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Abstract
This article investigates the methylene blue (MB) dye reduction on a specially designed optical bench under the radiation
of 656 nm through the oxidation of p-phenylenediamine (PPDA), an extreme sensitizer in a methanolic solvent. The
oxidation of PPDA leads to the formation of polyaniline, a conductive polymer that is widely used in dye-sensitized
applications and environmental remediation. Photoredox reaction studied on several acidic pH using acetate buffer and
parameters (i) acidity (Ho) at the fixed concentration of dye (ii) various concentrations of PPDA, and (iii) temperature.
The quantum yield was found to be a function of PPDA concentration, acidity, and temperature. It was concluded that a
triplet transition state is involved in leuco dye formation and photo-oxidation of aromatic amine. It was also found that
two equilibria were established between H+, dye, and PPDA (MB+. PPDA) and one form of triplet state of methylene blue
with reductant PPDA. It was suggested that PPDA absorbed a photon of light and released 2 protons, which were
abstracted by MBT, resulting in the bleaching of dye or leuco dye formation.
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1. INTRODUCTION
Photocatalytic reduction of dyes is an essential process in environmental remediation, chemical synthesis, and energy
applications. Sunlight or UV light is used as an energy source to reduce dependence on harsh chemicals. Photocatalytic
dye reduction helps in designing better photocatalysts for broader applications in environmental and energy-related fields
[1, 2]. Methanol plays a significant role in the reduction of dyes, depending on the system and conditions. It acts as an
electron donor in redox reactions, especially under catalytic or photochemical conditions oxidized to formaldehyde or
formic acid while donating electrons for dye reduction [3]. It enhances the reduction of dyes by scavenging
photogenerated holes, preventing charge recombination, and promoting electron transfer to the dye[4]. It increases the
rate of dye reduction by providing a readily available source of electrons and affecting the solubility and interaction of
dyes with reducing agents [5]. In wastewater treatment, methanol is sometimes used to assist in the photocatalytic or
chemical degradation of dyes, helping in dye removal from industrial effluents. The dye reduction process is enhanced
due to the increase in the availability of protons. Many dyes, especially azo dyes, undergo protonation in acidic media
reduced to aromatic amines[6]. This makes them more susceptible to valuable reduction in the dye and pharmaceutical
industries and controlled reduction without excessive degradation. Para-Phenyldiamine (PPDA) is an aromatic amine that
plays a crucial role in dye reduction due to its strong electron-donating properties and redox activity as it donates
electrons undergoes oxidation itself, facilitating the reduction of dyes, particularly azo dyes, by breaking their azo
(-N=N-) bonds, forming quinonoid or polymeric species [7,8].
The most stable form of methylene blue [MB] is monochloride with molecular formula C16H18ClN3S.2H2O having the
IUPAC name of 3,7-bis-(dimethylamino)-phenothiazine-5-ium chloride. The structure of the singly protonated form is
shown below:
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This structure is in agreement with the structure of the thiazine dye given by Fischer [9], Bonneau et al. [10, 11] and
Kikuchi et al. [12]. This form of methylene blue is found in the pH range 0.65 to 10.2. The leucodye (MBH2) was formed
by Obata et al.[13, 14] from photoreduction of MB. Formation of the leucodye (MBH2) through photoreduction of
the intermediate MBH was also reported by Matsumoto [15, 17] and Kato et al. [17]. Some important quantitative
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and qualitative investigations were made by Atherton and Harriman [18], Fahimuddin [19, 20], Fahimuddin et al. [21,
22], Jain et al. [23], Liu et al [24], Fahimuddin and Hasnain [25], Kundu et al. [26] and Fahimuddin et al. [27-34].
Guler and coworkers [35, 36] studied the photoreduction of methylene blue and thionine by water. They found that
photoreduction of MB proceeds in red light with only water available as a reducing agent. Although many investigators
have studied the photochemical behavior of excited dye molecules [15, 37-42], little attention was devoted to kinetic
studies of the photochemical reactions of thionine and methylene blue in the presence of organic reductants.
Chacko et al. [43] narrate the different enzymatic mechanisms in the reduction of azo dyes. Ganapuram et al. [44]
synthesized stable gold nanoparticles (AuNPs) using salmalia malabarica gum as both a reducing and capping agent. The
synthesized AuNPs exhibited good catalytic properties in the reduction of methylene blue and Congo red. Degradation of
Brilliant Green (BG) dye has been studied using a Fenton reagent in the dark environment by Rao et al. [45]. They found
that the Intensity of dye color was pH dependent with maximum absorbance at pH 6, and N-de-alkylation caused dye
decomposition.
In the present work, Para-phenylenediamine (PPD) and methylene blue dye were used for studying the photo redox
reaction on a specially designed optical bench at 656nm to monitor the decolorization of methylene blue at several
kinetics parameters followed by the determination of quantum yield.

2. MATERIALSAND METHODS
An optical bench housed in a dark room was constructed (Fig. 1). A high-pressure mercury lamp (ME/D compact Mazda
box type) was used as a light source. A Kodak written filter (no 15) was used to obtain monochromatic light at 656
nm. A parallel beam of light was received through lenses L1, L2, and L3. A red light of 656 nm was used to pass this
parallel beam through the filter. Photocells P1 and P2 measured the Intensity of light (Io), and the signals of photocells were
obtained through galvanometers (G1 and G2). A plane reflecting glass R was used for the reflection of light to a reference
photocell P2, and the remaining fraction of light was passed through the reaction cell (C) as shown in Figure 2. This
reaction cell was an upgraded and modified version to the cell previously used by Atkinson and Di [46], Sawkar [47],
and Ahmed [48].

Figure 1: Optical Bench in Photochemical Research Lab

The reaction solution was bubbled with oxygen-free nitrogen through a series of dreshel bottles as described by Feiser
[49]. Chemicals such as methylene blue, paraphenyldiamne, hydrochloric acid, sodium hydroxide, sodium acetate, and
oxalic acid used were of E. Merck, Germany. Extra pure methanol (Merck) was used after re-distillation. Nitrogen (N2)
gas was manufactured by Pakistan Oxygen Ltd. (98.8%). The stock solutions of methylene blue were stored in well-
stoppered polyethylene bottles as suggested by Sawkar [47]. An optical method described earlier Fahimuddin [19] was
adopted to determine the acidity of the solution.
The mercury mazda lamp was turned on for 30 minutes before the process began. Known amounts of PPDA and buffer
solution in methanol were pipetted out into the reaction cell. Oxygen-free nitrogen was bubbled for 30 minutes before
irradiation. The photocell responses were observed without the cell in the light beam (Do), with the cell containing solvent
(Dm) and the cell containing the reaction solution (Dnt) under continuous irradiation. The quantum yield of the
photoreduction of methylene blue was determined by using the following equation:
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Figure 2:Arrangement of reaction cell.

where Dni represents the photocell deflection for solution in the cell at zero time,  , the fraction of light lost at each
window,  *, the molar absorption coefficient for methylene blue in absolute methanol at 656 nm (taken as 5.35 x 104

dm3.mol-1.cm-1) L, the length of the path traveled by the beam (7.0 cm) and V, the volume of the solution (0.025 dm3).
The quantum yield () was calculated from the slope of the above equation.
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3. RESULTSAND DISCUSSION
The reaction between methylene blue and paraphenyldiamine in the presence of acetate buffer has been studied at 656 nm
in absolute methanol on a specially designed optical bench. Investigation showed that methylene blue became excited
into a singlet transition state after the absorption of photons of light.

)(sMBhvMB  . )(sMB
may convert into ground state dye by emission of radiation or change into triplet excited state by inter-system crossing,

  )()( Ts MBMB
which has lifetime of 3.2 μs, as earlier calculated by Wildes [50].
The primary photo-fragmentation process of aromatic amines does occur to a certain extent, especially at elevated
temperatures. Aromatic amines are more photostable since a radiative emission process can dissipate the absorbed radiant
energy:

C6H4(NH2)2 + hv  C6H4(NH)2 + 2H+

The dissociated hydrogen from PPDA is abstracted by the triplet transient species of the dye in the following manner.
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The dye will convert into the leuco dye by an oxidation-reduction process. MB exists in an oxidized form, which is deep
blue. Para-phenylenediamine (PPDA) is a potent reducing agent that can reduce Methylene Blue (MB) through an
electron transfer process, leading to a color change and transformation of MB into its leuco form MBH (LMB), which is
colorless.

Methylene Blue + PPD → Leuco-Methylene Blue + Oxidized PPDA
Azo dye + PPD → Reduced amines + Oxidized PPDA (quinonoid structure) (at lower pH)

Photocatalytic dye reductions are enhanced by PPDA, often acting as a hole scavenger in semiconductor-based
photocatalysis. It stabilizes intermediates during dye degradation, making the process more efficient. PPDA can donate
electrons, facilitating the reduction of dyes, particularly azo dyes, by breaking their azo (-N=N-) bonds. It undergoes
oxidation itself while reducing dyes, forming quinonoid or polymeric species. The above reaction was investigated at
different acidities, temperatures, and concentrations of reductants (PPDA) and dyes.
3.1. Photo redox reaction under varying paraphcnyldiamine concentrations
The influence of the concentration of paraphcnyldiamine in absolute methanol on quantum yield () at 30 °C was studied
at two different acidities. It was observed that quantum yield was increased with an increase in paraphenyldiamine
concentration. The results are summarized in Table 1.
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Table 1: Influence of Paraphenyldiamine Concentration on Quantum Yield
104 [AH2]
mol.dm-3

1010.Io
(Enist/s)  1/[AH2] x 10-3

(dm3.mol-1) 1/

Ho = 4.196
8.0 3.96 0.275 1.250 3.64
16.0 3.79 0.349 0.625 2.87
32.0 3.83 0.442 0.313 2.26
40.0 3.71 0.449 0.250 2.23
48.0 3.19 0.548 0.208 1.82
60.0 3.87 0.579 0.167 1.73

Ho = 8.090
8.0 3.76 0.050 1.250 20.00
16.0 3.19 0.062 0.625 16.00
32.0 3.71 0.072 0.313 13.89
40.0 3.96 0.152 0.250 6.580
48.0 3.87 0.179 0.208 5.590
60.0 3.83 0.167 0.167 4.690

Results reported in Table 1 showed that the redox reaction is more favorable at low pH and directly related to the
concentration of PPDA..The reciprocal of  was plotted against 1/[AH2] at both acidities and the plots were straight lines
with positive slope (Fig 3). The values of  at an infinite concentration of PPDA at acidities 4.196 and 8.090 are 0.60 and
0.20, respectively.

Figure 3: Plot of 1/ versus 1/[AH2]
3.2. Photo redox reaction under varying acidities
The effect of the acidity on the solution quantum yield ( ) of the reaction mixture was observed using methanol as a
solvent at two different concentrations of reductant (PPDA) at 30 °C. It was noted that the quantum yield decreased with
the increase in acidity (Ho), which clearly showed that depends upon the pH of the medium. The results are tabulated in
Table 2.
Table 2: Variation of Quantum Yield with Acidity

Ho
1010.Io
(Enist/s)  1/ 1/ho x 10-6

(dm3.mol-1)
[AH2] = 8.0 x 10-4mol.dm-3

4.20 3.96 0.275 3.64 0.016
4.42 3.91 0.246 4.06 0.026
5.13 3.91 0.240 4.17 0.134
6.21 3.91 0.214 4.67 0.632
6.38 3.87 0.194 5.15 2.390
6.68 3.87 0.164 6.10 4.830
6.94 3.19 0.148 6.76 8.750
7.04 3.19 0.126 7.94 10.940
7.16 3.79 0.094 10.64 14.420
8.09 3.79 0.050 20.0 123.003
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[AH2] = 4.0 x 10-3mol.dm-3

4.20 3.71 0.449 2.227 0.016
4.42 3.71 0.397 2.519 0.026
5.13 3.75 0.242 4.132 0.134
6.21 3.75 0.197 5.076 1.632
6.38 3.19 0.180 5.556 2.390
6.68 3.19 0.164 6.098 4.830
6.94 3.96 0.158 6.329 8.750
7.04 3.96 0.142 7.042 10.940
7.16 3.71 0.121 8.264 14.420
8.09 3.96 0.082 12.195 123.033

The plot of  verses Ho for methylene blue with PPDA is shown in Figure 4. The plot of the reciprocal of  verses l/h0

obtained is a straight line as shown in Figure 5. The variation of )()( 21   with l/ho was also studied and the
graph of )()( 21   versus 1/ho is shown in Figure 6. Here 1 and 2 are the quantum yields at extreme values of
low and high acidities, respectively. This plot is a straight line passing through the origin.

.

The influence of methylene blue concentration on quantum yield was also studied using absolute methanol as a solvent at
a constant temperature of 30 ± 0.1 °C. The acidity of the reacting solution was kept constant as Ho = 8.09. It was observed
that quantum yield did not vary with dye [MB] concentration. The concentrations of MB were in the range of 6 - 8 x 10-6

mol.dm-3 and the value of  was constant at 0.098.
In view of the above discussion a general mechanism is proposed.

  )(sMBhvMB Rate = [I]a (1)
where Ia is absorbed photons.

1fs hvMBhvMB  

Rate = (1-)[I]a (2)
  T

k
s MBMB 1

Rate = [I]a (3)
where k1 represents the rate constant for the transition of singlet state to triplet state.
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Figure 5: Plot of 1/ versus 1/ho.

[AH2] = 8.0 x 10-4 mol.dm-3

[AH2] = 8.0 x 10-4 mol.dm-3

Figure 4: Plot of  versus Ho

[Methylene Blue] = 6.0 x 10-6 mol.dm-3

[Paraphenyldiamine] = 8.0 x 10-4 mol.dm-3

Temperature = 25oC
Buffer = Sodium Acetate

Figure 6: Plot of  1 -  /  -  2 versus 1/ho.
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where k2 refers to the rate constant for the conversion of triplet state to unexcited methylene blue cation with
phosphorescence.
The maximum chances maintenance of the triplet state is that it quickly associates with hydrogen ion with a lifetime of
3.2 μs establishing equilibrium:

K1MBT +  H++
MBHT

++
, with (5)

]][[
][
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HMB

MBHK
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Quenching of the singly charged triplet state to ground state of methylene blue cation by the reductant PPDA [AH2] is
possible as:

22
3 AHMBAHMB k

T   (7)
The reaction of the singly charged triplet species with the reductant PPDA to from semi-reduced methylene blue is
represented as follows:

AHMBHAHMB k   4
2 (8)

The singly charged triplet species may also deactivate to ground state dye by intersystem crossing as follow:
  MBMB k

T
5 (9)

The doubly charged species can react with reductants on disproportionation to form leuco- methylene blue:
AHMBHAHMBH k

T  
22

6 (10)
The doubly charged species on association with reductant can also establish an equilibrium with the formation
of complex as follows:

K2
MBHT + AH2
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++
, with (11)
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The semi-reduced dye i.e: 
TMBH is also supposed to react with solvent molecule as follows:

OMeMBHMeOHMBH k
T  

2
7 (13)

Leuco Methylene Blue

The complex found in equation (11) losses its energy by internal conversion and finally dissociates to methylene blue as
follows:

22
8. AHHMBAHMBH k

T   (14)
Quenching of the complex with unexcited methylene blue cation is represented as follows:

  MBAHMBHMBAHMBH k
T 22

9. (15)
An oxidation reduction reaction can take place between unexcited dye and complex by transfer of electron also
expressed as:

  MBAHMBHeMBAHMBH k
T 22

10. (16)
The free radical cation disappears as follows:

2222 OMBHOHMB   (17)

PPDAofproductoxidationOPPDA  2 (18)
where k1 to k10 refer to the rate constants of the respective processes as mentioned above.
Quantum yield can be defined as:
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Now if we suppose that
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,][ dMBH  lAH ][ 2 and hH  ][ (21)
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Now from equations (21), (6) and (12) we have:

xh
yK 1 xhKy 1 and similarly lxhKKz 21 (26)

Substituting the values of y and z in equation (25), we get:
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Equation (27) represents the relationship between the reciprocal of the quantum yield (1/) and the reverse of the
concentration of reductant (1/l) i.e: 1/[AH2]. The plot between l/ and 1/l is a straight line having slope and intercept as
defined below:
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The intercept shows the quantum yield at infinite concentration; therefore, the equation (27) can be written as:
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At high ho , 1  and at low ho, 2 
At high ho, x is negligible, and y and z are the controlling terms:
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Substituting the values of x and z and neglecting k7, we get:
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Equation (31) shows that the plot between
2

1







and l/ho is a straight line passing through the origin and having a slope

of:
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From equation (27) and neglecting k3 and k7, we have:
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This equation shows the relationship of

1

with 1/l and 1/ho.

The values of the intercepts and slopes of the plots of

1

against [l/AH2] as shown in Figure (3) were evaluated and

tabulated as follow:
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Reductant Ho Intercept Slope
103 mol.dm-3

Paraphenyldiamine 4.196 1.64  0.024 1.68 0.024
8.090 4.83 0.46 13.50 0.70

The value of the ratios of the various rate constants for the reaction of methylene blue with Paraphenyldiamine evaluated
from equations (27-33) are summarized in Table 3 and discussed as follows:
The ratio (k3 + k4) / k3 depends on the singly protonated triplet species of methylene blue MB. In the high acidity region,
k4 is controlled by quantum yield; k4 is comparatively higher than k3 in low acidity region.
[k6/k6 + K2k9d)] is the ratio of rate constants for the disproportionation process of the doubly charged triplet and the
hydrogen transfer reaction for the quenching of the complex with unexcited methylene blue cation. It depends on the
hydrogen transfer process and hence Paraphenyldiamine was more associated with doubly protonated triplet state.
Table 3: The values of the ratios of rate constants

Ratios Reductant
Paraphenyldiamine
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43

k
kk 

20.00 0.65
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dkKk
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1.64 0.024

k5/k6 is the ratio of the rate constants for the deactivation of singly charged triplet to cation by intersystem crossing
and disproportionation o f the doubly charged triplet by reaction of methylene blue with paraphenyldiamine.

])[( 1926
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depends on the nature of the reductant. It is the ratio of the rate constants for the quenching of

singly charged triplet state to ground state by reductant and the formation of a doubly charged triplet and the complex.
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is the ratio of rate constants for the deactivation processes and doubly charged triplet with the

complex (MBH++. AH2).
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is the ratio of the rate constant for the deactivation process of singly charged triplet of methylene blue

with disproportionation of doubly charged triplet with reductant and the quenching of complex with unexcited
methylene blue. It was also observed that this ratio also depends upon the nature of the reductant.
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45
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is concerned with singly protonated triplet species, doubly charged triplet and the quenching of the

complex. In low acidity region, the quantum yield is usually due to k4.
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is the ratio of rate constants due to dissociation of complex and product formation by methylene blue

with association. This ratio depends on the chemical nature of the reductant paraphenyldiamine which followed by
association.

From our results
1926

5

)(
.2

KdkKk
k


= 2.17 x 10-4 , the triplet quantum yield ( ) is 0.45 and the dye

concentration is 10-6 mol.dm-3. The value of K1 can be determined as 10-2 and the value of k5 was given by Kayser &
Young [43] as 7.0 x 106 (dm3/mol.s) for diethylamine. Hence K2.k9  1019 (dm3/mol.s). The value of k9 was reported
earlier by Kayser & Young [51] as k9  1010 (dm3/mol.s), so the value of K2 can be determined as 109.
A reasonable value was compared to the value of 1.8 x 109 as reported by Bonneau et al. [10] and Solar et al. [39].
The variation of quantum yield with temperature is summarized in Table 4. The presently determined values of rate
constants and the literature values are summarized in Table 4.
Table 4: Variation of quantum yield with temperature
TEMPERATURE oC

25 30 35 40 45
 0.178 0.275 0.348 0.416 0.484
Temparature
Coefficients 25

30




1.545
30

35




1.265
35

40




1.195
40

45




1.163
Average
1.29

[Ho] = 4.196
The plot of quantum yield ( ) against temperature as shown in Figure 7 is a straight line with a positive slope. The
observed temperature coefficient of 1.29 was the same as reported by Chibisov et al. [52]. It was observed that
reduction is more effective at high acidity. The association of the base decreases with rising temperature, so the value
of association constants could be assumed to decrease as temperature increases.

Figure 7: Plot of  versus Temperature (oC)
CONCLUSION
The photochemical reactions of methylene blue with paraphenyldiamine lead to the following conclusion:
There is no dependence of the quantum yield on the concentration of the dye.
The reduction of methylene blue depends on the concentration of the reductant i.e. paraphenyldiamine in absolute
methanol.
It was observed that the quantum yield is a function of acidity.
Two excited species of methylene blue control the quantum yield.

MBT +  H++
MBHT

++

MBHT + AH2
++

MBH    +  AH 2
++

It was observed that the photoreduction of methylene blue with paraphenyldiamine is very much influenced by the
temperature.
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