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Abstract
Background: Used in the dyeing industry, Acid Green 3 has a complicated molecular structure and a low level of biodegradability.
The present study investigated the removal of Acid Green 3 from synthetic solutions by UV/S2 O8 -2 .
Methods: This cross-sectional study was conducted at the laboratory scale. The effect of time (5 - 60 min), pH (3 - 11), Acid Green 3
concentration (50 - 150 mg/L), and dose of S2 O8 (10 - 50 mg/L) was studied under the UV radiation with 510 mJ/cm2 intensity and 636
nm wavelength. Spectrophotometer (wavelength of 636 nm) was used to measure remaining concentration of Acid Green 3 after
each experiment. Linear regression was used to create an appropriate linear model.
Results: Results showed a removal percentage of 95% was achieved under the optimal conditions of the studied variables: pH =
3, Acid Green 3 = 50 mg/L, S2 O8 -2 = 50 mg/L and time = 60 min. The kinetics of UV/S2 O8 -2 process for all the investigated variables
followed the pseudo-first-order kinetic model. In addition, the removal efficiency of COD for Acid Green concentrations of 50, 100,
and 150 mg/L were about 78%, 53%, and 41%, respectively. Linear regression analysis yielded a model with R2 = 0.852 and adjusted R2 =
0.792.
Conclusions: In the current study, the variables of Acid Green 3, S2 O8 -2 , contact time, and pH were effective on the process efficiency.
Regarding the high efficiency of UV/S2 O8 -2 , this process could be employed for the removal of Acid Green 3 and similar compounds
from industrial effluents.
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1. Background
The increasing expansion of industries followed by the
discharge of industrial wastewater into the environment
has led to concerns regarding surface and underground
water pollution and environmental degradation. Industrial wastewater is of great significance as various types of
pollutions exist with different qualities and quantities (1).
Different types of dyes are a major pollutant entering the
environment through industrial wastewater. For a long
time, dyes have been utilized in dyeing, textile, plastic, cosmetics, and food industries. It is estimated that about 10% 15% of the dyes produced via industrial operations and processes are discharged into wastewater effluent. Some dyes
and their precursors may be cancerous for humans due to
producing toxic aromatic amines (2). These pollutants enter aqueous environments, prevent the entrance of light

and, thus, provide the conditions for eutrophication (3).
Due to their complex molecular structure, dyes have a poor
biodegradability and may prohibit the growth of microorganisms due to their toxic properties (4). Other common
methods for the removal of dyes from aqueous environments, e.g. coagulation, adsorption, and membrane processes, only separate dyes and increase their concentration
in the resulting sludge, while they fail to destroy the structure of these pollutants or turning them into simple compounds (5). It has been proven that advanced oxidation
processes (AOPs) are a good choice for treating wastewaters which cannot be easily treated using biological processes. The basis of treatment in AOP processes is the production of active radicals such as hydroxyl radical (OH• )
(6). Photochemical processes are a branch of AOPs in which
UV radiation activates chemical compounds to generate
OH• radicals. If used alone, the UV ray has a low ability for
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directing oxidating organic compounds and may even produce byproducts with an even poorer biodegradability (79). Therefore, the application of compounds which would
accelerate active radical production is essential. UV/S2 O8 -2
is an AOP method with a significant expansion in environmental pollutant removal processes. The widespread use
of S2 O8 in AOP processes may be its high oxidation ability
(2.01 V), stability, low cost, easy storage, high solubility, and
production of highly active radicals SO4- with the oxidation
potential of 2.5 - 3.1 V and OH• with the potential of 1.8 - 2.8
(10-12). Equations 1 - 3 show the pathways for the production of these radicals.
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In general, upon dissolving in water, the persulfate
salt produces S2 O8 -2 which does not have a high oxidation
power. To increase the oxidation ability of S2 O8 -2 which
is produced as a result of sulfate radical production SO4- ,
various chemical (hydrogen peroxide), thermal (temperature), and radiation (UV ray) methods are employed. Studies have shown that the ambient temperature and solar radiation do not have a high efficiency for activating persulfate salt and, as a result, pollutant removal. Therefore, the
use of high temperatures or UV light is essential for producing SO4- radicals. UV waves have found widespread use
in industries, medicine, and chemistry due to their unique
properties. These waves are used for the treatment and removal of organic pollutions and pathogens (13). Veisi et
al. compared UV ray and solar radiation for activating TiO2
nanoparticle (NP) in order to remove furfural from aqueous solution. They observed that UV ray has a higher potential compared to solar radiation in activating this catalyst. The reason for this difference is reported to be the
concentrated nature of UV light and shorter distance of UV
from the NP (14). Zhang et al. observed that the elimination
rate constant of sulfamethoxazole, trimethoprim, and N4acetyl sulfamethoxazole using the UV/PDS method is in the
range of 2.35 × 109 - 16.1× 109 m-1 .s-1 (15). Moreover, Saien
et al. reported the elimination efficiency of salicylic acid as
94% using the UV/KPS method at the concentration of 1000
mg/L of potassium persulfate and pH of about 6 (16). Based
on the positive properties of S2 O8 -2 as an oxidating agent,
in the present study, the removal of Acid Green from synthetic solutions was examined using the UV/S2 O8 -2 method,
and the effects of time, pH level, dye concentration, and
dose of S2 O8 -2 on the efficiency of this method were examined. Moreover, the kinetic model was evaluated for each
variable. Finally, the data of the factorial method were used
for fitting a linear regression model.
2

2. Methods
The present descriptive cross-sectional study was conducted at laboratory scale and in a sequencing system to
examine the efficiency of the UV/S2 O8 -2 process in the removal of Acid Green 3 (C37 H37 N2 O6 S2 Na) from synthetic
aqueous environments. Chemicals used in this study included Na2 S2 O8 (99% purity), sodium hydroxide (NaOH),
and normal sulfuric acid 1 (H2 SO4 ) purchased from Merck
(Germany). Moreover, Acid Green 3 used here was procured
from Alvan Sabet Co. (Hamadan, Iran).
2.1. Sample Preparation and Photoreactor Properties
To perform the experiments, an AC photoreactor
(Philips, the Netherlands) with a volume of 2 L was employed. A low-pressure mercury-vapor UV lamp with the
radiation intensity of 510 mJ/cm2 and the radiation wavelength of 254 nm was installed in the center of the photoreactor and covered by a quartz glass cover. The outer
surface of the photoreactor was made of steel, and water
flowed between these two layers. A vacuum pump fully
mixed the input sample. The schematic view of the reactor is presented in Figure 1. The effects of time (5, 15, 3
45, and 60 min), pH (3, 7, and 11), Acid Green 3 (50, 100,
and 150 mg/L), and S2 O8 -2 (doses of 10, 30, and 50 mg/L)
were examined. A digital pH meter (HACH) was utilized to
adjust pH. To assess the remaining concentration of Acid
Green 3 after each experiment, a UV/Vic spectrophotometer (DR5000, USA) at the wavelength of 636 nm was used.
Equation 1 was used to determine removal efficiency. Here,
C0 is the initial dye concentration (mg/L), Ce is the dye concentration at the time of equilibrium (mg/L), and E is the
removal efficiency (%). All experiments were conducted in
triplicate and values are reported as mean. Moreover, the
COD remaining after each experiment was assessed using
the 5220C method based on the “Standard Method for the
Examination of Water and Wastewater” (17). Microsoft Excel Software was used to draw the diagrams. Furthermore,
to obtain a linear model, linear regression analysis was run
on the data of the factorial method in SPSS V. 16.
3. Results
3.1. Comparison of Acid Green 3 Removal Via S2O8-2, UV, and
UV/S2O8-2 Processes
As shown in Figure 2, the removal percentage had a
rising trend for all three methods from 5 to 20 min. The
minimum removal percentage belonged to 5 min (3, 5, and
56%) and the maximum removal percentage belonged to
60 min (10, 16, and 88%) respectively for S2 O8 -2 , UV, and
UV/S2 O8 -2 methods. Removal efficiency was higher in the
J Kermanshah Univ Med Sci. 2018; 22(3):e74139.

Shokoohi R et al.

Figure 1. Schematic view of the photoreactor parts: (1) Transformer, (2) low-pressure mercury-vapor UV lamp, (3) quartz cover, (4) stainless steel box, (5) photocell, (6) lamp,
(7) beaker, (8) shaker, and (9) sampling tube

UV/S2 O8 -2 method at 60 min (78% and 72%, on average) compared to UV and S2 O8 -2 methods, respectively. Thus, the
UV/S2 O8 -2 process was used to examine the other factors affecting the removal of Acid Green 3.
3.2. Effect of pH
It was revealed that the removal efficiency is higher at
acidic pH than neutral or basic pH levels (Figure 3). Removal efficiency was 65%, 81%, 91%, 93%, and 95% at times
5, 10, 20, 40, and 60 min at pH = 3, respectively. Moreover, removal efficiency had an increasing trend with time,
and the slope of the removal efficiency was decreased at
times > 20 min. The oxidation constant coefficient for the
first-order kinetic at pH of 3, 7, and 11 respectively equaled
0.0525, 0.0218, and 0.0168.
3.3. Effects of Initial Dye Concentration
Figure 4 illustrates the effects of initial Acid Green 3
concentration on the removal efficiency. Results showed
that removal efficiency is higher at lower concentrations
of Acid Green 3. By increasing the concentration of Acid
green 3 from 50 to 150 mg/L, removal efficient was times
5, 10, 20, 40, and 60 respectively equaled 33%, 39%, 34%,
36%, and 36%. The oxidation constant coefficient for the
pseudo-first-order kinetics at the concentrations of 50, 100,
and 150 mg/L of Acid Green 3 respectively equaled 0.0307,
0.0117, and 0.0093. COD determination experiments were
conducted to determine the level of mineralization of Acid
J Kermanshah Univ Med Sci. 2018; 22(3):e74139.

Green 3. Based on Figure 5, at optimal conditions of the
variables, COD removal efficiency is lower than that of Acid
Green 3. Results indicated that Acid Green 3 removal efficiency at concentrations of 50, 100, and 150 is respectively 17%, 15%, and 18% higher than that of COD. The level of
mineralization equaled 78%, 53%, and 41% for the UV/S2 O8 -2
method at the three mentioned concentrations of Acid
Green 3.
3.4. Effect of S2O8-2 Dose on Removal Efficiency
The effects of S2 O8 dose on removal efficiency are
shown in Figure 6. It is evident that the minimum removal efficiency was obtained when using UV alone, and
increased by increasing the dose of S2 O8 -2 . The application
of UV/S2 O8 -2 at the dose of 50 mg/L of S2 O8 -2 compared to
the use of UV alone at times 5, 10, 20, 40, and 60 min led
to 45%, 36%, 38%, 38%, and 37% increase in efficiency, respectively The oxidation constant coefficient for the pseudofirst-order kinetics at the concentrations of 50, 30, 10, and
0 mg/L of S2 O8 -2 equaled 0.0314, 0.0207, 0.0162 and 0.009,
respectively.
3.5. Linear Regression Analysis
ANOVA was performed to yield a linear model for the
data resulting from previous experiments for the optimal
condition of variables (Table 1). Finally, using linear regression analysis, a model with the R2 = 0.852 and adjusted R2 =
0.792 was obtained (P < 0.001). This model was developed
3
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Figure 2. Efficiency of S2 O8 -2 , UV, and UV/S2 O8 -2 processes in the removal of Acid Green 3 (Acid Green 3 concentration = 50 mg/L, pH = 7, and S2 O8 -2 concentration = 50 mg/L).
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Figure 3. A, The effect of pH on the kinetics of the process, and B, efficiency of the UV/S2 O8 -2 process in removing Acid Green 3 at various times (concentration of Acid Green 3
= 50 mg/L, and S2 O8 -2 concentration = 50 mg/L)

in the form of Equation 4, where X3, X2, X1, R, and X4 respectively indicate efficiency, persulfate concentration, pollution concentration, pH, and time.
R% = 68.608 + 0.614X1 − 0.389X2 − 2.115X3 + 0.465X4

(4)

Furthermore, the Pareto diagram is depicted in Figure
7 to compare the effects of variables and calculate the percentage of their effect on the response (using Equation 5).
Pi =

b2
Pi 2
bi

4. Discussion

!
× 100

(5)

Here, b is the regression coefficient of each term in
terms of the values of standardized coefficients or codes.
4

To determine the validity of the results predicted from
the linear regression, for various values of variables, laboratory and predicted removal efficiencies were calculated
from the model (Table 2). Based on the R2 of the model, the
predicted values are close to laboratory values.

4.1. Comparison of Processes
The present study examined the efficiency of advanced
oxidation using the UV/S2 O8 -2 method on the removal of
J Kermanshah Univ Med Sci. 2018; 22(3):e74139.
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Figure 4. Effect of the initial concentration of Acid Green 3 on the removal efficiency at different times (S2 O8 -2 concentration = 50 mg/L, and pH = 3)
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Figure 5. Variations in Acid Green 3 and COD removal efficiency at various concentrations (S2 O8 -2 = 50 mg/L, and pH = 3, time = 60 min)

Acid Green 3 and determined the effects of variables affecting removal efficiency. Without activation, the persulfate
anion directly reacts with organic compounds and, in this
condition, the removal percentage is lower than that of activated states. This decrease in efficiency by the persulfate
anion is the result of lack of production of radicals. This is
also true for UV because it has a low efficiency when used
alone, whereas the presence of persulfate produces persulfate radicals by breaking the bonds of oxygen molecules,
thereby leading to a synergistic increase in Acid Green 3 removal (12).
J Kermanshah Univ Med Sci. 2018; 22(3):e74139.

4.2. Reaction Time
Results revealed that increasing the time increases removal efficiency by giving enough time for the reaction
and oxidation of Acid Green 3 dye with active radicals,
thereby increasing removal efficiency. Of course, the rate
of removal was decreased with time, probably due to the
reduction in a considerable part of the pollution and active radicals as a result of the fast reaction at the beginning
of the process. Consequently, by decreasing the concentration of pollutant and S2 O8 -2 dose at longer times, the rate of
reaction is decreased. Moradi et al. removed azo dye using
5
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Figure 6. Effects of S2 O8 dose on Acid Green 3 removal efficiency at different times (Acid Green 3 concentration = 50 mg/L, pH = 3)

Table 1. ANOVA at Optimal Variable Conditions (pH = 3, Acid Green 3 Concentration = 50 mg/L, and Retention Time = 30 Min)
Model

Sum of Squares

df

Mean Squared

F

P Value

Regression

2382.930

4

595.733

14.353

< 0.001

Residual

415.070

10

41.507

2798

14
t

P Value

Total

Non-Standard Coefficients

Y-intercept

Standard Coefficients

B

Standard Error

68.608

7.665

S2 O8

0.614

0.112

Beta
8.951

< 0.001

0.705

5.458

< 0.001

Acid Green 3

-0.389

0.064

-0.772

-6.047

< 0.001

pH

-2.115

0.805

-0.336

-2.629

< 0.05

Time

0.465

0.130

0.452

3.569

< 0.05

Table 2. Determining the Validity of the Results Predicted by the Linear Model at Optimal Variable Conditions (pH = 3, Acid Green 3 Concentration = 50 mg/L, and Retention
Time = 30 Min)

Values of the
variables

Dose of S2 O8 -2 (mg/L)

Acid Green 3
Concentrations 113 (mg/L)

pH

Contact Time (Min)

50

50

11

40

75

75.2

50

50

7

20

79

74.3

50

150

3

40

57

53.2

10

50

3

60

75

76.8

Efficiency Predicted
by the Model (%)

30

50

3

60

85

89.1

50

100

3

5

56

56.4

the nano-ZrO2 /UV/Persulfate method and reported that the
parameter if time is the most effective factor for removal
with a 45.5% effect (18).
4.3. Solution pH
Removal efficiency increased at acidic pH levels. In general, the basis of the S2 O8 -2 compound for removing Acid
Green 3 is the production of SO4- radical. The production of
this radical is higher at acidic than basic pH levels because,
by increasing pH, the SO4- radical reacts with H2 O or -OH
molecules, thus producing OH• . The rate of this reaction is
6

Laboratory
Efficiency (%)

low for H2 O (< 2 × 10-3 M-1 s-1 ) and increased for -OH at basic
pH levels, such that at pH levels higher than 11, the reaction
rate increases up to 6.5 ± 1 × 10-3 M-1 s-1 (19). Therefore, at basic pH levels, the OH• radical is the major oxidating factor
which is produced as a result of basic conditions and has
lower efficiency. On the other hand, the oxidation ability
of the OH• radical is lower than SO4- (20). Moreover, at basic pH levels, the intensity of oxidation is decreased due to
the increased formation of SO4 -• which acts as a scavenger.
These explain the reduced removal efficiency at basic pH
levels in the present study. Zhang et al. reported that the
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Figure 7. Effects of parameters on Acid Green 3 removal at optimal variable conditions (pH = 3, Acid Green 3 concentration = 50 mg/L, and retention time = 30 min)

maximum removal efficiency of carbamazepine occurs at
pH = 2 using the UV/S2 O8 -2 method (21).
4.4. Initial Acid Green 3 Concentration
It was found that removal efficiency has a decreasing
trend by increasing the dye concentration. By increasing
the concentration of dye and keeping the S2 O8 -2 concentration constant, SO4 - radicals remains constant and, therefore, the ability of the process decreases for higher concentrations of dye, leading to a decrease in efficiency. On
the other hand, the penetration of UV ray is decreased in
the sample by increasing dye concentration, thereby reducing S2 O8 -2 photolysis and, consequently, reducing the
efficiency (22). It is critical to reduce the concentration of
an organic compound and determine its fate because the
mere degradation of an organic compound in the wastewater is not sufficient, and what matters is to know the level
of its mineralization. Results showed that the COD removal
percentage was approximately 18% lower than that of Acid
Green 3. Therefore, this percentage is part of the removal of
Acid Green 3 which is converted into intermediate organic
compounds, and the COD removal percentage is part of the
removal of Acid Green 3 which is mineralized into CO2 and
H2 O. Amin et al. observed a 93% TOC removal at the 100%
dye removal conditions (23). Furthermore, Georgiou et al.
used UV/H2 O2 for the oxidation of reactive azo dye and obtained the TOC removal efficiency of 80% - 82%. They observed that mineralization increased by increasing time,
and thus reported the increase in time as the most important factor for increasing COD removal efficiency (24).
4.5. S2O8-2 Dose
It was also observed that the removal efficiency is much
lower with UV alone than with UV plus S2 O8 -2 , and that the
efficiency increases with increasing S2 O8 -2 concentration.
The application of UV alone leads to the direct oxidation of
J Kermanshah Univ Med Sci. 2018; 22(3):e74139.

organic compounds which has a lower efficiency. In this
method, through direct radiation, the chemical bonds of
the dye are degraded and, as radiation continues, bonds
are broken, leading to the degradation of the organic compound. These reactions are caused by the radiation of photons resulting from UV radiation (7). However, with UV radiation in the presence of S2 O8 -2 , the photolysis process occurs which produces highly active SO4- radicals which have
a high ability for oxidating organic compounds (12). Moreover, by increasing the concentration of S2 O8 -2 , an increase
was observed in efficiency due to the increase in SO4- radical compared to the dye concentration, consistent with the
results of Moradi et al. (18). One must keep in mind that
SO4- radicals may be neutralized at higher S2 O8 -2 concentrations, based on Equation 6, thus decreasing the efficiency
of the process (25).
−

−

2−

SO4 + SO4 → S2 O8

(6)

Lou et al. reported the humic acid degradation efficiency to be about 78.3% at the S2 O8 -2 concentration of 7.5
mM, while this efficiency was decreased to 70.1% at higher
concentrations of S2 O8 -2 (15 mM) (25).
4.6. Linear Regression Model
The linear regression model was significant with the
predictive power of 85.2% of the variance in the response,
and the fact that R2 was close to adjusted R2 indicates desirability of the model. Moreover, in comparing laboratory and predicted values under equal conditions of variables, results showed a good convergence, demonstrating
the good predictive power of the model. It appears that
the part unpredicted by the model resulted from the interaction effects and the squared values of the studied factors. In the response surface methodology, the effects of
these factors are determined, while the linear regression
model cannot determine these effects on the response. In
addition, in examining the effect of each variable on the response (Figure 7), it was revealed that the maximum effect
on the response belonged to Acid Green 3 concentration
(42.2%), followed by the dose of S2 O8 -2 , contact time, and pH
levels (35.2, 14.5, and 8%, respectively).
4.7. Conclusion
In general, the results showed that time, pH level, dye
concentration, and S2 O8 -2 dose are parameters affecting
the removal efficiency. Based on the optimal level of the
studied variables, the maximum efficiency of UV/S2 O8 -2
for removing the dye and COD equaled 95% and 78%, respectively, which were significant. Therefore, this method
can be used for removing Acid Green 3 and similar pollutants from industrial wastewater since it can meet the standard requirements for removing this dye from industrial
7
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wastewater. As the present study was conducted at the laboratory scale, and the effects of scavengers were not examined, it is recommended that future studies design the
same system at larger and industrial scales and investigate
the effects of scavengers.
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