(K2Cr207) [26]. The remaining unreduced K,Cr,O; was determined by titration with ferrous ammonium sulphate, and the
oxidizable matter was calculated in terms of oxygen equivalent. COD is expressed in mg/L, or ppm, and reflects the mass
of oxygen consumed per litre of solution. This test is completed almost within 2-3 hr, while BOD requires five days [28].
Therefore, the following equation was used to estimate the BOD of the dye wastewater before and after the reaction as
described by [28].
BOD = 6.1242+ 0.3142(COD) + 0.0008(COD)?
3. RESULTS AND DISCUSSION:
Dye coloration is an essential step in the environmental monitoring of textile wastewater because of the detrimental effects
associated with the colour water per several additives used in the textile industry to fix the colour on fabrics. Massive
guantities of dye wastewater discharged after its primary use also impact running streams; consequently, COD and BOD
of water reserves are affected. The oxidation leading to degradation of Reactive Drim Blue HFRL (DB-HFRL) was
investigated in an aqueous medium using a powerful oxidizing agent, KMn4O, at several pH using diverse acids and alkaline
medium followed by estimation of COD and BOD. Results showed that KMnO, works most efficiently as a potent oxidizing
agent in different acids related to H" and alkaline medium, especially at low pH, due to which reduction of Mn (V1) (gain
of &) to Mn (1) on KMnO4 may take place quickly and thus become an excellent oxidizing agent (Fig.1). The generation
of nascent oxygen; in the acidic medium also responsible for oxidizing the dye molecule leading to degradation.
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At high pH, the reaction was prolonged because fewer electrons were transferred per mole permanganate, whereas Mn(VI1)
was reduced to manganite (VI). It was recognized through spectral studies that dye degradation occurs through complex
formation, which dissociates into smaller products. The spectral analysis of the dye wastewater after reaction showed that
the dye was oxidized entirely, and no peak was recorded at Amax 610nm.
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3.1. Reaction Pathway of Decolouration DB-HFRL Under Various pH
KMnOy is applied as an oxidant to the dye wastewater as it is suitable to oxidize weak bonds such as = bond, aromatic ring,
and C-H. The aerobic oxidation of DB-HFRL was monitored in an acidic (mono, di and triprotic acid) and alkaline aqueous
medium using KMnQ4, having high redox potential and act as a potent oxidizing agent at low pH, since it reduced to the
highest degree in an acidic medium, from oxidation state (+7 ) in MnO™ to (+2) in Mn?" according to the following

Equations:

MnOj + 8H* + 5¢~ — Mn?* + 4H,0 +151V (E°)__(2)
MnO~; + 4H* + 3e —>MnO, + 2H,0 1.68V(E°)___ (3)
MnOj + 2H,0 + 3e~ — MnO, + 40H" +0.59 V (E°)_(4)

Equations (2-4) showed the oxidation potential of KMnQ, in different mediums with the diverse release of electrons.
Equation (1) shows that one molecule of KMnO releases 5 electrons per species, which is high and reflects that a trivial
amount of KMnO. is enough for the oxidation reaction. Due to this, KMnQO,4 was selected as the best oxidizing agent for
controlling hazardous dye wastewater for economic retorts. Therefore, oxidation reaction was studied using three different
types of acids (Fig. 2) related to the proton number, and it was found that oxidation was proton-dependent (Table 1).
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Figure 2. Effect of change in concentration of NaOH, CH3;COOH, H,SO4 and H3PO4 in the presence of KMnOa.
Table 1: Effect of Change in pH in relation to the concentration of NaOH, CH;COOH, H,SO4 and H3POs in the
presence of KMnOy4 (pH=2-14).

[DB-HFRL] = 100 ppm; [KMnO,] = 2 x 10-5 mol.dm™

S.No. [NaOH] (mol.dm) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration
1 0.01 06.0x10* 0.4699 4.16
2 0.1 2.0x10° 0.4515 11.78
3 0.2 2.1x10°% 0.4484 13.02
4 0.3 1.9x10°% 0.4514 15.66
5 0.4 2.4x10°% 0.4447 17.19
6 0.5 2.5x10°% 0.4433 17.69
S.No. [CH3COOH] (mol.dm™) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration
1 0 3.8x10°8 0.4169 28.24
2 0.1 5.0x10°8 0.3823 35.68
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3 0.2 5.5x10°% 0.3613 43.12

4 0.3 6.0x10°3 0.3400 47.22

5 0.6 7.0x10°3 0.3200 49.12

6 0.8 8.2x10°8 0.300 56.78
S.No. [H2S04] (mol.dm™) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration

1 0 3.7x10°3 0.4096 27.61

2 0.1 9.7x10°3 0.2537 72.51

3 0.2 1.4x107? 0.2160 74.68

4 0.3 1.8x107? 0.1782 75.18

5 0.4 2.1x10? 0.1477 78.56

6 0.5 2.3x10? 0.1235 80.23
S.No. [H3PO4] (mol.dm™) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration

1 0 3.7x10°3 0.4096 27.61

2 0.1 7.4x103 0.3456 56.23

3 0.2 6.3x10°3 0.3636 47.59

4 0.3 1.24x107? 0.2454 66.54

5 04 1.53x107? 0.1912 72.66

6 0.5 1.88x102 0.1635 76.19

The result showed that the colour removal of dye increased in the acidic medium in the presence of KMnQO, than in alkaline.
More than 90% decoloration was achieved with a maximum applied concentration of KMnQy (i.e.: 0.06 - 0.1mM) following
pseudo-first-order kinetics (Table 2).

The pH influences the processes used for dye wastewater treatment through biological or chemical methods. A literature
search showed that a pH value less than (1.5) showed the decolorization efficacy was very high. In contrast, when pH was
higher than 4.0, the dye decoloration was not completely decolorized in the presence of KMnOs [27]. It was observed that
pH had a remarkable effect on the decolorization efficiency of the dye. The investigation established that the DB-HFRL
was more persistent and resistant to degradation at high (alkaline) pH compared to low pH (acidic), i.e., the decolorization
efficiency was very high(80.23%). In comparison, it was low in an alkaline medium (17.69%) (Fig. 3).
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Figure 3: Effect of change in concentration of KMnQy, in the presence of 0.1 mol.dm=NaOH,CH3;COOH, H,SO4 and H3PO..
[NaOH]=[CH3COOH]=[H,S04]=[H3PO4]= 0.1mol.dm, [DBHFRL]= 100 ppm, [DBHFRL]= 100 ppm ; [KMnO4]= 2 x 10~ mol.dm

Moreover, it revealed that an acidic medium favours decolorization rather than an alkaline medium. It has already been
reported that the dyes display diverse firmness at different pH levels, similar to the current observation. The less
decoloration at high pH in the current investigation may related to the chemical structure of dyes, which can impact their
vulnerability to decoloration at different pH levels. It may involve specific functional groups of the organic dye molecules
that may be extra reactive or susceptible to degradation under particular pH conditions [25-32]. The pH also determines
whether an oxidation reaction occurs via one, three, or five electron exchanges [30]. The current results are according to
the previously published reports of Siddique et al. [26], who observed that the extent of decoloration was increased by
decreasing pH followed by first-order kinetics (Table 2). Racyte et al. [27] investigated the effect of pH on real dye
wastewater at a lab-scale reactor with the original high pH of the wastewater decolorized in 5 hours while at pH 3
(acidification), a speedy decolorization of the dye was observed. The concentration of KMnQ,4 had a significant effect on
decolorization efficiency (Table 2) related to pH, where an increase in the concentration of the reducing agent showed an
increase in % decoloration(99.89%) when triprotic acid was used.

Table 2: Effect of Change in Conc. of KMnQyin the presence of NaOH, CH;COOH, H,SO4 and H3POy4

[NaOH] = [CH;COOH] = [H2504] = [HsPO4] 0.1mol.dm, [DBHFRL] = 100 ppm [NaOH] = 0.1mol.dm™
S.No. [KMnOs] x 105 (mol.dm) Rate of Reaction (dx/dt x10) Rate constant “k” % Decoloration
1 0 14 0.52 11.21
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2 2 2.0 0.4515 11.78
3 4 3.0 0.3827 13.12
4 6 3.8 0.3412 15.16
5 8 4.4 0.3126 17.71
6 10 4.9 0.2876 19.23
[CH3COOH] = 0.1mol.dm™
S.No. [KMnOs] x 105 (mol.dm) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration
1 0 0.8x10° 0.476 1.613
2 2 9.2x103 0.232 56.61
3 4 1.06x107? 0.187 71.45
4 6 1.23 x107 0.008 87.34
5 8 1.37x107? 0.006 91.31
6 10 1.49x107? 0.005 93.65
[H2S04] = 0.1moL.dm™3
S.No. [KMnOs] x 105 (mol.dm) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration
1 7.0x103 0.339 53.66
2 2 9.0x103 0.253 72.32
3 4 1.2x107? 0.052 94.36
4 6 1.3x107? 0.141 98.31
5 8 1.5x107? 0.122 98.56
6 10 1.7x107? 0.101 99.12
[H3PO4] = 0.1mol.dm™
S.No. [KMnOs] x 105 (mol.dm) Rate of Reaction (dx/dt) Rate constant “k” % Decoloration
1 0 3.7x103 0.414 28.12
2 2 7.4x10? 0.345 56.23
3 4 1.12x107? 0.139 85.1
4 6 1.32x107? 0.332 99.31
5 8 1.39x107? 0.126 99.56
6 10 1.57x107? 0.112 99.89

The low oxidation at higher pH may be explained as their low oxidation potential related to the oxidation state of Mn
according to the equation (1-3). It was observed that the oxidation potential (E°) increases with decreasing pH. Equations
2 & 3 showed that E° in an acidic solution is much higher than in an alkaline (Equation 3) solution.

Mechanism of oxidation

Monoprotic acid

MnO4 + 4H" + 36 >MnO; + 2H,0 G
Diprotic acid

MnOs + 8H*+ 66" — Mn*2 + 4H,0 G
Triprotic acid

3H3PO4+ 2KMNnOs — 2KH,PO4 + 2MnO; + H3PO4 _(7)
3P*3 - 6e” — 3P*° (oxidation) _(8)
2Mn*" + 6e"— 2Mn** (reduction) )

Oxidation reaction(eg. 5-9) showed a reduction of MnO, via 3 to 6 e- and validated that in triprotic acid, KMnOsacts as a
strong oxidizing agent for dye removal. The highest oxidation in minimum time may be explained in relation to the structure
of the reactive dyes in regard to the presence of the aromatic ring having a conjugated double bond, which can easily broken
in different acidic mediums by KMnO. according to the above equations (1-8). The results showed that the oxidation
mechanism of DB-HFRL by permanganate ions in different mediums involved the attack of permanganate oxidants on the
center of the substrate DB-HFRL, giving an intermediate complex (C1) which later on degraded into colourless smaller
components according to the following equation.
DB-HFRL + MnO, — [ DB-HFRL ----- MnO4] — degradation products __ (10)

3.2. Chemical Oxygen Demand and Biological Oxygen Demand

COD and BOD were measured to determine sludge quality and detect the industrial discharge by applying safe, low-cost
technology to prevent environmental pollution for the safety of the running streams. Chemical oxygen demand is a vital
water quality parameter, measuring the quality of sustainable marine life. It is frequently used for the biological oxygen
demand (BOD) of waterbodies for life in water streams. BOD provides an index to evaluate the effect of discharged
wastewater which the running streams receive when dye waste is discharged. The measurement of COD of dye wastewater
reflects the organic/inorganic compounds used in dye fabrication and discharged in water bodies, which contributes to the
contaminates. COD is the quantity of oxygen expended to chemically oxidize organic water pollutants to inorganic end
products, i.e., water and CO.. Therefore, the COD test was applied to measure the strength of organic wastes. It is the
application that is used to determine organic compounds in water. Higher COD levels (Table 3) indicate a quantity of

5
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oxidizable organic substances in the water sample, responsible for reducing dissolved oxygen (DO) levels; consequently, a
reduction in dissolved oxygen (DO) appeared as an anaerobic condition, which is toxic to higher aquatic life forms.
Table 3: COD and BOD of different reaction mixtures studied

Several studied

Reactions COD (ppm) Permissible limit (ppm) BOD(ppm) Permissible limit (ppm)
Dye wastewater 4500 17,620.0242
KMnOj4 neutral 900 936.9042
KMnO4/CHCOOH 150 250 to 500 [32] 71.2542
KMnO4 /H2SO4 80 300-600 ppm [33] 36.3802 30 [32]
KMnO4 /H3PO4 65 29.9272 150-300 ppm [33]
KMnO4 /NaOH 200 100.9642

In this test, a potent oxidizing agent like K.Cr,O7 under acidic conditions was applied to the reaction mixture of dye and
oxidant in different acidic conditions (H* ions) and an alkaline medium. It was assessed based on the fact that a strong
oxidizing agent, under acidic conditions or alkaline medium, can practically oxidize entire organic compounds to carbon
dioxide and water. Results showed that dye wastewater has higher COD and unbalanced BOD without treatment while
having less (Table 3) after applying the trial compared to the permissible limit and domestic, respectively (Table 3). The
current results are in accordance with the reports where BOD is less than COD [28]. The low COD after the trial validated
that the applied method is innovative in controlling the dye wastewater compared to the earlier work [28], where KMnO4
as an oxidizing agent is suitable in acidic conditions to control hazardous colouring water. Results are according to the
previously published report of Inam et al. [34], who observed excellent decolorization followed by an extreme decline in
COD at a high temperature of 60°C. At the same time, the current investigation proves to be innovative as COD is observed
at normal temperatures.
4. CONCLUSION:
It was concluded that the decolorization rate of DB-HFRL dye solutions in several acidic mediums was rapid as compared
to the alkaline medium, which was linked with the oxidation potential of the oxidant. It was established that pH plays a
vital role in dye wastewater management, followed by reducing COD of the dye wastewater. Results showed that the
maximum decoloration was obtained at pH 1.5; however, more research is recommended to check the final pH of the
recovered water before discharging it into the running stream as an essential step.
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