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ABSTRACT

In this study, the possibility of rhodamine B (RhB) decomposition in the presence of ultrasound (US)
and sodium persulfate (Na,S,0,) activated by visible light (Vis) was investigated. A combination of
these processes (NaZSZOS/Vis/US) were examined. As a part of this study, the optimal dose of Na,S,0,,
glucose dose, reaction time, and RhB concentration were selected. In addition, radical scavenger test
was conducted. Under optimal conditions (RhB concentration = 10.0 mg dm=; pH = 6.0; reaction
time: 60.0 min; Na,S,0, dose = 20.0 mM; glucose dose = 200.0 mM; US power: 60 W; US frequency:
40 kHz; temperature: 295 K), RhB decomposition in the Na,5,0,/Vis/US process was set to 85%.
Under the same conditions, the RhB decomposition in the US, Na,,0,, NaZSZOS/Vis and NaZSZOS/
US processes was 17%, 29%, 49% and 67%, respectively. The determined parameters of the pseudo-
first-order reaction showed the advantage of the dynamics of the Na,S,0,/Vis/US process over the
US, Na,S,0,, Na,5,0,/Vis and Na,S,0,/US processes. The mathematically calculated half-life (t/2)

for the 2cozm%ined process was 2.1 min, while half-life values for the US, Na,S,0,, Na,5,0,/Vis and

278
Na,S,0,/US processes are 25.5, 15.9, 7.8 and 4.6 min, respectively. Hydroxyl radicals were mainly
responsible for the decolorization of rhodamine B. The conducted studies showed that the activa-
tion of sodium persulfate in the combined process of sodium persulfate-visible light-ultrasound

is an interesting alternative for the purification of solutions containing rhodamine B with variable

dye concentrations (up to 20 mg dm).
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1. Introduction

In the presence of the deepening global water crisis, the
world may experience a 40% reduction in water availability
by 2030. It is predicted that half of the world’s population
will be at risk of water scarcity by 2050 [1]. The presence
of organic and inorganic compounds disturbing the func-
tioning of living organisms in water ecosystems is of great
concern these days. These substances are classified as
micropollutants, and their presence in aquatic ecosystems

is documented. Micropollutants are usually defined as
compounds occurring in concentrations of ng/dm’ or mg/
dm?®. Micropollutants are characterized by two toxic effects
namely: (1) effects that appear after a short time of expo-
sure and (2) effects that appear after a long time (long-term
health effects). Micropollutants can generally be divided
into organic and inorganic substances. The organic group
of micropollutants is very extensive and may include endo-
crine active compounds, disinfection by-products, poly-
chlorinated biphenyls, pesticides, dyes, surfactants and
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polycyclic aromatic hydrocarbons [2-5]. Among the com-
pounds belonging to the group of micropollutants, there
are rhodamines - organic chemical compounds from the
group of triphenylmethyl xanthene dyes. Rhodamine B
(RhB) is a compound which belongs to this group.

Rhodamine B is used as a dye in numerous industries,
such as chemical, textile, paper or dyeing. It is a fluorescent
dye, which is also used in biological research on animals due
to its easy accumulation, for example, in animal hair and
teeth. RhB is toxic to humans and animals. Symptoms of the
negative influence of this chemical compound are skin, eyes
and respiratory system irritation. It also displays mutagenic
and carcinogenic potential. This dye has a high affinity for
proteins involved in basic cell metabolism [6,7].

The development of industry leads to the fact that
rhodamine B is one of the main components identified in
the industrial wastewater of dyeing and textile. The use of
conventional purification processes such as activated car-
bon, coagulation, filtration, activated sludge does not bring
satisfactory results due to high concentration of dyes, low
biodegradability and higher stability of newly synthesized
dyes [8]. For this reason, it is justified to search for new
solutions in the field of water and wastewater treatment.

Advanced oxidation processes (AOPs) have gained
great interest in the recent years. AOPs are listed as one
of the best available techniques for colored wastewater
treatment [9]. A common feature of AOPs is the oxidation
of organic compounds by generating hydroxyl radicals
OH-" (E° = 2.80 V). Scientific data show that a lot of work
is devoted to the use of sulfate radicals SO;~ (E° = 2.50-
3.10 V) for the decomposition of organic pollutants [10,11].
The generation of sulfate radicals occurs through the
activation of persulfate ions (S,03") by means of UV radia-
tion, heat, ionizing radiation, high pH and transition metal
ions [12-16]. Activation with transition metal ions at low
oxidation levels such as Fe*, Ni*, Co* and Ag' is most
commonly used. Persulfates react with the transition metal
electron donor to form a single sulfate radical (Eq. (1)) [17].

5,0 +e” —>S0; +50; 1)

The high cost of conventional activation methods indi-
cates that new methods for the generation of sulfate radicals
are gaining interest. New methods of activation, for exam-
ple, ultrasound, ozone or carbon nanotubes are studied
[18,19]. However, there are few studies on the activation of

Table 1
Physicochemical characteristics of rhodamine B [28]
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persulfates with visible light [20,21]. This is due to the very
poor quantum efficiency of sulfate radicals at the wavelength
of A >400 nm [22].

Unconventional methods of activation should be equally
efficient and cost-effective compared with conventional
methods. Materials that allow the activation of persulfates
(PDS) under the influence of visible light may be, for exam-
ple, acids and sugars [23]. Sugar prices may be even twice
lower compared with FeSO,-7H,O, a compound commonly
used to activate persulfates. Moreover, sugars are ingredi-
ents present in wastewater. Thus, a fully-recognized waste-
water composition will minimize the amount of this reagent.
In addition, the dose of sugars used to activate PDS is too low
to be toxic to living organisms.

The use of ultrasound is a hybrid method of activa-
tion. During the ultrasound process, the cavitation bubbles
break down, which locally causes the formation of high
temperatures and pressure. The combination of these fac-
tors generates hydroxyl (OH*), superoxide (O;") and H,O,
[24,25] radicals. Ultrasonic technology is a safe and efficient
method for potential use in water and wastewater treat-
ment. Activation of PDS with ultrasound is characterized
by higher efficiency compared with, for example, the H,O,/
US system [26,27].

The aim of this study is to assess the efficiency of
rhodamine B degradation in the AOP carried out in the
presence of sodium persulfate activated by visible light
and ultrasound. The optimum doses of PDS and glu-
cose have been carried out. The effect of initial RhB con-
centration on the final degree of dye decolorization was
investigated.

2. Materials and methods
2.1. Model solution

Model solutions were prepared on the basis of deion-
ized water with the addition of rhodamine B (RhB) stan-
dard. The physical and chemical characteristics of RhB
are presented in Table 1. Dye with a purity of 295.0% was
obtained from Sigma-Aldrich (Poznan, Poland). The pH
of the model solution before and after the addition of the
dye solution was pH = 6.0. Any deviations from this value
were corrected with 0.1 mol dm= HCI or 0.1 mol dm?
NaOH from Sigma-Aldrich. The pH of the model solution
was monitored using a CPC-511 pH meter from Elmetron
(Zabrze, Poland). Other analytical grade reagents used

Chemical structure
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Molecular weight (g mol™) 479.01

Nr CAS 81-88-9
Water solubility at 20°C (g dm™=) 15.0
Dissociation constant (pKa) 3.7

logK,, 1.9-2.0

A, in water (nm) 554.0
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during the study came from Avantor Performance Materials
Poland S.A. (Gliwice, Poland).

2.2. Analysis of RhB

The absorbance of rhodamine B was tested using the
Jasco V-750 spectrophotometer (Krakéw, Poland). Fig. 1
shows the obtained RhB absorption spectrum. The absorp-
tion spectrum of the compound shows a peak at the wave-
length 2~ = 554.0 nm. Model solutions and resulting
solutions were tested at this wavelength (A = 554.0 nm).

2.3. Determination of advanced oxidation parameters

In the first stage of research, the optimal glucose dose
was determined. The optimal dose of glucose enables to
activate sodium persulfate with visible light. The process
was carried out in reaction vessels containing 500.0 cm™
of dye with a concentration of 10.0 mg dm™. The reac-
tion vessels were placed on a magnetic stirrer for mix-
ing and after stirring the vessels were irradiated with
visible light for 60.0 min. The following sugar doses
were tested: 100.00; 150.0; 200.0; 300.0 and 500.0 mM.
The sodium persulfate dose was 10.0 mM. All experiments
were conducted under these conditions: temperature of
295 K, atmospheric pressure equal to 1,013.0 hPa and
pH =6.0.

In order to select the optimal dose of sodium persulfate,
the influence of various PDS concentrations was studied.
The following doses were tested: 2.0; 5.0; 10.0; 20.0; 50.0 and
100.0 mM. Reaction vessels containing 10.0 mg dm™ dye
were placed on a magnetic stirrer.

Optimal process time is a significant parameter from
an economic point of view and in terms of total pollutants
removal. The study was conducted for 180 min. Samples
were collected after 5, 10, 15, 20, 30, 45, 60, 120 and 180 min.
Reaction vessels containing the model solution with the addi-
tion of a RhB standard at a concentration of 10.0 mg dm™
were placed on a magnetic stirrer to be adequately mixed.
The glucose dose was 200.00 mM and the Na,S,0, dose was
20.0 mM.

The effect of the initial RhB concentration was investi-
gated. Four dye concentrations were used: 1.0, 5.0, 10.0 and
20.0 mg dm™. Samples were collected after 60.0 min. Reaction
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Fig. 1. Absorption spectrum of rhodamine B standard

(10.0 mg dm™).

vessels containing the model solution with the addition of
tested concentrations were placed on a magnetic stirrer.
The glucose dose was 200.00 mM, while the Na,5,0, dose
was 20.0 mM.

All the experiments were carried out independently
in triplicate. The data presented in the next section include
average values.

2.4. Visible light activated persulfate tests

A 10 W Tungsten QTH10/M lamp from Thorlabs Inc.
(New Jersey, United States) was used as the visible radia-
tion source. The lamp emits radiation with a wavelength
(A) from 400 to 2,200 nm. For the purpose of the research,
the FGS900M filter (Thorlabs Inc., United States) was used
to cut off the spectrum bands above 710 nm. The filter
was mounted using a Thorlabs Inc. circular cage system
(Thorlabs Inc., United States; Fig. 2). The lamp emitted radi-
ation from the visible light range. The experiments were
conducted in an isolated chamber, without the possibility of
exposure to another light source.

2.5. Ultrasound activated persulfate tests

Sonication was carried out using a Proclean 0.7 WH ultra-
sonic generator (Ulsonix Cleaning Instruments, Germany)
with a capacity of 0.7 dm™. Persulfates activation was car-
ried out under the following conditions: output power
60 W, ultrasound frequency 40 kHz, reactor dimensions
150 x 86 x 65 mm.

2.6. Reaction kinetics

According to the scientific literature data [29,30], to
describe the decolorization kinetics of most rhodamine
dyes, the pseudo-first-order reaction equation can be used

(Eq. (2))-

~In [éj =kt )

where C; - concentration of RhB before the purifica-
tion process (mg dm=); C — concentration of RhB after the
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Fig. 2. Illustration of the experimental set-up.
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purification process (mg dm=); k — reaction rate constant;
t — reaction time (min).

The half-life of RhB (t/2) was calculated mathematically
based on the reaction rate constant k as follows:

t/2=1In(2)/k ®)

2.7. Radical scavenger test

A radical scavenger test was used to determine the
major radical types involved in dye degradation. In the
study, tert-butyl alcohol (BuOH) was used as an OH" radical
scavenger, methanol (MeOH) as a SO;~ and OH* radical
scavenger and hydroquinone as an O;- radical scaven-
ger. The applied compounds are most commonly used as
radical scavengers by many researchers [31-33]. Radical
scavengers at a dose of 50.0 uM were added before the AOP.

3. Results and discussion
3.1. Optimal glucose dose

At this stage, the optimal concentration of glucose
was determined. The following sugar concentrations were
tested: 100.00, 150.0, 200.0, 300.0 and 500.0 mM (Fig. 3).
The process was carried out in the presence of visible light
for 60 min. The dose of sodium persulfate was 10 mM.
In the preliminary tests [20], the decolorization process
was carried out in the presence of glucose only, with-
out Na,S,O, and visible light addition. The results of the
study did not confirm the dye degradation in the pres-
ence of glucose alone. A concentration of 200.0 mM was
selected as the optimal glucose dose for further testing.
The decomposition of rhodamine B under these conditions
was about 42%. For the other concentrations analysed, the
RhB decomposition was unsatisfactory. In addition, a high
content of sugar resulted in the reduced effect of decolor-
ization. This is due to the inhibition of radicals by higher
glucose levels (k.= 1.5 x 10°) [34].

Rhodamine B decomposition with addition of glucose
may be due to the optical properties of sugar. Glucose is
an optically active substance, that is, it tends to rotate the
light plane, which may explain the higher dye decompo-
sition in the presence of sugar compared with a solution
purified only with persulfate. PDS activation by visible
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Fig. 3. Influence of glucose dose on the rhodamine B decolor-
ization. Conditions: Cyp,p = 10.0 mg dm™; pH = 6.0; reaction

time = 60.0 min; Na,S O, dose = 10.0 mM.
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radiation in the presence of glucose may also result from
the probable electron transfer from sugar towards PDS and
its activation. Moreover glucose oxidation products may
be able to activate PDS (Eq. (4)). It is related to the organic
PDS activation with an external carbon source [35]. Ahmad
et al. [36] performed a research on the activation of persul-
fates with two organic compounds: phenoxides and phe-
nols. Phenoxides have been proved to be an effective per-
sulfate activator. Literature data show that the mechanism
of PDS activation by glucose is similar to the mechanism
of activation by phenoxides [23]. Glucose oxidation causes
the sugar decomposition, whereby compounds contain-
ing a functional group are generated. An example of such
functional group is, for example, carbonyl group, which
accepts the negative charge activating persulfates.

5,03 +RhB + glucose—=—>e” +5,07 +
RhB—">5S0; +SO; + by-products* 4)

where * indicates that identification of thodamine B degra-
dation products was beyond the scope of this study.

3.2. Optimal Na,S,0, dose

27278

The dependence of rhodamine B decolorization on the
Na,S,O, dose is presented in Fig. 4. The process was car-
ried out in the presence of visible light. The following doses
of sodium persulfate were tested: 2.0, 5.0, 10.0, 20.0, 50.0
and 100.0 mM. The glucose concentration was 200.0 mM.
The process was carried out for 60 min. The RhB decom-
position depended on the initial persulfate dose, that is,
it increased with increasing PDS dose. The increase in
the degree of decolorization results from the increase in
the density of generated active species. The addition of
20.0 mM persulfate after 60.0 min caused the dye to be
removed in approximately 47%. Higher doses of PDS (50.0
and 100.0 mM) did not cause a significant increase in puri-
fication efficiency. Taking into account economic aspects,
20.0 mM was chosen as the optimal dose of Na,S,0,.
Degradation of pollutants in the PDS system without the
use of catalysts is possible, whereas the degree of removal
of organic pollutants without the use of catalysts is lower.
Without activation, the persulfate anion will react only with
some organic chemicals. The removal degree is smaller
than in activated persulfate system, because persulfate
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Fig. 4. Influence of the NaSQO, dose on the rhodamine
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B decolorization. Conditions: Cypy = 10.0 mg dm™; pH = 6.0;

O[RhB
reaction time = 60.0 min; glucose concentration = 200.0 mM.
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ion (E° = 2.01 V) has lower oxidation potential compared
with sulfate ion (E° = 2.50-3.10 V) [37].

3.3. Optimal RhB decomposition time

Fig. 5a depicts the influence of process time on the
degree of RhB decolorization in Na,5,0, US, Nazszos/
Vis and Na,S5,0,/US systems. Process was carried out for
180.0 min. It was found that the dye decolorization effect
increased with the duration time. After 30 min of the pro-
cess, the efficiency of the NaZSQOS/Vis system was 32%,
while in the Na,5,0,/US system it was 49%. A satisfying
decolorization effect was achieved after 60.0 min of reaction.
In that time, the dye decomposition was 49% and 67% for
visible and ultrasound activated persulfate, respectively.
As shown in Fig. 5, continuation of the process caused a
slight increase in efficiency by about 1%-2%. Ultrasound
(US) cleaning had the least effect on the decomposition of
rhodamine B. The decomposition of this compound did
not exceed 25% after 180.0 min. The highest degree of dye
removal was obtained in the combined visible-ultrasound
system (Na,S,0,/Vis/US). About 85% RhB was removed
within 60.0 min in this system, whereas after 180.0 min
the degradation efficiency slightly increased to 95.0%. Due
to the need to limit reactor volume during plant design
and a slight difference in the decomposition degree after
120.0 and 180.0 min of the purification process, 60.0 min
time of reaction was selected as the optimal contact time.

Persulfate activation in the Na,S,0,/Vis system is the
result of a synergistic relationship between visible light and
the enhanced effect of glucose electron transfer from this
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Na,S,04/Vis 1
0,2 Na,S,04/US
Na,S,04/Vis/US
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®) y=0,3251x- 0,5826
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249 N:jsjoz,ulé - y=0,152x- 0,2431
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Fig. 5. Influence of reaction time on the rhodamine

B decomposition in various systems (a) and reaction kinetics
(b). Conditions: Cy, ) = 10 mg dm™; glucose dose = 200.0 mM;

Na,5,0, dose = 20.0 mM; pH = 6.0; US frequency = 40.0 kHz;
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temperature = 295 K; US power = 60 W.

sugar towards persulfate (Eq. (5)). The study by Zawadzki
[20] showed that the addition of only sugar without visible
light irradiation does not contribute to the activation of per-
sulfate. Scientific literature data indicates that in an alkaline
reaction (pH = 6.0), in which the present experiments were
carried out, the addition of glucose promotes persulfate
activation since its functional groups (e.g., carbonyl group)
accept partially negative charge.

5,03 +RhB + glucose—=—>e™ +5,07 +
RhB—Y 5507 + 502 5)

As shown in Fig. 5a, it was established that the decol-
orization effect in the NaSO,/US system was higher
compared with the Na,5,0,/Vis system. First of all, this is
because of the applied persulfate activation method.

In the ultrasound activated persulfates, the role of
ultrasound occurs in two possible ways [38,39]. In the first
mechanism, persulfate is activated by heat from ultrasonic
cavitation (Eq. (6)), which generates cavitation bubbles.
During the ultrasound process, the cavitation bubbles break
down, which locally causes the formation of high tempera-
tures (T = 5,000 K) and pressure (P = 1,000 atm). As reported
by Fedorov et al. [40], equally to conventional persulfate acti-
vation methods, the energy released during the collapse of
the cavitation bubbles catalyse the activation of persulfate
to produce SO;" radicals. Ultrasound cleaning can induce a
cavitation phenomenon, which is an essential agent in the
activation of persulfates. A study by Ghanbari and Moradi
[41] showed that this process is found to consist of numer-
ous reverse and side reactions generating SO;~ and OH*
radicals.

In the second mechanism, cavitation bubbles initiate the
dissociation of water molecules to generate hydroxyl rad-
ical (Eq. (7)). Dissociation of water molecules takes place
inside the bubbles as well as in the interface between the
gas phase and surrounding liquid [42]. Generated hydroxyl
radical attacks persulfate ions forming sulfate radical
anion (SO;"), bisulfate ion and oxygen (Egs. (8) and (9)).

S,07 —t 5250:" (6)
H,0—25O0OH" +H" 7)

where the symbol “)))” indicates ultrasound.

5,07 +OH' > H' +507 +507 + %02 ®)

SO; +H,0 — OH" + HSO?>" )

Conducted studies confirm that the Langmuir-Hinshel-
wood (L-H) model can be used to describe the kinetics of
rhodamine B degradation. This result can be justified by
considering Fig. 5b. The analysis of the correlation coef-
ficient R* showed very good fit of experimental data
(95%-99%). Half-life #/2 and reaction rate constants k were
determined using the L-H model. The results are sum-
marized in Table 2. Taking into account the relationship
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Table 2
Parameters of pseudo-first-order reaction

Table 3
Classification of reaction rate based on half-life [46]

Process k (min™) R? t/2 (min) Half-life, s Time span for near-completion Rate classification
Na,S,0, 0.044 0.98 15.9 10°-10"2 psorless Ultra fast rate
us 0.027 0.99 25.5 10"2-10°  psorless Very fast rate
Nazszog/V is 0.089 0.98 7.8 10°-1 Seconds Fast rate
Nazszost S 0.152 0.97 4.6 1-10° minutes or hours Moderate rate
Na,S,0,/Vis/US 0.325 0.95 2.1 10°-10° Weeks Slow rate
>106 weeks or years Very slow rate
between —In(C/C,) and reaction time, the two-stage oxi-
dation process, which is a characteristic phenomenon, 1
for example, for heterogeneous oxidation processes
[43,44] was not found. The two-stage oxidation process is 08 1
mainly attributed to the indirect reaction of oxygenating - 06 1 - Na,S,0
species with by-products or decreasing amount of rad- S o Us )
. X . ; o 04 -o= Na,S,04/Vis
icals during the reaction. However, the identification of ' - Na,S,0,/US
intermediates was beyond the scope of this study. 02 4E/E/E/E @ Na2S208/VisUS
The results indicate that the activation of persulfate 0 ‘ ‘ ‘

affects the kinetic parameters of rhodamine B degrada-
tion. Reaction rate constant k was the lowest in the case
of the ultrasonic cleaning process. As reported in the
study by Hou et al. [45], this is due to the small amount
of radicals generated during the fragmentation of water
molecules. The highest value of the reaction rate constant
was observed in the combined system (Na,S,0,/Vis/US).
The mathematically calculated half-life (t/2) of RhB in this
system was 2.1 min.

Table 3 presents the classification of the chemical reac-
tion rate based on the mathematically calculated half-life /2.
The dynamics of ultrasonic cleaning was the lowest among
the processes tested. The reaction was classified as slow.
Four out of five treatment systems tested were found to be
at a moderate rate (<10° s).

3.4. Effects of different RhB concentrations

The efficiency of rhodamine B decolorization has been
studied depending on different dye concentrations (1, 5, 10
and 20 mg dm=). The process was carried out for 60 min.
Abatement curves are shown in Fig. 6. It was found that
the final dye concentration depends on its initial concen-
tration. This is common for both AOPs [47] and activated
persulfates [48]. Because the conditions for each of the
experiments were the same (Na,S,0,, dose, glucose dose,
pH, temperature), the amount of sulfate radicals generated
was constant and decreased with increasing RhB concentra-
tion. As shown in the study by Cai et al. [49], the collision
probability of oxygenating radicals decreases with increas-
ing concentration of dye molecules. High concentration
of dye molecules causes greater consumption of radicals
resulting in an insufficient amount of radicals to decom-
pose the excess of RhB. This results in a reduced efficiency
of dye removal. Moreover, intermediates may consume
active species, which results in a poor dye decolorization
(competitiveness effect). Despite the unfavorable conditions
for RhB degradation (high dye concentration), the combi-
nation of visible light and ultrasound persulfate activation

-
&)}
-
o
N
o

RhB concentration, mg/dm?

Fig. 6. Efficiency of thodamine B decolorization depending on
the initial dye concentration in various systems. Conditions:
reaction time = 60.0 min; pH = 6.0; US frequency = 40.0 kHz;
US power = 60 W; temperature = 295 K; Na,S5,0, dose =
20.0 mM; glucose dose =200.0 mM.

processes (Na,S,0,/Vis/US) allowed to achieve a high RhB
degradation at the level of 80% at the highest dye concen-
tration (20.0 mg dm™). In comparison, similar efficiency
was obtained in the Na,5,0,/US system, but at the lowest
concentration (1.0 mg dm™).

When only ultrasound is used, a similar situation
can be observed. With an increasing RhB concentration,
a decrease in the efficiency of rhodamine B decomposi-
tion was noticed. Similar to the Na,S,0,, Na,5,0,/Vis and
Na,5,0,/US systems, this is due to the amount of radi-
cals generated. The amount of radicals generated in high
dye concentrations is insufficient to break down excess
of RhB particles. As the literature data shows, the other
reason is the changing viscosity of the solution at high
dye concentrations. It creates a barrier to the enucleation
process, thus insufficient amount of radicals is formed [50].

3.5. Radical scavenger tests

Identification of the main active species was carried out
for the combined Na,S,0,/Vis/US process. It was the most
effective of all the tested systems; therefore it was selected
for further studies. Radical scavengers were used at a con-
centration of 50.0 mM. The process was carried out for
60 min. Radical scavenger test has been carried out with
and without SO;~, OH* and O}~ scavengers to evaluate their
influence on RhB degradation. The resulting solution with-
out the addition of scavengers was marked as “control”.
RhB degradation is essentially inhibited by all scavengers
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presented in the solution. This indicates that sulfate SO;-,
hydroxyl OH* and superoxide O;~ radicals are generated.
As shown in Fig. 8a, the addition of BuOH and MeOH most
inhibited the decomposition of rhodamine B. This indi-
cates the significant role of sulfate and hydroxyl radicals
in the dye degradation reaction carried out in the presence
of persulfate activated with visible light and ultrasound.
The addition of hydroquinone (k.. = 1.7 x 10" M s™)
[51] did not significantly affect the degradation process
in its initial phases. Within 5-20 min, the inhibition of
RhB degradation efficiency is insignificant. Inhibition
becomes visible after 20 min, which may indicate delayed
formation of O} radicals.

The obtained results were similar to those obtained by
Nasseri et al. [11], who applied a radical scavenger test on
peroxydisulfate activated by ultrasound irradiation. It was
concluded that OH"* radical was found to be predominant for
the degradation by US/PDS process.

The results showed that under following conditions:
RhB concentration = 10.0 mg dm=; Na S O, dose = 20.0 mM,;
pH = 6.0; T = 295 K; glucose dose = 200.0 mM; US fre-
quency = 40.0 kHz; US power = 60 W, RhB degradation was
inhibited by nearly 80% by methanol addition. Methanol
is a strong scavenger for hydroxyl and weaker for sul-
fate radicals, while tert-butyl alcohol inhibits only sulfate
radicals (Egs. (10)-(13)) [52].

BuOH + OH'~5.2x10°M ™! (10)
BuOH +50; ~<10°M's™* (11)
MeOH + OH'~8.0x10°M s ™! (12)
MeOH + 507 ~1.0x10'M's™! (13)

The Na,5,0,/Vis/US process has shown promising
efficiency in the degradation of rhodamine B. The degra-
dation degree was significantly inhibited by the addition
of methanol (MeOH) and tert-butyl alcohol (BuOH). The
results indicate that the RhB degradation was primarily
due to hydroxyl radicals, and second due to sulfate radi-
cals. Therefore, the degradation of RhB is attributed to
OH" radical. Literature data reported that the hydroxyl
radical is formed in the reaction of SO;~ with water at the
whole range of pH values [53]. Hence, degradation of RhB
can be explained by the radical mechanism. Those results
are corresponding with the data reported by Lu et al. [54].

To study in detail the mechanism of RhB degrada-
tion, not only the absorbance value at the wavelength
A, = 554.0 nm was considered but also a full UV-Vis
spectrum (A = 200-800 nm) of the rhodamine B resulting
solutions treated in the Na,S,0,/Vis/US process was taken
into account, as presented in Fig. 7. Two phenomena were
observed during the Na,5,0,/Vis/US experiment. First,
which was also reported by Wang et al. [55], the absorbance
intensity decreased with the process time, as observed in
section 3.3. Then, maximum absorbance shift (around 3 nm)
was found after 45 min of decolorization (A__ = 551 nm).

After 60 min of the process, the shift of the absorption peak
was set to approximately 6 nm (A__ =548 nm). In literature,
this phenomenon is found as a hypsochromic shift. In the
first case, the reduction of RhB concentration is attributed
to chromophore cleavage. Bleaching through the cleavage
of conjugated chromophore structure is one of the possible
mechanisms of RhB degradation in the AOPs such as pho-
tocatalysis and persulfate oxidation [56]. Literature [57,58]
revealed that for photodegradation process under visi-
ble light irradiation, for some of N-alkylamine-containing
dyes (e.g., crystal violet or rhodamine B), the absorption
shift is related to the N-demethylation. However, since the
absorption shift is insignificant, the major mechanism of
rhodamine B degradation in the Na,50,/Vis/US process
is the process of N-deethylation.

The study of reaction kinetics confirmed the above
observations. The values of pseudo-first-order reaction and
their regression coefficients R? are presented in Table 4.
Based on experimental results, kinetics of RhB decoloriza-
tion showed a significant difference in the rate of dye deg-
radation after the addition of radical scavengers. A log-
arithmic trendline has been shown in Fig. 8b. As a result
of the inhibition of hydroxyl and sulfate radicals, the mathe-
matically calculated half-life increased from 2.7 to 10.6 min
and then to 24.7 min after the addition of BuOH and MeOH,
respectively. The reaction between hydroquinone and O;-
radicals resulted in a 46% increase in half-life comparing
with the control sample. The reaction rate constant was
the lowest after the addition of methanol. These findings
are similar to previous studies in the persulfate oxidation
system [59].

4. Comparison with other AOPs systems

As presented in Table 5, the proposed method is an
interesting alternative to eliminate RhB in comparison with
prior studies conducted by the researchers. As is shown,
the Na,S5,0,/Vis/US process has great potential for the deg-
radation of rhodamine B, particularly where the dye con-
centrations are not high (up to 20 mg dm=). Energy-saving
equipment, relatively short reaction time (60.0 min) and low
consumption of reagents are benefits of using this method.

254
=0 min

21 5 min

=10 min
——15min
151 20 min
30 min
45min
60 min

0 - : .
200 300 400 500 600 700 800

Absrobance

Wavelength, nm

Fig. 7. UV-vis absorption spectra of RhB model solution.
Conditions: CO[RhB] = 10.0 mg dm™; NaS0O, dose = 20.0 mM;
pH = 6.0; T = 295 K; glucose dose = 200.0 mM; US fre-
quency =40.0 kHz; US power = 60 W.
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Table 4
Parameters of pseudo-first-order reaction

Process k (1/min) R? £/2 (min)
Na,S,0,/Vis/US (control) 0.2601 096 2.7
Na,S,0,/Vis/US + MeOH 0.0281 0.83 247
Na,S,0,/Vis/US + BuOH 0.0655 0.93 10.6
NaZSZOB/Vis/U S + hydroquinone 0.1396 098 5.0

The proposed method is characterized by a low-power
radiation source (10 W compared with e.g., 300 W in the
study by Wang et al. [60]). The reaction time needed to
achieve 85% decolorization is over five times shorter com-
pared with the research performed by Zhang et al. [61].
To limit residual reagents and harmful by-products in the
AOQP effluent, process optimization should be carried out
for specific wastewater.

5. Conclusions

This study showed that the activation of sodium per-
sulfate in the combined visible light-ultrasound system
significantly affects the degree of rhodamine B decoloriza-
tion. Sodium persulfate activated by visible light and ultra-
sound proved to be highly efficient in the decomposition
of rhodamine B. In this system, the degree of rhodamine
B decolorization after 60.0 min of reaction was 85%. After
60.0 min of the reaction, mathematically calculated half-
life in the Na,5,0,/Vis/US system was only 2.1 min under
the following conditions: Na,S,0, dose of 20.0 mM; glucose
dose of 200.0 mM; US power = 60 W; US frequency = 40 kHz;
RhB concentration of 10.0 mg dm™ and initial pH at 6.0.
For this system, half-life was over seven times higher
compared with the purification process carried out in the
presence of Na,S,0, only. Activation of sodium persulfate
in the combined system showed high resistance to high
RhB concentrations. An 80% of the dye was decomposed
after 60.0 min reaction at a concentration of 20.0 mg dm
in contrast to 40% in a system purified only with persul-
fate at a concentration of 1.0 mg dm=. It was determined

Table 5
Efficiency of Rhodamine B degradation in different AOPs

(@

0,8
S 061
© =A-control
04 1 -6-MeOH 1]
=-BuOH
02 1 -B-hydroquinone A
0 T T T T T T
0 5 10 15 20 30 45 60
(b) Time, min
2
184 control A y=0.2601x-0.3585
o —MeOH R?=0.96
16 1 --— BuOH A
144 hydroquinone B
S 121 y=0.1396x- 0.0874
S 4 A . R?=0.98
£ =T

y=0.0655x+0.0124
R?=0.93

y=0.0281x+0.0328
R2=0.83

Time, min

Fig. 8. Decomposition of rhodamine B in the presence of vari-
ous radical scavengers (a) and reaction kinetics (b). Condi-
tions: Coth] =10.0 mg dm; Na,S,0, dose = 20.0 mM; pH = 6.0;

T =295 K; glucose dose = 200.0 mM; US frequency = 40.0 kHz;
US power =60 W.

that sulfate and hydroxyl radicals were mainly responsible
for the decolorization of rhodamine B. Hydroxyl radicals
were the dominant radicals enabling RhB degradation.
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Process Conditions Efficiency (%) Literature
Na,S,0,/Vis/US Reaction time = 60.0 min; COIRhB] =10.0 mg dm=; Na,S,0, dose = 20.0 mM;
pH =6.0; T=295K; glucose dose =200.0 mM; lamp =10 W; 85.0 This study
US frequency = 40.0 kHz; US power = 60 W
Feather keratin/ Reaction time =70.0 min; COIRhB] =20.0 mg dm=?; FK/CdS dose =10 g dm?; 9%.6 (60]
CdS/Vis lamp =300 W
Au-ZnO/Vis Reaction time = 330.0 min; CD[RhB] =1.0 mg dm=; Au-ZnO dose = 500 mg dm=; 9.0 (61]
pH =4.76; lamp =300 W
Electro-Fenton  Reaction time = 180.0 min; Cy; = 10 mg dm™; electrode dose = 15 mg dm; 977 (62]
pH =2.0; voltage =8 V
Carbon aerogel/ Reaction time = 60.0 min; C; = 10 mg dm™; persulfate dose = 1.0 mM; 80.0 [63]

persulfate

pH=7.0; T =298 K; carbon aerogel dose = 100 mg dm
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