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a b s t r a c t
A treatment process utilizing visible-light-activated (Vis) persulfates (PS) in the presence of an organic 
promoter (glucose) was developed for the simultaneous decolorization of a rhodamine B (RhB) and 
methylene blue (MB) mixture. Various doses of glucose, PS concentrations, pH values, initial dye con-
centrations and process time were tested to find out the most appropriate parameters for degrad-
ing the RhB/MB mixture in the PS/Vis/Glucose process. Under optimal conditions (C0[RhB/MB] = 5 ppm; 
pH = 4; glucose dosage = 230 mM; PS concentration = 30 mM; time = 120 min), the degradation 
of MB and RhB in the mixture was set to 87.8% and 54.7%. The degradation process followed the 
pseudo-first-order kinetic model with the correlation coefficient R2 = 97%−99%. The PS/Vis/Glucose 
process is more economical than other existing studies and technologies. The energy efficiency at 
the optimal conditions were 1.2 and 2.1 kWh m–3 for RhB and MB, respectively. The domination of 
MB degradation over RhB was confirmed and found to appear as a result of the different physico-
chemical properties of the dyes and their state of charge, which enables the direct transfer of elec-
trons from the dyes to the PS and leads to the decolorization of the dyes. This work provides an 
important source of information on the parameters influencing the simultaneous degradation 
of mixtures of dyes (rhodamine B, methylene blue). The experimental results showed that the PS/
Vis/Glucose process may have a positive role in treating color solution mixtures with various dye  
concentrations (1−20 ppm).

Keywords:  Rhodamine B; Methylene Blue; Advanced oxidation process; Sodium persulfate; Glucose; 
Visible light

1. Introduction

Industrial wastewater contains a broad range of various 
chemical compounds that can be by-products of conducted 
technical processes (e.g. dyes, phenols, pesticides, heavy 
metals). The textile, chemical, food and tanning industries 
generate the greatest quantities of industrial wastewater 
containing synthetic dyes such as methylene blue (MB) and 
rhodamine B (RhB) [1]. MB and RhB are heterocyclic dyes 
that find broad application in the industry; however, they 
contribute to significant environmental problems due to 
their high toxicity and accumulation in the environment.

Methylene blue belongs to the azo dye group. Azo dyes 
are histamine-releasing agents, therefore exposure to them 
may result, for example, in urticaria or intensified symp-
toms of asthma as well as uterine contractions in pregnant 
women, leading to miscarriage [2]. Rhodamine B is used in 
the chemical, textile, paper and paint industries. The neg-
ative influence of RhB on humans and animals manifests 
itself as skin, eye and respiratory system irritation. RhB also 
exhibits potential mutagenic and carcinogenic effects [3].

Due to their hazardous influence on humans and high 
resistance to biodegradation, it is necessary to develop a 
technology for eliminating dyes from water and wastewater. 
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Several dyes treatment methods have been developed, 
including physical (membrane processes, adsorption) [4,5], 
chemical (ozonation, chlorination) [6,7] and biological pro-
cesses (aerobic, anaerobic, microbial biosorbents) [8,9] as 
well as combined methods (e.g., physical and chemical) [10]. 
The currently applied methods do not come without a draw-
back. For example, physical methods do not eliminate the 
hazard, but rather usually transfer it into a different phase 
(e.g., concentrate in membrane processes). On the other 
hand, biological methods are sensitive to high pollutant con-
centrations and wastewater composition variations.

Advanced oxidation processes (AOPs) are an interesting 
alternative to conventional treatment methods. A common 
feature of AOPs is the chemical reaction between oxidative 
radicals and organic pollutants. In recent years, significant 
attention has been devoted to sulfate radicals (SO4

•–) [11]. The 
radical precursor of SO4

•– (persulfate (PS)) requires activation 
to generate sulfate radicals. The chemical structure of PS is 
[O3S–O–O–SO3]2–. The essence of the persulfate activation 
mechanism is the excitation of PS, the break of the –O–O– 
bond and the production of SO4

•– radical with a high oxida-
tive potential (E0 = 2.6–3.1V) [12,13]. The persulfate requires 
activation. PS activation is often carried out by expensive, 
energy-consuming and complex activation methods, for 
example, by UV radiation, base activation (pH > 11), thermal 
methods, and low oxidation transition metal ions (e.g., Fe0, 
Fe2+, Ag+, Co2+, Cu2+). Activation via transition metal ions gen-
erates a single sulfate radical [Eq. (1)]. Activation by UV or 
heat results in the production of two sulfate radicals [Eq. (2)].
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The disadvantage of activation by UV radiation is the 
power of the used lamps, which often exceeds 100 W, and 
sometimes even 400 W [14]. Base activation requires large 
amounts of chemical reagents due to the high pH, then 
decrease of the pH to a value that is required under the 
applicable regulations. On the other hand, disadvantages 
of activation via transition metal ions include the cost of 
the reagents as well as iron sludge generation due to the 
application of ferrous ions.

A simple and economic method of activation is the 
combination of PS activation processes in the presence of 
glucose and visible light (Vis). First of all, visible light is a 
free source of energy. The cost of electricity in the indus-
trial and municipal facilities (wastewater treatment plant) 
is one of the primary factors determining the cost-effec-
tiveness of investments and the treatment costs of 1 m3 of 
wastewater. Then, glucose is an organic activator of PS, and 
its price might be even twice lower compared, for exam-
ple, to FeSO4·7H2O, which finds common application in PS 
activation. Therefore, organic promoters such as glucose 
decrease the operational costs, shorten the reaction time and 
increase the degradation efficiency [15].

Most research that assesses novel technologies evaluates 
the process efficiency based on a single dye [16–21]. There 
are few studies dedicated to the simultaneous degradation 
of mixtures of various compounds [22–24]. This is significant 

because dyes are typically found in colored mixtures. The 
presence of various dyes can both intensify or weaken the 
pollutant degradation process. Therefore, this study pres-
ents an evaluation of the PS/Vis/Glucose process effi-
ciency based on the simultaneous degradation of two dyes: 
rhodamine B and methylene blue.

The novelty of the present work lies in its simplicity by 
which a mixture of dyes can be degraded using anon-toxic, 
pro-environmental reagents (glucose) and low-cost solar 
energy (visible light) with higher process efficiency. The 
dye mixture decolorization experiments with the use of PS 
in this study were conducted using various environmental 
parameters, such as different doses of glucose, PS concentra-
tions, pH values, initial dye concentrations and process time, 
to find out the most appropriate parameters for degrading 
RhB/MB in the presence of visible light. The paper would 
acquaint the readers to the important source of informa-
tion on the parameters influencing the simultaneous degra-
dation of mixtures of dyes (rhodamine B, methylene blue). 
The novelty in the paper includes an attempt to explain the 
mechanism of interaction between two dyes: rhodamine B 
and methylene blue in mixture, proving to be a knowledge 
pool and helping the researchers working in the similar 
field to design appropriate treatment plans for real textile  
wastewater.

2. Materials and methods

2.1. Dyes

Rhodamine B with a purity ≥95.0% and methylene blue 
with  a  purity  ≥97.0%  were  provided  by  Sigma-Aldrich 
(Poznań, Poland). The model solutions were prepared based 
on deionized water as well as RhB and MB standard addi-
tions. The structures of the used dyes are presented in Fig. 1.

2.2. Analyses

The decolorization effect was assessed via absorbance 
measurement by Jasco V-750 spectrophotometer (Kraków, 
Poland) over a range of 400 to 800 nm. Fig. 2 presents the 
absorption spectra obtained for a RhB/MB mixture with an 
initial concentration of 1 ppm. The RhB absorption spectrum 
exhibits a maximum peak at λmax = 554 nm. The MB absorp-
tion spectrum exhibits a maximum peak at λmax = 665 nm.

The degree of dye mixture decolorization was deter-
mined based on characteristic absorption peaks at 554 nm 
(RhB) and 665 nm (MB). In order to determine the decolor-
ization efficiency, the absorption was measured before and 
after AOPs, as shown in Eq. (3), where: C0 – initial concen-
tration, Ct – concentration at time t.

Decolorization efficiency %� � � �C C
C

t0

0

 (3)

2.3. Experimental procedure

2.3.1. Source of visible light

A 10 W tungsten lamp emitting visible light 
(400−2,200 nm), model QTH10/M (Thorlabs Inc., USA), was 



P. Zawadzki / Desalination and Water Treatment 284 (2023) 278–287280

used for the dye mixture degradation tests. A FGS900M fil-
ter (Thorlabs Inc., USA) was applied to cut off the spectrum 
bands above 710 nm. All the experiments were conducted 
in vessels with a volume of 0.2 dm–3, without the possi-
bility of exposure to additional light sources.

2.3.2. Effect of glucose and PS

The influence of the initial glucose dosage and the initial 
PS concentration were examined. The following parameters 
were constant: RhB/MB concentration (C0[RhB/MB]) = 1 ppm, 
time = 70 min, pH = 6, room temperature. The influence of 
the initial glucose dosage was examined at a PS concentra-
tion = 20 mM and various doses of glucose: 140, 170, 200, 
230, 260 and 290 mM. The influence of the initial PS concen-
tration was examined at a glucose concentration = 230 mM 
and various PS concentrations: 15, 20, 25, 30, 35 and 40 mM.

2.3.3. Effect of pH

The influence of the initial pH of the aqueous solution 
was studied. The following parameters were constant: C0[RhB/

MB] = 1 ppm, time = 70 min, room temperature, dose of glu-
cose = 230 mM, PS concentration = 30 mM. The solutions 
were corrected to pH values of 4, 5, 6, 7, 8, 9 and 10. The pH 
was corrected with 0.1 mol dm–3 HCl or 0.1 mol dm–3 NaOH 

provided by Sigma-Aldrich. The pH of the model solu-
tion was measured using an Elmetron CPC-511 pH meter 
(Zabrze, Poland).

2.3.4. Effect of dyes concentration

The influence of the initial RhB/MB concentration was 
also examined. The following parameters were constant: 
time = 70 min, room temperature, dose of glucose = 230 mM, 
PS concentration = 30 mM, pH = 6. The following dye 
concentrations were tested: 1, 5, 10, 15 and 20 ppm.

All the experiments were conducted independently 
and repeated in triplicate, similarly to other studies 
involving persulfates [25]. The data presented in the next 
sections include average values.

2.4. Reaction kinetics

A pseudo-first-order kinetic model [Eq. (4)] was used 
to describe the kinetics, similarly to the study [26].
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where C0 – RhB/MB concentration before the treatment pro-
cess (ppm); C – RhB/MB concentration after the treatment 
process (ppm); k – reaction rate constant (–); t – reaction 
time (min).

2.5. Energy consumption

Electricity consumption is one of the essential criteria in 
the water and wastewater treatment process. To compare the 
cost of the current study with other existing studies and tech-
nologies, electricity consumption was estimated based on 
the electric energy per order indicator (EEO). For the electro-
chemical degradation processes, the energy efficiency (EEO), 
expressed as kWh m–3 of treated solution, was calculated 
based on the anode surface area (S, cm–2), the applied cur-
rent density (i, mA cm–2), the applied average voltage (U, V), 
and the reaction volume (V, dm–3), as shown in Eq. (5) [27].
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(a) Rhodamine B (b) Methylene Blue

Fig. 1. Structure of Rhodamine B (a) and structure of Methylene Blue (b).

Fig. 2. Absorption spectrum of rhodamine B and methylene 
blue mixtures.
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For the photochemical degradation, the EEO was calcu-
lated with the following equation [Eq. (6)] [28,29]:
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where P – the electrical power consumed by lamp (kW); 
t – the process time (h); C0 – the initial concentration of the 
dye (ppm); Ct – the concentration of the dye after t (ppm); 
V – the reaction volume (dm–3).

3. Results and discussion

3.1. Effect of glucose dose on degradation of dyes mixture

As shown in Fig. 3, increasing the glucose dosage results 
in higher dye mixture decolorization efficiency. For fur-
ther experiments, a concentration of 230 mM was selected 
as the optimal dose of glucose. Under optimal conditions, 
the decolorization degree was the highest for RhB (43.8%). 
Exceeding a dose of 200 mM did not result in a significant 
effect of MB removal. Therefore, due to the weaker decol-
orization effect in the case of RhB, the 230 mM dose was 
considered to be the most effective.

To increase the persulfate activity in visible light, sugars 
(e.g., glucose, sucrose) are used in the decolorization tech-
nology [30,31]. For example, glucose is an optically active 
substance and a donor of electrons that may activate PS. The 
mechanism of activation by glucose is similar to activation 
by phenoxides. The electron from glucose is transferred to 
the persulfate and activates it. On the other hand, glucose 
could be oxidized into products that may activate the per-
sulfate. This is connected to organic PS activation through 
an external carbon source [32]. Lower doses of glucose 
showed unsatisfactory decolorization effect. Higher doses 
inhibited the decolorization effect since the glucose is also 
used as a free radical scavenger (kOH· = 1.5 × 109) [33].

3.2. Effect of PS dose on degradation of dyes mixture

Similarly to glucose, the PS concentration has a signifi-
cant influence on the RhB/MB degradation. Therefore the 
influence of initial PS concentrations on the decolorization 

efficiency was studied as well. Fig. 4 demonstrates that after 
70 min, the initial dye mixture concentration was reduced 
by a range of about 12%–38% in (RhB) and by about 38% 
to 67% (MB). Under the operating conditions, the great-
est decolorization effect for both dyes was achieved at a 
PS concentration of 30 mM. Similarly to the study [26], the 
PS concentration above 30 mM resulted in lower methy-
lene blue decolorization efficiency. This phenomenon also 
occurs in the case of photocatalytic processes. Mahanthappa 
et al. [34] studied the influence of a different doses of the 
CuS-CdS catalyst (40–240 mg dm–3). The level of methylene 
blue removal ranged from 40% to nearly 100%. The highest 
removal degree was observed at a dose of 200 mg L–1 (almost 
100%). Higher doses of the catalyst most likely result in 
nanoparticle aggregation and faster sedimentation. In this 
study, higher PS concentration resulted in a higher density 
of the generated oxidative components. After exceeding the 
optimal PS concentration (30 mM), the decolorization effi-
ciency decreased, most likely due to the reaction between 
the sulfate anion and hydroxyl radicals [35] [Eqs. (7) and (8)].
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3.3. Effect of different RhB and MB concentrations

This study shows that increasing concentrations of the 
dye molecules disrupt the process in which free radicals are 
involved. Fig. 5 confirms that the effect of the RhB/MB decol-
orization depends on the dye concentration. Increasing the 
concentration from 1 to 20 ppm resulted in a nearly twofold 
decrease in the decolorization efficiency. Bagherzadeh et al. 
[36] studied the influence of the initial MB concentration 
on the degradation efficiency. With the increasing MB con-
centration from 10 to 20 mg L–1, a decrease in the degrada-
tion rate from 92% to 73% was observed. As the concentra-
tion increases, the oxidative radical consumption becomes 
greater, whereas the likelihood of a collision between the 
oxidative radicals and the dye molecules decreases. Han 
et al. [37] also investigated the influence of the MB concen-
tration on the final decolorization effect and confirmed that 

Fig. 4. The dyes mixtures decolorization effect at different PS 
concentration. Experimental conditions: C0[RhB/MB] = 1 ppm; 
pH = 6; reaction time = 70 min; glucose dose = 230 mM.

Fig. 3. The dyes mixtures decolorization effect at different 
glucose dose. Experimental conditions: C0[RhB/MB] = 1 ppm; 
pH = 6; reaction time = 70 min; PS concentration = 20 mM.
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higher dye concentrations inhibit radical reactions with 
the dye molecules. Chen et al. [38] also proved this rela-
tionship for RhB. Furthermore, a high molecule concentra-
tion can result in effects of competition between the dye 
molecules, reaction products and generated radicals.

3.4. Effect of pH on degradation of dyes mixture

The pH significantly influences the direction of radi-
cal generation, and consequently on the degradation rate. 
Fig. 6 shows the decolorization rate at various pH. After 
70 min, the maximum decolorization efficiency of 64% and 
83% for RhB and MB, respectively was achieved at pH = 4. 
At higher pH (6), the decolorization efficiency decreased 
to about 38% (RhB) and 62% (MB). At pH = 10, the decol-
orization efficiency decreased to about 21% (RhB) and 41% 
(MB). This is a result of the participation of various oxidative 
radical forms depending on pH. Sulfate radicals dominate 
at pH < 7, whereas an increase in pH results in the gener-
ation of hydroxyl radicals (OH– concentration > 10–7). Thus, 
the removal efficiency decreases due to the scavenging of 
the SO4

•– radicals by •OH [39]. Similar conclusions were 
presented by Oliveros et al. [40].

The degradation of methylene blue was more effec-
tive than rhodamine B. MB is a cationic dye at a pH range 

of  1.7−8.0  [41,42],  whereas  RhB  has  two  molecular  forms 
(cationic and zwitterionic) [43]. This means that a dissoci-
ated RhB molecule transfers charges from positive to neu-
tral together with the increase in pH. Therefore a likely rea-
son for this phenomenon may be found in the dyes’ state of 
charge at various pH. It may result in the direct transfer of 
electrons from the dyes to the PS, which in turn is responsi-
ble for the dye decolorization. Sodium persulfate (a source 
of SO4

•– radicals) dissociates to generate S2O8
2– ion with 

two negative charges. MB may dissociate cations that bond 
with electronegative substances in an aquatic solution. 
Therefore the decolorization rate was higher for MB and 
lower for RhB [44,45]. For this reason, it is recommended to 
apply a pH value of 4 for the decolorization of the RhB/MB 
mixture in the PS/Vis/glucose process.

3.5. Degradation kinetics and efficiency

The effectiveness of the PS/Vis/Glucose technology was 
demonstrated by performing a degradation test for single 
dye (RhB and MB separately) and a dye mixture (RhB/MB). 
The degradation experiments were carried out at a concen-
tration of 5 ppm, since the PS/Vis/Glucose technology was 
designed for this concentration range. The decolorization 
tests were performed under optimal conditions: pH = 4; 
glucose dosage = 230 mM; PS concentration = 30 mM. The 
process was carried out for 120 min. Fig. 7 shows the influ-
ence of time on the degree of RhB, MB and RhB/MB mixture 
decolorization. The decolorization degree increased together 
with the process duration. For example, after 20 min of the 
reaction, the efficiency was set to 13.1%, 44.9%, 28.3% and 
10.2%, respectively for RhB (alone), MB (alone), and MB 
and RhB in a mixture. A satisfactory decolorization degree 
was obtained after 120 min. The efficiency was set to 62.8%, 
95.6%, 87.8% and 54.7%, respectively for RhB (alone), 
MB (alone), and MB and RhB in a mixture.

As the degradation proceeds, sulfate radicals generate 
(Eq. (9)). Persulfate activation is the result of a synergistic 
reaction between the visible light and the intensified effect of 
electron transfer from the glucose to the persulfate. Glucose 
tends to rotate the plane-polarized light and is active in vis-
ible light. Glucose is also an electron donor in the PS/Vis 
system. It is very strongly soluble in water and facilitates 

Fig. 5. Influence of different RhB and MB concentration on the 
decolorization effect. Experimental conditions: pH = 6; reaction 
time = 70 min; glucose dose = 230 ppm; PS concentration = 30 mM.

Fig. 6. RhB and MB decolorization effect at different pH. Exper-
imental conditions: C0[RhB/MB] = 1 ppm; reaction time = 70 min; 
glucose dose = 230 ppm; PS concentration = 30 mM.

Fig. 7. Decolorization effect (C/C0) of the RhB, MB and RhB/MB 
mixture. Experimental conditions: C0[RhB/MB] = 5 ppm; pH = 4; 
glucose dose = 230 mM; PS concentration = 30 mM.
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persulfate activation, as its functional groups (e.g., the 
carbonyl group) partially receive the negative charge.
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Furthermore, under operating conditions, sulfate radi-
cals dominate at pH = 4 [39]. Sulfate ions and free hydroxyl 
radicals are generated as a result of the reaction of free 
sulfate radicals with hydroxyl ions [Eq. (10)].

SO OH SO HO4 4
2�� � � �� � �  (10)

Significant differences in decolorization efficiency were 
observed between RhB, MB and the RhB/MB mixture. It was 
found that the degradation efficiency was greater both in 
the case of the single MB dye and the RhB/MB solution 
compared to the RhB degradation. Furthermore, the RhB/
MB degradation rate was higher than in the case of RhB, 
which was also confirmed by Sharma and Khare [46].

One of the possible reasons for this may be the physico-
chemical characteristics of the dyes. At 25°C, RhB is less sol-
uble in water than MB (MB = 43.6 g dm–3 vs RhB = 10 g dm–3). 
On the other hand, Rani et al. [47] concluded that the effec-
tive degradation of RhB requires a more basic solution 
compared to MB when applying catalysts such as ZnO2. 

Another reason may also arise from the lower Vis radia-
tion absorption of the RhB dye. The Vis radiation intensity 
is sufficient to achieve a more significant PS activation and 
oxidation of MB compared to RhB [48].

The degradation of the RhB and MB mixture in the PS/Vis/
Glucose process results from chemical reactions. It is briefly 
presented in Fig. 8. The absorbance intensity decreased 
during the time duration of the experiment with PS/Vis/
Glucose. The primary rhodamine B degradation mechanism 
include the N-deethylation process, chromophore cleavage 
and ring opening, which result in the generation of oxidation 
products with smaller molecule sizes [49–51]. In turn, Mostafa 
Mahdavianpour et al. [52] suggested that the degradation of 
azo bonds is a possible mechanism of MB decolorization. On 
the other hand, Yang et al. [41] proposed a similar mecha-
nism consisting of the initial formation of a complex between 
MB ions and a S2O8

2– ion as a result of electrostatic attrac-
tion. Afterward, this may lead to a direct transfer of electrons 
from MB to the PS, which is most likely the phenomenon 
responsible for the decolorization of methylene blue.

The decolorization rate constant is presented in 
Fig. 9. The correlation coefficient R2 showed a very good fit 
of experimental data (R2  =  97%−99%). Considering  the  low 
concentration of the organic molecule, the dye decoloriza-
tion followed the pseudo-first-order kinetic model, as also 
shown in [53–55]. The mathematically calculated half-life 
(t/2) was set to 79.7, 26.1, 103.5 and 42.5 min, respectively 
for RhB (alone), MB (alone), RhB in RhB/MB and MB in  
RhB/MB.

Fig. 8. Proposed summary of visible-light activation of persulfate for RhB/MB decolorization.
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4. Comparison with other AOPs systems

The proposed decolorization method (PS/Vis/Glucose) 
is a promising treatment technology for dye mixtures with 
concentrations of up to about 5 ppm. As presented in Table 1, 
the proposed technology is an interesting alternative to other 
methods that are commonly used to remove dyes. After 
120 min of decolorization by PS/Vis/Glucose, the degradation 
of MB and RhB in a dye mixture was set to 87.8% and 54.7%. 
This time was shorter than [56], where 97.7% of RhB was 
removed after 180 min of reaction time. In the PS/Vis/Glucose 
process it is also possible to achieve a higher decolorization 
effect over a shorter process, time compared to the study [57], 
where 51% of RhB was removed after 180 min. A very import-
ant advantage of the PS/Vis/Glucose process is low energy 
consumption since a low-power radiation source (10 W) was 
used. Rokesh et al. [58] achieved 60% of RhB decoloriza-
tion despite using a lamp with a power of 300W. The pro-
posed technology is also waste-free, compared to [59], which 

Fig. 9. Kinetic constants of the RhB, MB and RhB/MB decol-
orization. Conditions: C0[RhB/MB] = 5 ppm; pH = 4; glucose 
dose = 230 mM; PS concentration = 30 mM.

Table 1
Efficiency of Rhodamine B and Methylene Blue degradation in different AOPs

Process Target pollutant Conditions Removal 
efficiency [%]

EEO 
[kWh m–3]

References

PS/Vis/Glucose Rhodamine B

C0[RhB] = 1 ppm
Time = 70 min
PS dose = 30 mM
Glucose dose = 230 ppm
Lamp power = 10W
Reaction volume = 0.2 dm–3

64 2.1 This study

PS/Vis/Glucose Methylene Blue

C0[MB] = 1 ppm
Time = 70 min
PS dose = 30 mM
Glucose dose = 230 ppm
Lamp power = 10W
Reaction volume = 0.2 dm–3

83 1.2 This study

PS/Vis/Glucose Methylene Blue

C0[MB] = 2 ppm
Time = 90 min
PS dose = 0.065 mM
Glucose dose = 100 ppm
Lamp power = 10W
Reaction volume = 0.1 dm–3

65 4.8 [15]

PS/Vis/Ultrasound Rhodamine B

C0[RhB] = 10 ppm
Time = 60 min
PS dose = 20 mM
Glucose dose = 200 ppm
Lamp power = 10W
pH = 6.0
Reaction volume = 0.5 dm–3

T = 295 K

85 0.4 [51]

Ti/SnO2-Sb electrode Rhodamine B

C0[RhB] = 50 ppm
pH = 3.0
Time = 20 min
Current density = 20 mA/cm2

Applied average voltage = 8.9 V
Na2SO4 = 10 mmol/L
Reaction volume = 0.03 dm–3

97.8 80.1 [27]

Table 1 (Continued)
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utilized the Fenton reagent. The main disadvantages of the 
Fenton reagent are the relatively high cost of H2O2 and the 
formation of iron sludge. As shown in Table 1, it can be seen, 
the PS/Vis/Glucose process is more economical than other 
existing studies and technologies. The energy efficiency at 
the optimal conditions were 1.2 and 2.1 kWh m–3 for RhB and 
MB, respectively. However, it should be noted that the cal-
culated values refer only to the conversion of UV radiation. 
For detailed calculations, other parameters such as electric-
ity consumption of ozone generator, chemical consumption, 
mixing, and other factors should be considered.

5. Conclusions

The study presented an evaluation of the PS/Vis/Glucose 
process efficiency based on the degradation of two dyes: 

rhodamine B and methylene blue. The simultaneous degra-
dation of dyes dissolved in an aquatic solution was investi-
gated. The dye degradation process was modelled by testing 
the influence of various process parameters (different doses 
of glucose, PS concentrations, pH, initial dye concentrations, 
process durations) to find out the most optimal conditions 
for RhB/MB degradation in the presence of visible light 
and an organic promoter (glucose). Under optimal condi-
tions (C0[RhB/MB] = 5 ppm; pH = 4; glucose dosage = 230 mM; 
PS concentration = 30 mM; time = 120 min), the degradation 
of MB and RhB in the mixture was 87.8% and 54.7%. The 
dye degradation followed the pseudo-first-order kinetic 
model with the correlation coefficient R2  =  97%−99%.  PS/
Vis/Glucose process was also the most effective process 
from the economic point of view comparing to other exist-
ing studies and technologies. The reaction kinetics analysis 

Process Target pollutant Conditions Removal 
efficiency [%]

EEO 
[kWh m–3]

References

Peroxide assisted 
photocatalytic degradation 
in the presence of ZnO

Rhodamine B

C0[RhB] = 5 ppm
Time = 90 min
ZnO = 500 ppm
Reaction volume = 0.05 dm–3

Lamp power = 300W

60 326.7 [58]

Photo-Fenton processes
Methylene Blue/
Brilliant Green/
Eosin Yellow

C0[dyes] = 1 ppm
Time = 60 min
pH = 3
Fe2+ = 4.5 ppm
H2O2 = 13.06 mM
Lamp power = 160 W
Reaction volume = 0.25 dm–3

Temperature = 25°C

80 15,3 [53]

Electro-Fenton Rhodamine B

C0[RhB] = 10 ppm
pH = 2
Time = 180 min
Electrode dose = 15 ppm
Voltage = 8 V

97.7 n.d. [56]

UV-LED/TiO2 Rhodamine B

C0[RhB] = 49 ppm
Time = 180 min
pH = 3.05
TiO2 = 1.6 g dm–3

Lamp = 5 × LED
Luminous intensity = 350 mcd
Radiant flux = 10–12 mW at 20 mA

51 n.d. [57]

Fe(0)-based Fenton process 
with H2O2

Rhodamine B

C0[RhB] = 49 mg/L
Time = 30 min
pH = 4
Fe(0) = 1 g/L
H2O2 = 2 mM

100 n.d. [59]

Electrochemical degradation 
in the presence of sulphate 
ions

Methylene Blue

C0[MB] = 21 ppm
Time = 180 min
Room temperature
Sulphate ions concentration = 0.1 ppm

73 n.d. [60]

n.d. – no data

Table 1
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demonstrated the dominance of MB over RhB. The most 
likely reason for this are the different physicochemical 
properties of the dyes and their state of charge. Methylene 
blue is a cationic dye, whereas RhB has cationic and zwit-
terionic forms. RhB degradation is initiated by processes of 
N-deethylation, chromophore cleavage and ring opening, 
which result in the generation of oxidation products with 
smaller molecule sizes. Methylene blue decolorization most 
likely occurs as a result of the bonding of MB ions with 
S2O8

2– by electrostatic attraction and the subsequent trans-
fer of electrons from MB to the PS. The designed technol-
ogy is an interesting alternative for dye decolorization com-
pared to other methods presented in literature. Particular 
advantages of the process include its high dye degradation, 
low energy consumption and lack of sludge generation.
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