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Abstract The paper presents the results of research on
the methylene blue (MB) degradation with sodium
persulfate (PDS) activated with visible light (Vis) in
the presence of glucose and sucrose. The following test
were examined: absence and presence of sugars in
concentrations of 50-300 mM, presence and absence
of Vis radiation, pH of the model solution (6.0-12.0),
identification of free radicals, kinetics of the pseudo-
first-order reaction. The degradation of the MB ranges
from 58 to 84% depending on the pH of the model
solution. The highest degradation degree (about 83—
84%) was observed after 90 min of visible light irra-
diation for the process conducted in the presence of
persulfate (6.5 mM) and glucose/sucrose (100.0 mM)
at pH = 12.0 (PDS-12/100G/Vis and PDS-12/100S/
Vis). The mathematically calculated half-life of MB
(t/2) has been reduced in the visible-light system irra-
diated from 111.8 min (PDS in pH = 6.0) to 68.0 min
(PDS-6/100S/Vis) and from 58.7 min (PDS in pH =
12.0) to 36.9 min (PDS-12/100S/Vis). Decolorisation
of the methylene blue takes place with the participation
of three radicals: sulfate SO}, hydroxyl OH" and su-
peroxide O . The dominant radicals were superoxide
radicals. In a slightly acidic environment (pH = 6.0),
there were hydroxyl and sulfate radicals. At pH = 12,
hydroxyl radicals were mainly responsible for the
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degradation of methylene blue. The results of this
study showed that method may be an interesting alter-
native for the treatment of coloured wastewater con-
taining low dye concentrations.
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1 Introduction

Textile industry is the main source of dyes and gen-
erates colour wastewater that can cause serious water
pollution. The global production of dyes has been
estimated at around 800,000 Mg/year. About 10—
15% of this number is lost during various processes
in the textile industry and released into the environ-
ment as sewage (Hassaan and Nemr 2017). Waste-
water containing dyes violates the biological balance
of waters, inhibits the processes of biochemical deg-
radation and weakens the transmission of solar radi-
ation. Some of them have an allergenic, mutagenic
and carcinogenic effect, as harmful aromatic amines
can be released under reducing conditions (Lisiak
and Miklas 2007).

A large group of dyes are azo dyes. Azo dyes contain
the functional group R-N=N-R’ in their structure and
constitute a very large group of all colouring agents
used. Azo dyes are a triggering factor for histamine,
which may exacerbate the symptoms of asthma, as well
as cause uterine contractions in pregnant women,
resulting in miscarriage. Additionally, in combination
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with benzoates, they can cause hyperactivity in children.
Even for non-allergic persons, they may be the cause of,
for example, urticaria (Lisiak and Miklas 2007). This
group of dyes includes, for example, methylene blue
(MB). Methylene blue is a thiazine dye containing in its
molecule a six-membered heterocyclic ring with a sul-
phur and nitrogen atom (phenothiazine ring). It belongs
to the group of cationic dyes. Methylene blue is widely
used in the textile, paper, cosmetics, plastics and food
industries. Due to the potential hazards for people and
high resistance to biodegradation, there is a need to
develop technologies for the elimination of methylene
blue from water and sewage. The removal of dyes by
conventional processes, e.g. activated sludge, does not
bring the expected results. Due to low biodegradability,
almost 90% of the dyes present in wastewater are not
removed in conventional purification processes. There-
fore, the degradation of dyes from sewage has aroused
considerable interest from researchers around the world.
Various physicochemical methods, such as adsorption,
precipitation, filtration, ion exchange, electrolysis and
advanced oxidation processes, are used for the treatment
of colour sewage (Deng and Zhao 2015).

Of all purification methods, advanced oxidation
processes (AOPs) seem to be the most promising
technology for removing various toxic chemicals
from water and wastewater. The common feature of
AOPs is the oxidation of organic compounds by
producing highly reactive, non-selective, hydroxyl
OH" (E°=2.80 V) or sulfate SO} (E°=2.70 V) rad-
icals characterized by high oxidation potential
(Herrmann 2005; Eberson 1987). Currently, more
and more papers are devoted to the use of sodium
or potassium persulfate to remove organic com-
pounds from water and sewage. Persulfate reacts
directly with certain organic compounds, forming
sulfate radicals according to the general reaction
mechanism (Eq. 1):

S,03 + activator—SOj + (SO} or SO3") (1)

The energy transmitted to the persulfate anion by UV
light, ultrasound or heat causes the splitting of the per-
oxide bond and the formation of two sulfate radicals
(Eq. 2) (Waldemer et al. 2007). Persulfate can also react
with an electron donor from the transition metal to form
a single sulfate radical (Eq. 3) (Anipsitakis and
Dionysiou 2004).
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In order to generate sulfate radicals, persulfate is
often subjected to an activation process. Without acti-
vation, the persulfate anion will only react with some
organic chemicals. The degree of removal of impurities
is then smaller than that obtained with the activated
persulfate due to the lower oxidation potential of the
persulfate anion (Ey=2.01 V) (Liu et al. 2012). In the
presence of an activator, as a result of the reaction of
formation of sulfate radicals, effective mineralisation of
organic compounds takes place, even to CO, and water.

Activation can be achieved by thermal action (Ji et al.
2016; Ahmadi with Ahmadi et al. 2019), photolytic
(Zhang with Zhang et al. 2015), sonolytic (Chen 2012)
and radiolytic activation (Criquet et al. 2011), as well as
by PDS and PMS reactions with magnetic composites of
iron oxide (14). The transfer of high-temperature or
radiolytic techniques on a technical scale is difficult;
therefore, the most common method of activating
persulfates is the use of transition metal ions at low
oxidation levels, such as Fe**, Ni**, Co®* and Ag".
Current publications also include laboratory experi-
ments on the development of new methods for the
activation of persulfate. Among these techniques, one
can distinguish activation at high pH (> 11.0), electrol-
ysis, the use of carbon nanotubes or polymers
(polyimides) and ozone. However, there are few papers
on the activation of persulfates with visible light (Wang
et al. 2019; Watts et al. 2018).

One of the basic catalysts used for the activation of
persulfates are transition metal ions at low oxidation
levels, such as Fe**, Ni**, Co®* and Ag®. The price of
chemical compounds containing the above metals in
their structure (e.g. FeSO,4 x 7H,0 or CoSO,4 x 7H,0)
is about 11 USD/kg. Currently, materials are sought for,
in the presence of which PDS activation is cheaper, yet
equally effective. In addition, combinations of methods
that will enable the activation of PDS under the influ-
ence of visible light are sought. Such materials may be,
for example: acids and sugars (Wang et al. 2019; Watts
et al. 2018; Ocampo 2009). The price of glucose and
sucrose is about 7 USD/kg. Reagent prices were esti-
mated based on wwwl 2019. The literature review
demonstrates that the decontamination process conduct-
ed in the presence of PDS is an efficient and effective
method of pollutant degradation but expensive chemical
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reagents or energy-consuming UV lamps are required.
The novelty of the presented study, in comparison with
other methods described in the literature, is the possibil-
ity of PDS activation with use of non-toxic, pro-
environmental reagents (glucose, sucrose) and low-
cost solar energy (Vis) with higher process efficiency.
The aim of this study was to perform the degradation
of methylene blue using sodium persulfate (PDS) in the
presence of glucose and sucrose activated with visible
light. The influence of process time, initial pH, dose of
oxidants and activators was determined. The radicals
participating in the reaction were also identified, and
the kinetics of the dye decomposition was analysed
based on the pseudo-first-order reaction equation.

2 Materials and Research Methodology
2.1 Materials

Methylene blue with a purity of >97.0% was obtained
from Sigma-Aldrich (Poznan, Poland). The physical
and chemical characteristics of the dye are presented in
Table 1. The other reagents used during the study came
from Avantor Performance Materials Poland S.A. (Gli-
wice, Poland).

The subject of the research was model solutions
prepared on the basis of deionised water with the addi-
tion of MB. Methylene blue was introduced into dis-
tilled water in the form in which it was supplied. The
initial dye concentration for all experiments was in
milligrammes per litre. The pH of the model solution
before and after the introduction of dye solution was 6.0.
Since the pH of the solution is one of the key parameters
affecting the oxidation of organic pollutants with SO}
radicals in wastewater or natural water, the study also
examined the effect of the initial pH of the solution on

Table 1 Physico-chemical characteristics of methylene blue

the efficiency of methylene blue degradation. The fol-
lowing pH values were tested: pH = 6.0, pH = 9.0 and
pH = 12.0. The pH was corrected with 0.1 mol/L HCI or
0.2 mol/L NaOH from Sigma-Aldrich. The pH of the
solution was monitored using a CPC-511 pH metre from
Elmetron (Zabrze, Poland).

2.2 Research Methodology

The UV-Vis absorption spectra of methylene blue
were tested using a Jasco V-750 spectrophotometer
from Jasco in the range from 200 to 700 nm. Figure 1
shows the obtained absorption spectra of methylene
blue. The spectra are characterized with three bands:
two in the ultraviolet UV range (\ax = 248.0 nm and
Amax = 292.0 nm) and one in the area of visible light
Vis (Amax = 665.0 nm). In the present study, the range
of visible light is the visible light area at A .=
665.0 nm.

The process of methylene blue degradation was
carried out in glass reaction vessels containing
100 cm® of dye at a concentration of 2.0 mg/L. The
application of this described method of decolorisa-
tion of coloured wastewater containing methylene
blue is recommended for the tertiary treatment of
wastewater containing low concentration of MB in
the range of 1.0—4.0 mg/L (average value about
2.0 mg/L), which treatment in conventional treatment
systems has poor effect. The dye concentration was
also chosen to avoid the necessity of diluting the
sample (which was necessary as part of preliminary
tests at higher dye concentrations) in order to main-
tain the reliability of the results.

The reaction vessels were placed on a magnetic stir-
rer for proper mixing. Dye degradation was carried out
at room temperature (298.0 K) and at atmospheric pres-
sure (1013.0 hPa). An aqueous MB solution with a

Chemical structure

Physico-chemical properties

N Molecular formula C6HsCIN;S
AN Molecular weight [g/mol] 319.85
Nr CAS 61-73-4
H-C + _CH Water solubility at 25°C [mg/L] 43600.0
o N S N i 3 Vapor pressure at 25°C [mmHg] 7.0x 107
| | Dissociation constant (pKa) [-] 3.14
CHs ClI= CHs logKow [-] 5.85
Manax [nm] 665.0
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Fig. 1 Absorption spectra of
methylene blue (2.0 mg/L)
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concentration of 2.0 mg/L and a set reaction (pH = 6.0,
pH = 9.0 and pH = 12.0) containing 6.5 mM Na,S,0g
was irradiated with a 10-W tungsten lamp QTH10/M
from Thorlabs Inc. (NJ, USA). The lamp emits radiation
with a wavelength from A =400 to 2200 nm. For the
purposes of the research, the FGS900M filter was used
to cut off radiation spectrum bands above 710 nm
(Fig. 2). The filter was mounted using a Thorlabs Inc.
circular cage system. The lamp emitted radiation from
the visible light range. The lamp was placed over the
reaction vessel (Fig. 3).

An attempt was made to activate the catalysts by
means of Vis radiation in the presence of glucose and
sucrose. Variable molar activator concentrations (50.0,
100.0 and 300.0 mM) were used to assess the effect of
their different concentrations. The sugar concentration
used was several thousand times lower than the lowest
literature concentration producing effects (ECsg) rela-
tive to aquatic plants (algae). The ECs, of glucose and

400 500 600 700 800

Wavelength, nm

300

sucrose for algae is 1.9E + 006 mg/L (96 h) and 6.02E
+ 007 mg/L, respectively (DHI and PKT Ltd. 2008).
All experiments were carried out independently in
triplicate. The data presented in the subsequent charts
include average values. The degree of MB removal
was calculated on the basis of Eq. 4. It takes into
account the initial concentration of the impurity and
the concentration determined during spectrophotomet-
ric analysis. In this way, the dye decomposition during
the process was calculated.

R(%) = (Co—Cy)/Co x 100 (4)

where:
C——concentration of the pollutant during time ¢ (mg/L)
Coy—initial concentration of the pollutant (mg/L)
R—pollution removal rate [%]
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Fig. 2 Transmission of
FGS900M filter. Source: www?2
2019
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0
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Fig. 3 Test stand for dye degradation subjected to visible light.
Own study

The radical scavenger test was used to determine the
major radical types involved in dye degradation. The
scavengers capture the free radicals present in the mix-
ture and deactivate them, preventing them from reacting
with the compounds present in water. The research
procedure was carried out similarly to previous studies.
Hydroquinone (superoxide radical scavenger), tert-butyl
alcohol (hydroxyl radical scavenger) and methanol (hy-
droxyl and sulfate radical scavenger) were added to the
tested samples before the introduction of PDS and/or
sugars. Scavengers were always used at the concentra-
tion Dgg,y. =50.0 uM.

Researchers indicate that pseudo-first-order reaction
equations of the azo dyes can be used to describe the
decolorisation kinetics of most azo dyes (Melgoza et al.
2009; Nunez et al. 2007). The integral form of the
pseudo-first-order reaction equation was determined by
means of Eq. 6:

—ln(c/co) =kt (5)

where:
Co—concentration of dye solution before the purifi-
cation process (mg/L)
C—concentration of dye solution after the purifica-
tion process (mg/L)
k—reaction rate constant
t—reaction time (min)

Determining the reaction rate constant & makes it
possible to calculate the half-life of substrates #/2, which
is described by Eq. 7:

t/2 = In(2) /k (6)

3 Results of the Research and Discussion
3.1 Choice of Optimum PDS Modification

The first stage of the study was to determine the effect of
glucose and sucrose on the degradation of methylene
blue without the participation of sodium persulfate. This
aim of this stage was to verify whether the addition of
sugars does not cause dye degradation. Three different
sugar concentrations were tested: from 50.0 to
300.0 mM. The symbols used in the description of the
charts along with their explanations are summarised in
Table 2. As shown in Fig. 4, running the process in the
presence of glucose (a) and sucrose (b) without Vis
radiation did not significantly affect MB decolorisation.
It was found that after 90 min of the process, the dye
decomposition was less than 1%. Regardless of the
molar concentration added to the model solution, the
dye decomposition was negligible. Also, the sole irradi-
ation of the dye solution with visible light during the
period of time tested did not cause degradation of the
subjective compound. This is due to the long half-life of
the compound in the aquatic environment, which is
approximately 24 h (www3 2019).

In model solutions containing the sugars tested and
additionally irradiated with visible light, the dye con-
centration was reduced by 2.0% in the presence of
glucose and by 5.0% in the presence of sucrose. The
reduction in MB concentration in this case is not signif-
icant; however, the reason for this may be, for example,
the physical properties of glucose and sucrose. These
compounds belong to optically active substances, i.e.
they tend to rotate the light plane, which may explain
their activity in visible light and low dye decomposition.
In the case of glucose, which has two anomers: o and (3,
the rotation of the o« anomer is + 112.0°, while the 3
anomer it is + 19.0°. In turn, the sucrose rotation is +
66.5°. Higher MB degradation in the presence of su-
crose can be attributed to the action of both this sugar
and glucose, which is one of the degradation products of

@ Springer
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Table 2 Symbols used in tests

Name Symbol Name Symbol
Na,S,05 in pH = 6.0 PDS-6 Na,S,0g + 300 mM glucose PDS/300G
Na,S,0g in pH =9.0 PDS-9 Na,S,0g + 300 mM glucose + Vis PDS/300G/Vis
Na,S,0g in pH = 12.0 PDS-12 Na,S,0g + 50 mM sucrose PDS/50S
Na,S,05 + Vis PDS/Vis Na,S,05 + 50 mM sucrose + Vis PDS/50S/Vis

50 mM glucose 50G Na,S,0¢ + 100 mM sucrose PDS/100S

100 mM glucose 100G Na,S,05¢ + 100 mM sucrose + Vis PDS/100S/Vis
300 mM glucose 300G Na,S,0g + 300 mM sucrose PDS/300S

50 mM sucrose 508 Na,S,0g + 100 mM glucose in pH = 6.0 PDS-6/100G
100 mM sucrose 100S Na,S,0g + 100 mM glucose + Vis in pH = 6.0 PDS-6/100G/Vis
300 mM sucrose 300S Na,S,05 + 100 mM glucose in pH = 9.0 PDS-9/100G

50 mM glucose + Vis 50G/Vis Na,S,0g + 100 mM glucose + Vis in pH = 9.0 PDS-9/100G/Vis
100 mM glucose + Vis 100G/ Vis Na,S,0g + 100 mM glucose in pH = 12.0 PDS-12/100G
300 mM glucose + Vis 300G/Vis Na,S,05 + 100 mM glucose + Vis in pH = 12.0 PDS-12/100G/Vis
50 mM sucrose + Vis 50S/Vis Na,S,0g + 100 mM sucrose in pH = 6.0 PDS-6/100G
100 mM sucrose + Vis 100S/Vis Na,S,0g + 100 mM sucrose + Vis in pH = 6.0 PDS-6/100G/Vis
300 mM sucrose + Vis 300S/Vis Na,S,0g + 100 mM sucrose in pH = 9.0 PDS-9/100G
Na,S,05 + 50 mM glucose PDS/50G Na,S,0g + 100 mM sucrose + Vis in pH = 9.0 PDS-9/100G/Vis
Na,S,0g + 50 mM glucose + Vis PDS/50G/Vis Na,S,0g + 100 mM sucrose in pH = 12.0 PDS-12/100G
Na,S,05 + 100 mM glucose PDS/100G Na,S,0g + 100 mM sucrose + Vis in pH = 12.0 PDS-12/100G/Vis
Na,S,05 + 100 mM glucose + Vis PDS/100G/Vis

sucrose hydrolysis. Since the hydrolysis of sucrose oc-
curs in an acidic environment, and the pH of the model
solution under the tested conditions was pH = 6.0, the

Fig. 4 The effect of a glucose
and b sucrose on MB (C/Cy)
decomposition as a function of
time. Decomposition conditions
Co=2.0mg/L; V=100.0 cm?;
T=298.0K; pH =6.0; 1=0-
90 min; molar concentration
Na,S,0¢ = 0.0 mmol
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amount of probably generated glucose was so low that
MB degradation occurred, but to a very low degree
(Clayden et al. 2012; www4 2019; wwwS5 2019).
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In the next step, the possibility of PDS activation
with glucose and sucrose with and without Vis radiation
was investigated. The baseline values against which the
effect of sugars were compared was the final MB de-
composition in the PDS and PDS/Vis systems (Fig. 5).

It was observed that the decomposition of methylene
blue is possible after the addition of Na,S,0g without
the addition of catalysts. The degree of dye removal
after 90 min of the decolorisation process was deter-
mined to be at 44.0%. Possible degradation of impuri-
ties, including methylene blue in the PDS system with-
out the use of catalysts is not a novelty (Ahmadi et al.
2019; Hung et al. 2016). It results from the fact that as a
result of the decomposition of PDS without the addition
of catalysts, radicals can be generated, while the degree
of removal of organic impurities without the participa-
tion of commonly used catalysts is lower.

Figures 5a and 6a illustrate the impact of process time
depending on the different molar concentrations of
sugars tested. In general, the effect of reaction time on
the degree of dye decolorisation was observed.

Considering all systems, for example after 5 min of
reaction time, MB decomposition ranged from 10 to
22%, while after 30 min, its decomposition rate ranged
from 27 to 43%. In turn, extending the reaction time to
90 min resulted in a reduction of the initial dye concen-
tration by up to 65% and 58%. This effect was obtained
in the PDS/100G/Vis and PDS/100S/Vis systems. The
effect of irradiation of the PDS-containing reaction mix-
ture in the presence of glucose and sucrose was also
observed by analysing the kinetics of dye decomposi-
tion (Fig. 5b and Table 3). Compared with the PDS
system (k= 0.0062 min ', #,» = 111.8 min), the reaction
rate constant in the PDS/100G/Vis system increased to
k=0.0104 min" which allowed to shorten the half-life
to about 66.6 min. In turn, the increase in reaction rate
constant for the PDS/100S/Vis system was k=
0.0071 min~', and the half-life was reduced to approx-
imately 87.7 min.

It was also observed that inclusion of the source of
Vis radiation after introduction into the model solution
of PDS caused an increase in dye decomposition by

1 - (a)
0,9 A
0,8 A
0,7 A
- 0,6 A
O 0,5 A
O 04 -
0,3 A
0,2 A
0,1 A
0 4
0 5 10 15 20 30 60 90
Time, min
mmm PDS/50G == PDS/50G/Vis == PDS/100G mmm PDS/100GNis
= PDS/300G EEmPDS/300GNis ——PDS —=—PDS/Vis ®)
0.70 T—pps = 110 { ——— PDS/Vis
0,60 PDS/50G 2 1,00 1 PDS/50GVis
,,,,, PDS/100G . ‘_;-J;‘;J 0,90 1 ----- PDS/100G/Vis
0807 .- Ppss3006 L 8‘?8 1 -~ PDS/300GVis s
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) e 0301  »-
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Time, min

Fig. 5 Effect of glucose addition on a MB (C/C) decomposition
in the presence of Na,S,0g without and with Vis radiation, and b
reaction kinetics. Decomposition conditions: Cp=2.0 mg/L; V=

0 10 20 30 40 50 60 70 80 90
Time, min

100.0 cm®; T=298.0 K; pH = 6.0; t=0-90 min; molar concen-
tration Na,S,0g = 6.5 mM
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Fig. 6 Impact of sucrose addition on (a) MB (C/Cy) decomposi-
tion in the presence of Na,S,0g without and with Vis radiation,
and (b) reaction kinetics. Decomposition conditions: Cy= 2.0 mg/

about 5.0% compared with PDS alone (in time from 5.0
to 30.0 min). However, the degree of decolorisation was
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not satisfactory. The increase in MB degradation in this
system is probably associated with very poor quantum

Table 3 Parameters of pseudo-first-order reaction in tested systems and removal efficiency after 90 min of the process

Process Efficiency (%) &k (min')) R? t/2 (min)  Process Efficiency (%) &k (min'Y)  R? #/2 (min)
Vis 0.0 0.0001 086  6931.5 300S/Vis 2.0 0.0002 0.85  3465.7
PDS 44.0 0.0062 0.93 111.8 PDS/50G 45.0 0.0064 0.95 108.3
PDS/Vis 45.0 0.0059 0.88 117.5 PDS/50G/Vis 48.0 0.0084 0.95 82.5
50G 0.0 0.0001 081  6931.5 PDS/100G 45.0 0.0063 0.93 110.0
50G/Vis 1.0 0.0001 0.78  6931.5 PDS/100G/Vis ~ 65.0 0.0104 0.95 66.6
100G 0.0 0.0001 0.89  6931.5 PDS/300G 45.0 0.0064 0.93 108.3
100G/ Vis 1.0 0.0001 0.83  6931.5 PDS/300G/Vis  51.0 0.0071 0.93 97.6
300G 1.0 0.0001 095  6931.5 PDS/50S 47.0 0.0064 0.94 108.3
300G/ Vis 0.0 0.0001 085  6931.5 PDS/50S/Vis 44.0 0.0079 0.93 87.7
50S 0.0 0.0001 082  6931.5 PDS/100S 46.0 0.0064 0.93 108.3
50S/Vis 2.0 0.0002 092  3465.7 PDS/100S/Vis 48.0 0.0087 0.94 79.7
100S 0.0 0.0001 090  6931.5 PDS/300S 47.0 0.0065 0.93 106.6
100S/Vis 2.0 0.0002 0.81  3465.7 PDS/300S/Vis 50.0 0.0069 0.90 100.5
3008 1.0 0.0001 082  6931.5

@ Springer
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efficiency of sulfate radicals at wavelength A\ >
400.0 nm (Herrmann 2007). One method of activating
persulfates is ultraviolet radiation, and the most com-
monly used wavelength is A = 254.0 nm. This is associ-
ated with high quantum efficiency of sulfate radicals at
this wavelength and the energy input of UV radiation.
Partial activation of Na,S,0g may therefore be the result
of activation by visible light; however, due to the low
activity of SO radicals at this wavelength, the activa-
tion process was not effective. Research conducted by
Herrmann (2007) showed that the quantum efficiency of
sulfate radicals decreases with the increase of UV wave-
length in the range from 248.0 to 351.0 nm. It can
therefore be assumed that at a wavelength A\ >
400.0 nm, the efficiency is so low that the activation of
Na,S,0g occurs, but to a very small extent.

As shown in Figs. 5a and 6a, without irradiation of
the model solution, activation of Na,S,0g with glucose
and sucrose was inefficient. Dye decolorisation when
adding pure PDS was approximately equal to the dye
degradation process carried out after the sugars were
introduced into the solution. The reaction rate constant
k (Table 3) in this case was very similar, i.e. for PDS it
was k=0.0062, while for glucose and sucrose k=
0.0064. For comparison, the reaction rate constant for
MB decolorisation with PDS in much higher concentra-
tions (conditions, V=250.0 cm’; T=298.0 K; Co=
10.0 mg/L; Na,S,0g = 1.5 g/L, pH = 9.0; t=3-
24 min) carried out by Hung et al. (2016) was k=
0.040 min .

The effect of Vis radiation on PDS activation has also
been noted. Activation of PDS by visible radiation in the
presence of glucose and sucrose may result from the
probable electron transfer from sugar to PDS and its
activation and sugar oxidation to products that are able
to activate PDS. It is related to the so-called organic PDS
activation with an external carbon source.

In the case of sucrose, PDS activation is probably
due to the generation of Krebs cycle compounds
during the sucrose degradation process. Krebs cycle
compounds are ketone acids (pyruvic acid C;H403—
the main substrate of the process, acetylacetic acid
C4H4O3, levulinic acid CsHgOs3), alcoholic acids
(malic acid C4HgOs, citric acid CgHgO~) and dicar-
boxylic acids (oxalic acid C,H,0y, succinic acid
C4HgOy4). Ocampo (2009) conducted a detailed study
on the effects of some Krebs cycle products. The
fastest degree of degradation of hexachloroethane
(organic chemical compound, chlorine derivative of

ethane) was achieved by activating PDS with ketone
acids. Levulinic acid, which has a ketone group lo-
cated on the third carbon of carboxylic acid, was the
most effective compound that activated persulfate. In
turn, dicarboxylic acids showed the lowest potential
for decomposition of hexachloroethane from all test-
ed compounds of the Krebs cycle. Literature data
shows that compounds derived from the Krebs cycle
that can activate the persulfates to the greatest extent
are compounds from the keto acid group, i.e. com-
pounds containing both a carboxyl (-COOH) and
ketone (C=0O linked to two carbon atoms) group.
The ketone functional group causes the most effec-
tive activation of persulfate to produce hydroxyl rad-
icals and reducing agents in the system, while organic
compounds containing a carboxyl group in their
structure activate the persulfates to a small extent.

The results of this study showed that in a neutral pH
system (pH = 6.0), PDS activation with glucose and
sucrose is possible, whereas the PDS/sucrose system
due to the probable presence of Krebs cycle compounds
had a higher oxidising potential compared with the PDS
system/glucose system. A possible explanation for this
behaviour is the electron needed to activate persulfate.
In the case of glucose, it comes only from this com-
pound, while the sucrose decomposition leads to the
formation of three compounds that can give away the
electron needed to activate PDS.

In turn, PDS activation by glucose may result from
the activation of persulfate through reduction. In a study
conducted by Ahmad et al. (2013), phenoxides and
phenols were tested for persulfate activation, with phe-
nols unable to activate PDS. The mechanism of PDS
activation by glucose appears to be comparable with the
mechanism of activation by phenoxides. The electron
from glucose is transferred to the persulfate and acti-
vates it, while glucose is oxidised to products that can
activate the persulfate (Watts et al. 2018; Ahmad et al.
2013). Although activation of PDS is more effective at
high pH, some functional groups such as the carbonyl
group accept a negative charge that can activate PDS at
a near-neutral pH (as in this study). Based on the results
obtained, a concentration of 100 mM was chosen for the
optimal molar concentration of glucose and sucrose. In
mixtures containing higher concentrations of sugars and
exposed to Vis radiation, the degree of decolorisation
was lower, which could be due to the capture of radicals
by higher glucose concentrations (kop. = 1.5 % 10%)
(Buxton et al. 1988).
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3.2 Effect of pH

The experiments determined the impact of the initial reac-
tion on the efficiency of dye degradation. Three types of
reaction were tested: pH = 6.0, pH=9.0 and pH = 12.0. The
degree of degradation of methylene blue depending on the
pH of the solution for various tested systems is shown in
Fig. 7. It was found that together with the increase in the
reaction pH value, the efficiency of methylene blue removal
increases. The highest MB degradation was found at pH =
12.0. The degree of decolorisation in systems containing
sugars was almost the same and amounted to 84% for PDS/
100G/Vis and 83% for PDS/100S/Vis during the 90-min
process. The reduction of the initial MB concentration at
this pH after 90 min of reaction for PDS, PDS/100G and
PDS/100 was about 69%, 75% and 72%, respectively. At
pH = 12.0, activation of Na,S,0Og takes place according to
the mechanism of the so-called alkaline activation (Furman
et al. 2010). The persulfate hydrolysis produces the HO,
anion, which then reacts with the persulfate molecule
resulting in the sulfate radical and the superoxide radical
(Egs. 7 and 8). The increase in the pH of the reaction
medium results in the reaction of the SO, with H,O or
OH  and the production of hydroxyl radicals (Egs. 9 and
10) (Lei et al. 2015; Furman et al. 2011; Hayon et al. 1972;
Norzaee et al. 2017; Huang et al. 2002).

0,S-0-0-S0; + H,0 9% 2802 + HO, + H*  (7)
0,S-0-0-S0j; + HO,— SO} +S0; +0; +H" (8)
SO, + H,0— HSO, + OH 9)

SO, +OH — SO} + OH’ (10)

060 1 Glucose

|}

0,50 41

0,40 -

CICo

0,30 4
0,20 -

0,10 -

0,00 -

pH=6 pH=9

BPDS mPDS/100G OPDS/100G/Vis

Fig. 7 Impact of the pH of the model solution on the MB (C/Cy)
decomposition in the presence of Na,S,0Og in various purification
variants. Decomposition conditions: Cp=2.0 mg/L; V=

pH =12
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Based on the analysis of Fig. 7, PDS activation was
also observed in the system without Vis irradiation at pH
=12.0 (PDS-12/100G and PDS-12/100S). In these sys-
tems, the decrease in initial dye concentration increased
from 69% in the PDS-12 system to 75% in the PDS-12/
100G system and to 72% in the PDS-12/100S system.
Also, the parameters of the pseudo-first-order reaction,
summarised in Table 4, have changed. They show an
increase in dye decolorisation and a shortening of the
half-life from 58.7 min (PDS-12) to about 50 min in
PDS-12/100G and PDS-12/100S. The reaction rate con-
stant is k=0.0141 min ' (PDS-12/100G) and k=
0.0137 min~' (PDS-12/100S). The reason for this phe-
nomenon may be the form in which glucose and sucrose
occur at this pH. The glucose acid (pK,) strength is
pK,=11.8-12.3 (Watts et al. 2018; wwwo6 2019) while
sucrose acid pK,=12.6 (www7 2019). Thus, at pH =
12.0, glucose was in ionised form and it was its anionic
form that could activate PDS. Sucrose, in turn, was only
partially present in the form of ions; hence, the lower
efficiency of PDS activation, which is confirmed by the
analysis of reaction kinetics (Fig. 8). At a pH less than
the pK, of a given sugar, PDS activation occurs only
when the solution is irradiated, both for glucose and
sucrose. However, at a pH higher than sugar pK,, acti-
vation of PDS is observed not only after switching on
the radiation source, but before turning on the Vis lamp.
The decomposition of methylene blue is higher for
systems containing glucose, since the pH of the solution
is higher than the pK, of this sugar.

It was also confirmed that the addition of glucose or
sucrose to systems with a lower pH than the sugar pK,,
in which no Vis radiation was introduced, does not result
in PDS activation. In systems with pH = 6.0 and pH =
9.0, the difference between the PDS system and the

Sucrose

Il

pH = 12

0,60
0,50 -
0,40 A
0,30 -
0,20 A

0,10 A

0,00 -
pH=6 pH=9
EPDS mPDS/100S OPDS/100S/Vis

100.0 cm®; T=298.0 K; glucose and sucrose dose, 100.0 mM;
t=90.0 min; molar concentration of Na,S,0g = 6.5 mM)
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Table 4 Parameters of pseudo-first-order reaction and removal efficiency in tested systems depending on pH after 90 min of the process

pH Process Efficiency (%) k (min 1) R? #/2 (min)
6 PDS-6 44.0 0.0062 0.93 111.8
PDS-6/100G 45.0 0.0063 0.93 110.0
PDS-6/100G/Vis 65.0 0.0104 0.95 66.6
PDS-6/100S 46.0 0.0064 0.93 108.3
PDS-6/100S/Vis 48.0 0.0087 0.94 79.7
9 PDS-9 48.0 0.0066 0.97 105.0
PDS-9/100G 48.0 0.0067 0.92 103.5
PDS-9/100G/Vis 73.0 0.0137 0.99 50.6
PDS-9/100S 48.0 0.0069 0.84 100.5
PDS-9/100S/Vis 65.0 0.0102 0.94 63.0
12 PDS-12 69.0 0.0118 0.97 58.7
PDS-12/100G 75.0 0.0141 0.97 49.2
PDS-12/100G/Vis 84.0 0.0187 0.98 37.1
PDS-12/100S 62.0 0.0137 0.99 50.6
PDS-12/100S/Vis 83.0 0.0188 0.99 36.9

systems of PDS with added sugars and without Vis
radiation was not significant. This difference was less
than 1%. Among the possible reasons, there may be the
lack of ionised form of sugars and the probable lack of
sugar decomposition in systems not exposed to Vis
radiation. Perhaps without an additional stimulus in the
form of energy from radiation, electron transfer (whose
source is disintegrating sugars) towards PDS is impos-
sible (Eq. 11). In turn, when the pH of the solution is pH
>11.0, i.e. above the pK, of sugar, irradiation of the
solution generates the electron needed to activate PDS
(Eq. 12) (Cai et al. 2019):

0;5-0-0-80; + glucose/sucrose ¥ no reaction (11)

0;S-0—-0-S05 + MB + glucose/sucrose

Vi, e” 4+ 0;S-0-0-S0; + MB— (12)

—>SO‘2‘7 -+ OH’ + by—products

This can be seen especially when analysing the effi-
ciency of MB decomposition in systems with and without
irradiation. The dye decomposes with the inclusion of a
radiation source, and the kinetics of decolorisation chang-
es. For example, the reaction rate constant in the PDS-9/
100G system is k= 0.0067 min~!, while in the PDS-9/

100G/Vis system, it increases to k= 0.0137 minfl, simi-
larly in the case of the PDS-12/100S system (k=
0.0137 min~') and PDS-12/100S/Vis (k=
0.0188 min ). Also, the authors of other papers have
found that the decomposition of impurities increases with
increasing pH. Watts et al. (2018) showed that the acti-
vation of persulfate was more effective at an alkaline
reaction compared with a neutral reaction. Also Li et al.
(2017) showed that increasing the pH of the model solu-
tion from 8.0 to 12.0 resulted in an increase in benzene
degradation by 70%. In turn, Ocampo (2009) investigated
the effect of reduced organic compounds, including phe-
nols, catechols and fenoxides. This study also showed the
effect of pH on the decomposition of impurities. An
increase in the pH of the solution resulted in an increase
in the efficiency of nitrobenzene degradation.

3.3 Radicals Scavengers

In order to identify the main active ingredients involved
in the MB photo degradation process, tests were carried
out using radical scavengers. Tert-butyl alcohol was
used in the experiments as the radical scavenger OH’
(ko = 52x 108 M ' 575 ksouee = <10° M ' 571
(Ocampo 2009), while hydroquinone as the O,™ (kos.
_=1.7x10" M" 57" radical scavenger (Rao and
Hayon 1975). Due to a similar rate constant of methanol
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Fig. 8 Kinetics of methylene blue decomposition in various purification configurations. Decomposition conditions: Cy=2.0 mg/L; V=
100.0 cm?; pH = 6.0-12.0; T=298.0 K; glucose and sucrose dose, 100.0 mM; ¢ = 0.0-90.0 min; molar concentration of Na,S,0g = 6.5 mM)

reaction with OH' i SO} (kop. =8.0 x 10°M ™' s™" (ko
=80x108 M ' s ksoso = 1.0x 107 M ' s7") radi-
cals (Ocampo 2009), this alcohol was used as a scaven-
ger of these radicals to confirm the formation of sulfate
radicals. The compounds used are commonly used as
radical scavengers by the authors of many papers
(Nakarada and Petkovic 2018; Wang and Wang 2018;
Azarpira et al. 2019). Scavengers were always used at a
concentration of 50 M.

The influence of individual radical scavengers de-
pending on the pH of the solution is shown in Fig. 9.
The rate of degradation of methylene blue is basically
inhibited by all scavengers introduced into the system. It
is confirmed by the fact that sulfate SO}, hydroxyl OH
and superoxide O, radicals are generated during the
reaction. As shown in Fig. 9, among the three radical

@ Springer

scavengers, the addition of hydroquinone inhibited
methylene blue decomposition reactions to the greatest
extent. This phenomenon took place in all systems
studied. This indicates the important role of superoxide
radicals in the photodegradation reaction of methylene
blue. A similar important role of O, radicals in an
alkaline environment was demonstrated by Zhao et al.
(2013). The author presents research on mechanisms for
the removal of polycyclic aromatic hydrocarbons
(PAHs) in different variants of persulfate activation.
The main radicals generated during the removal of
PAHs under alkaline conditions were superoxide radi-
cals, which subsequently produced some amounts of
hydroxyl and sulfate radicals.

However, the high pH of the solution means that the
sulfate radicals generated in the system can be converted
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Fig. 9 Decomposition of methylene blue in the presence of var-
ious radical scavengers at pH = 6.0 (a) and pH = 12.0 (b).
Decomposition conditions: Co=2.0 mg/L; V=100.0 cm’; T'=

into OH’ radicals by reaction with O} radicals (Eq. 12,
“Section 3.2”). In slightly acidic environment (pH =
6.0), there were hydroxyl and sulfate radicals. The
mechanism of their formation is presented in Egs. 9—

b
pH = 12.0 (®)
1,0
09 | ®WPDS-12

0,8 1 mPDS-12/100G/Vis

0.7 1 mPDS-12/100S/Vis

06

05

04

03 A

02

01 1

0,0 A ; ; ;

control MeOH t-butanol hydroquinone

CICo

Radical scavenger

298.0 K; glucose and sucrose dose, 100.0 mM; # = 90.0 min; molar
concentration of Na,S,0g = 6.5 mM)

12 (“Section 3.2”). Also, in this case, all tested systems
were characterized by the presence of these radicals,
although their share in the MB decomposition compared
with superoxide radicals was smaller, which is indicated

Table 5 Parameters of pseudo-first-order reaction and removal efficiency in tested systems depending on pH after 90 min of the process

pH Process Efficiency (%) k (1/min) R #/2 (min)

6 PDS-6 44.0 0.0062 0.93 111.8
PDS-6 + MeOH 22.0 0.0024 0.81 288.8
PDS-6 + t-butanol 37.0 0.0046 0.90 150.7
PDS-6 + hydroquinone 12.0 0.0012 0.80 577.6
PDS-6/100G/Vis 65.0 0.0137 0.99 50.6
PDS-6/100G/Vis + MeOH 37.0 0.0048 0.94 144.4
PDS-6/100G/Vis + t-butanol 65.0 0.0111 0.99 62.4
PDS-6/100G/Vis + hydroquinone 10.0 0.0009 0.80 770.2
PDS-6/100S/Vis 48.0 0.0102 0.95 68.0
PDS-6/100S/Vis + MeOH 35.0 0.0043 0.92 161.2
PDS-6/100S/Vis + t-butanol 54.0 0.0078 0.96 88.9
PDS-6/100S/Vis + hydroquinone 7.0 0.0008 0.82 866.4

12 PDS-12 69.0 0.0118 0.97 58.7
PDS-12 + MeOH 56.0 0.0087 0.94 79.7
PDS-12 + t-butanol 30.0 0.0038 0.91 182.4
PDS-12 + hydroquinone 20.0 0.0024 0.9 288.8
PDS-12/100G/Vis 84.0 0.0187 0.98 37.1
PDS-12/100G/Vis + MeOH 59.0 0.0053 0.89 130.8
PDS-12/100G/Vis + t-butanol 41.0 0.0013 0.87 5332
PDS-12/100G/Vis + hydroquinone 13.0 0.0013 0.87 533.2
PDS-12/100S/Vis 83.0 0.0188 0.99 36.9
PDS-12/100S/Vis + MeOH 57.0 0.0088 0.88 78.8
PDS-12/100S/Vis + t-butanol 45.0 0.0059 0.88 117.5
PDS-12/100S/Vis + hydroquinone 19.0 0.0019 0.82 364.8
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Table 6 Summary of the efficiency of organic pollutant degradation techniques in advanced oxidation processes

Process

Compound

Conditions

Effectiveness

Literature

This study (PDS/glucose-
sucrose/Vis)

Cmcthanol'TiOZ/ AC
Cethanol'TiO2/ AC
Cdcxtran'TiOZ/AC

US/H,0,

TiO,/activated
carbon fibres

US/ZnO/PDS

Ozone

MgO/NPs/US

Methylene blue

Bisphenol A (BPA)

Aniline

Methylene blue

Ciprofloxacin

(CIP)

Methylene blue

Pennicillin G (PG)

Reaction time = 90.0 min

Room temperature

Initial dye concentration = 2.0 mg/L
Persulfate concentration = 0.065 mM
Glucose/sucrose dose, 100 mM
Volume = 100.0 cm®

pH =6.0-12.0

Reaction time = 45.0 min

Initial BPA concentration = 1 mg/L
Catalyst dose = 100 mg/L

pH=7.0

Room temperature

Volume = 700 cm®

Reaction time = 45.0 min

H,0, concentration = 0.01 mol/L
Optimal pH = 3.0

Initial aniline concentration = 20.0 mg/L
Ultrasound frequency = 50.0 Hz
Volume = 100.0 cm’

Reaction time = 120.0 min
Temperature = 30 + 0.5 °C

Initial dye concentration = 85.0 mg/L
Catalyst dose = 1.0 g/L.

Volume = 350.0 cm’

Reaction time = 15.0 min

Persulfate concentration ~476.0 mg/L
Optimal pH = 7.0

Initial CIP concentration = 25.0 mg/L
Ultrasound frequency = 60.0 Hz
Volume = 100.0 cm®

Reaction time = 45.0 min

Ozone flux = 1.92 mg/min

Initial dye concentration = 100.0 mg/L
Pressure = 0.06 MPa

Volume = 1000.0 cm’

Temperature = 30 +0.2 °C

Reaction time = 60.0 min
Nano-particle concentration = 1.5 g/L
Optimal pH = 3.0

Initial PG concentration = 80.0 mg/L
Ultrasound frequency = 60.0 Hz

in pH =6.0

PDS-6/100G/Vis R (%) = 65.0%
PDS-6/100S/Vis R (%) = 58.0%
inpH =12.0

PDS-12/100G/Vis R (%) = 84.0%
PDS-12/100S/Vis R (%) = 83.0%

R (%) = 95.0-99.0

R(%) = 96.0%

R (%)=79.0

R (%) =99%

R (%)=95.0

R (%)=81.0

(Zawadzki et al. 2018)

(Rahdar et al. 2019)

(Yuan et al. 2005)

(Igwegbe et al. 2020)

(Liu et al. 2015)

(Rahdar et al. 2018)
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Table 6 (continued)

Literature

Effectiveness

Conditions

Compound

Process

(Ahmadi et al. 2019)

R (%) =186.0

200.0 mg/L

0.5 mM

Initial dye concentration
Persulfate concentration

Acid blue

Thermal activation

of persulfates

5.0
Reaction time = 75.0 min

Temperature = 333.0 K

pH

(Samide et al. 2014)

R (%)=173.0

Methylene blue Reaction time = 180.0 min

Electrochemical

21.0 mg/L

Initial dye concentration
Room temperature

degradation in the

presence of sulfate ions

Volume = 100.0 cm®
Sulfate concentration

0.1 mg/L

by the constant reaction rate & (Table 5). For example, to
the PDS-6/100S/Vis system after adding hydroquinone,
the reaction rate constant was k= 0.0102 min_ !, while
after adding methanol, it decreased to k= 0.0043 min .

The SO, and OH’ radicals were removed from the
system with methyl alcohol and t-butyl alcohol. As
presented earlier, t-butanol reacts with sulfate radicals
much slower compared with the reaction with hydroxide
radicals (kon. > kso4.—). Hence, based on the rate of
degradation of methylene blue after the addition of
methanol and t-butanol, it can be identified whether
sulfate radicals are generated during the reaction. The
effect of individual radical scavengers in Fig. 9 illus-
trates the reduction of MB degradation after the addition
of t-butanol and methanol compared with the system
without the addition of inhibitors (control), which indi-
cates that sulfate and hydroxyl radicals are involved in
the dye decomposition reaction. In the PDS-6/100G/Vis
+ methanol system, the degradation efficiency de-
creased to 27% (at 73% for pure PDS), while in the
PDS-6/100G/Vis + t-butanol system, it decreased to
65%. 1t can therefore be concluded that at pH = 6.0,
degradation of methylene blue under the influence of
PDS activated visible light in the presence of sugars and
sucrose is caused by sulfate anions SO~ (which results
from Eq. 12) and to a lesser extent by hydroxyl radicals.
In turn, at pH = 12.0, hydroxyl radicals dominate.

3.4 Comparison with Other AOPs Processes Conducted
Under the Exposure of Visible Light

Comparative results of organic pollutant decomposition
in various advanced oxidation processes are presented
in Table 6. The removal of organic pollutants in the
examples presented was carried out using advanced
oxidation processes such as ozonation, photocatalysis
and sulfate radical decomposition. It can be stated that
the proposed MB photodegradation process is an equal-
ly interesting method of dye decomposition compared
with other advanced oxidation processes. The proposed
method is promising and comparatively innovative to
other studies presented in the literature regarding the
decomposition of dyes (Ahmadi et al. 2019; Yuan
et al. 2005; Liu et al. 2015; Samide et al. 2014) and
other organic pollutants (Zawadzki et al. 2018; Rahdar
et al. 2019; Igwegbe et al. 2020; Rahdar et al. 2018). It
can be particularly useful where the dye concentrations
are not high and it is possible to use, e.g. existing open

@ Springer



313 Page 16 of 18

Water Air Soil Pollut (2019) 230: 313

reservoirs to conduct a cleaning reaction under the in-
fluence of the visible light. This process is characterized
by simplicity of the process, no need for energy-
intensive UV lamps, low consumption of chemical re-
agents and a relatively short reaction time. In addition,
chemical reagents used to activate PDS with visible light
are cheap compared with other catalysts used and do not
show a toxic effect (Watts et al. 2018). Activation of
PDS in the presence of glucose was possible both at
high pH and lower pH values; hence, it can also be
stated that the presented method is suitable for the
treatment of coloured wastewater characterized by a
wide pH range, as the efficiency of dye decomposition
in each of the tested pH ranges was not less than 50%.

4 Conclusions

The following conclusions can be drawn from the pres-
ent study:

1. Activation of sodium persulfate is possible due to the
use of Vis radiation in the presence of glucose and
sucrose. This is an interesting alternative to in situ
purification compared to other purification processes.

2. A positive effect of glucose and sucrose on increasing
the efficiency of methylene blue degradation under
the influence of visible light has been demonstrated.

3. The degree of methylene blue degradation increases
with increasing pH of the solution.

4. Studies have shown the sensitivity of dye decolor-
isation to changes in the reaction environment.

5. The efficiency of dye decomposition in PDS/100G/
Vis and PDS/100S/Vis systems regardless of the pH
of the environment is still higher compared with the
decomposition under the influence of PDS alone.

6. Dye decolorisation with PDS activated with Vis radi-
ation in the presence of sugars is accompanied by the
generation of sulfate, hydroxyl and superoxide radi-
cals. At low pH, MB decomposes under the influence
of sulfate radicals, while in high pH under the influ-
ence of hydroxyl radicals. The dominant radicals
involved in the reaction are superoxide radicals.
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Abstract: Photocatalytic decomposition of chlorfenvinphos (CFVP) in the presence of titanium
dioxide (TiO;) modified with organic acids: pyruvic (PA) and succinic (SA) under the visible light
radiation has been studied. The following tests were examined: dose of photocatalysts, adsorption
time, pH of the model solution, deactivation of catalysts, the role of oxygen, identification of free
radicals for the CFVP decomposition, Langmuir-Hinshelwood kinetics. The synthesized materials
were characterized by Scanning Electron Microscopy (SEM) and UV-Vis. At 10 wt.% of acid (90:10)
decomposition of chlorfenvinphos was the most effective in the following conditions: dose of catalyst
50.0 mg/L, time of adsorption = 20 min, pH of model solution = 3.0. Under these conditions the
order of photocatalyst efficiency has been proposed: TiO,/PA/90:10 > TiO,/SA/90:10 > TiO, with the
removal degree of 85, 72 and 48%. The mathematically calculated half-life at this conditions was
27.0 min and 39.0 min for TiO,/PA/90:10 and TiO,/SA/90:10 respectively, compared to 98 min for
pure TiO;. It has been determined that the O,°~ radicals and holes (h*) are the main reactive species
involved in the photodegradation of chlorfenvinphos. The results of this study showed that method
may be an interesting alternative for the treatment of chlorfenvinphos contaminated wastewater.

Keywords: TiO,; pyruvic acid; succinic acid; chlorfenvinphos; adsorption; photocatalysis; radicals;
scavenger test; modified photocatalysts; kinetics

1. Introduction

The progress of civilization and the increase in the world’s population have made the use of plant
protection products in recent years a necessary and comprehensive solution in the elimination of pests
in regions poor in food. It is, therefore, an important element of modern agriculture, without which
it would be impossible to fight insects, weeds, fungi and other harmful factors for plants. The use
of pesticides has brought undoubted benefits to eliminate pests, but taking into account their impact
and chronic toxicity, these compounds pose a threat to many living organisms, including humans.
Interest in pesticides has focused for many years on four basic properties: selective toxicity, persistence
in the environment, bioaccumulation and mobility. The persistence in the environment is probably
the most decisive factor when considering the extent of their use. The persistence is often expressed
in terms of half-life. The decomposition of pesticides may occur as a result of biological processes as
well as chemical and photochemical reactions. The fact that a pesticide loses its characteristic activity
does not necessarily mean that it has become a harmless substance. As a result of chemical reactions
compounds that are more toxic than primary compounds are often produced [1-3].

One of the groups of pesticides belonging to very toxic environmental pollutants are organophosphate
insecticides. The organophosphate insecticides are derivatives of phosphoric acid in which the hydroxyl
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group (-OH) was replaced by the -OR groups derived from alcohol. The organophosphate pesticides
inhibit the activity of acetylcholinesterase—one of the most important enzymes for the peripheral and
central nervous systems. [(EZ)-2-Chloro-1-(2,4-dichlorophenyl)ethenyl]diethyl phosphate (IUPAC),
commonly known as chlorfenvinphos (CFVP), is one of the most important representatives of the
organophosphate insecticides family. The CFVP is sold under trade names such as Birlane, Dermatone,
and Sapecron. This compound is widely used as a mammalian low toxicity insecticide against pests
that destroy potato, rice, carrot, oil seed and maize crops.

The subject pesticide is identified in samples taken from waters around the world [4]. In the United
Kingdom, studies focused on monitoring chemicals used for sheep baths were carried out. The study
showed that the taken samples of surface water contained such organophosphate pesticides as diazinon,
propetamphos, pyrethroids (e.g., cypermethrin, flumethrin) and chlorfenvinphos. The chlorfenvinphos
was present at concentrations between 1.0-242.0 ng/L. This compound was also found in groundwater
and seawater at around 20.0 ng/L [5,6]. The presence of chlorfenvinphos has also been documented in
some surface waters in Poland. According to the results of surface water quality study conducted in
2016 [7], chlorfenvinphos was identified in 32 places at 137 control points in Silesia Region. The pesticide
concentration ranged from 0.001-47.4 pg/L. The maximum concentration of the pesticide (47.4 ug/L)
was identified in the Wawolnica stream—intake into the Przemsza River. This state results from the
fact that chemicals have been accumulated in the river valley for years as a remnant of the activity of a
former chemical plant.

The problem of elimination of substances posing a health hazard for humans and animals has
become the reason for the development of new purification technologies, such as the Advanced
Oxidation Processes (AOPs) conducted in the presence of titanium (IV) oxide or another semiconductor
(a process of photocatalysis). The AOPs methods, although carried out in different reaction variants,
have one common chemical feature—the generation of hydroxyl radicals (OH®). In the photocatalytic
process carried out in the presence of TiO, it is necessary to provide radiation of an appropriate
wavelength, carrying energy higher than the bandwidth banned. Titanium dioxide can be activated by
light energy with a wavelength A < 400 nm, so it is necessary to provide expensive lamps emitting
ultraviolet radiation in the range of A = 300-388 nm. Despite the numerous advantages that TiO,
has, the attention of engineers and scientists around the world is now directed towards modified
photocatalysts. For the practical application of heterogeneous processes involving semiconductors, it is
important to increase the efficiency of the visible photocatalysis process, eliminate the agglomeration of
TiO, particles, reduce the phenomenon of blocking active sites by intermediate products, and increase
the efficiency of separation of catalysts particles from the reaction mixture. Therefore, much attention
is currently paid to TiO, modification [8-12]. The above effects can be achieved by using organic
acids such as succinic acid or pyruvic acid. In this study, succinic and pyruvic acid were selected for
modification of commercial TiO,. Pyruvic and succinic acids are naturally available acids (Krebs Cycle
Compounds). Pyruvic acid is the simplest of the alpha-keto acids and succinic acid is a dicarboxylic
acid. They are characterized by low toxicity towards living organisms. For example, the ECs after 48
h relative to Daphnia magna is 374.2 mg/L (succinic acid), while the LDs relative to mice is 3.5 g/kg
(pyruvic acid). The amounts used during the study were several hundred times smaller. Modification
with these organic acids is a simple and fast technology of modification [13,14], because carboxyl
groups (-COOH) from pyruvic acid and carboxyl and ketone (C=0) groups from succinic acid can
form bonds with metal oxide nanoparticles and play a positive role in extending the wavelength
response range [15,16]. The use of succinic and pyruvic acid ensures higher photocatalytic activity
of the catalysts by forming new absorption bands (waves above 400 nm), i.e., in the visible light
range. This is due to the transfer of electrons from PA/SA to the conduction band of TiO; and the
appearance of a new C-O-Ti bond [17]. The role of acids is also to improve adsorption of pollutants
by increasing the specific surface area, to reduce the phenomenon of the TiO, agglomerate formation
and to inhibit the anatase-rutile transformation [18,19]. According to literature data [20], thermal
treatment of semiconductors leads to the formation of materials with a lower specific surface area due
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to agglomeration of nanoparticles of catalysts. The use of acids reduces this phenomenon, leads to an
increase in crystallites and thus an increase in the active surface of the catalysts.

The literature review shows that the decomposition process conducted in the presence of titanium
(IV) oxide is an efficient and effective method of pollutants degradation but poor reuse of TiO,,
energy-consuming UV lamps and long photooxidation time are required. The novelty of the presented
study, in comparison to other methods described in the literature, is the possibility of TiO; activation
with low energy-consuming Vis lamp due to the use of succinic and pyruvic acids as photocatalyst
modifiers, greater adsorption of chlorfenvinphos, photooxidation over a wide pH range, possibility of
reuse of catalyst.

In order to remove pollutants that show low biodegradability and high toxicity, it is economically
justified to applied method as presented in this study. This method turns out to be an interesting
alternative to other treatment techniques.

The aim of the study was to examine the possibility of decomposition of chlorfenvinphos in
the presence of photocatalysts modified with organic acids (pyruvic and succinic) under visible
light radiation.

2. Materials and Methods

2.1. Materials

The chlorfenvinphos PESTANAL® with a purity of >95% was purchased from Sigma-Aldrich
(Poznan, Poland). Physico-chemical characteristics of the compound is presented in Table 1. Modified
catalysts obtained on the basis of titanium (IV) oxide (Sigma-Aldrich, Poznati, Poland) were used as
catalysts for the pesticide decomposition process. The physico-chemical characteristics of commercial
TiO, are summarized in Table 2. All chemicals were of analytical grade and the highest purity available.

Table 1. Physico-chemical characteristics of chlorfenvinphos.

Chemical Structure Physico-Chemical Properties
molecular formula C12H14CI1304P
Cl molecular weight (g/mol) 359.57
| 0] CAS number 470-90-6
O—IQ—O/\CH;; Water solubility at 20 °C (mg/L) 124.0
(') CH Density (g/L) 1.36
Cl Cl ~T8 Vapor pressure (25 °C) (mmHg) 7.5x 1070
logKOW (-) 3.81

Table 2. Physico-chemical characteristics of TiO,.

Chemical Structure Physico-Chemical Properties
Symbol, origin P-25, Sigma-Aldrich (Poznan, Poland)
T-4+ Crystal structure Anatase:rutile = 80:20
2- I 2- Surface area (mz/g) 35.0-65.0
O o Particle size (nm) 21.0
Density (g/crn3 ) 4.26

2.2. Model Solution

Model solutions were prepared on the basis of deionized water with the addition of the
analytical standard—chlorfenvinphos (CFVP) PESTANAL®. Solutions were prepared by diluting the
chlorfenvinphos analytical standard in deionized water. The conductivity of model solutions was
0.196 mS/cm. To maintain a constant ionic strength, the model aqueous solutions contained 0.01 mol/L
of NaNOs. The solutions were stored at 4 °C in glass flasks, this ensured no adsorption of the pesticide
particles on the walls of the vessel. In order to maintain satisfactory accuracy and repeatability of
instrumental analysis, the initial concentration of the aqueous solution for all experiments was 1.0 mg/L.
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The pH of the model solution before and after addition of the compound was 6.0. The pH of the
solution was monitored using the Elmetron CPC-511 pH-meter (Zabrze, Poland).

2.3. Instrumental Analysis

The analytes contained in liquid samples before and after the advanced oxidation process were
subjected to the HPLC chromatographic analysis with the UV detector model 1200 from Perlan
Technologies (Warsaw, Poland) in accordance with PN-EN ISO 11369:2002 standard [21]. The analysis
was preceded by the separation of the compound using the solid-phase extraction (SPE). Prior to the
extraction, the particles of photocatalysts were separated from the samples using a filtration apparatus
through a 0.45 um filter made of cellulose acetate (Microlab Scientific Co., Ltd., USA). The filtration
did not affect the retention of the tested compound on the filter. The extraction process was carried
out on the CHROMABOND® C;5 ec columns. The extraction column was filled with a non-polar
C18 sorbent (capacity of 6.0 mL, the adsorbent mass of 500.0 mg). The column bed was conditioned
with methanol (5.0 mL) and deionized water (5.0 mL). Samples were dosed at flow rate of 5 mL/min.
Then the columns were dried, in the first phase with air, then with inert gas (nitrogen). The compounds
adsorbed on the bed were eluted with 1.0 mL of methanol with a 15 min retention time, then they were
eluted with another 1.0 mL of methanol. The process was completed by concentrating the compound
in vacuo with inert gas (nitrogen).

The extract was analysed using the HPLC liquid chromatograph (UV detector, A = 218 nm).
The device was equipped with the Zorbax® SB-C18 packed column with dimensions of 15.0 cm x 4.6
mm X 5.0 um.

2.4. Synthesis of Photocatalyst Samples

Modification of the photocatalysts is essentially aimed at obtaining active materials in visible
light (A > 400 nm), and thus increasing the ability to absorb visible radiation. Another application
of modifications (such as e.g., transition metals, ultrasound, activated carbon, polymers, elemental
carbon, nitrogen, sulphur) is to increase adsorption of the pollutants, neutralization of intermediate
decomposition products and better separation of TiO, suspension from the liquid phase after the
process [22,23].

As part of the study, the commercial titanium (IV) oxide and two types of catalysts, consisting of
titanium (IV) oxide and pyruvic or succinic acid, were evaluated. Each of the materials has been given
an appropriate symbol (Table 3). The modified photocatalysts were obtained by the wet impregnation
method, preparing a suspension of titanium dioxide in deionized water with the addition of an
appropriate amount of acid. The mixture was shaken vigorously for 30 min in the dark, at room
temperature, then dried at 100 °C for 16 h. Five pyruvic acid-modified photocatalysts and five succinic
acid-modified photocatalysts were prepared. The photocatalysts contained various acid concentrations,
ie., 99:1; 90:10; 80:20; 50:50 and 20:80 (w/w). The dried catalysts were washed with distilled water to
remove unbound acid and dried again at 100 °C for 16 h.

Table 3. Symbols of the photocatalysts.

Symbol Explanation
TiO, Pure Titanium(IV) Oxide
TiO,/PA/99:1 TiO, modified with pyruvic acid in a ratio of 99:1 (w/w)

TiO,/PA/90:10 TiO, modified with pyruvic acid in a ratio of 90:10 (w/w)
TiO,/PA/80:20 TiO, modified with pyruvic acid in a ratio of 80:20 (w/w)
TiO,/PA/50:50 TiO, modified with pyruvic acid in a ratio of 50:50 (w/w)
TiO,/PA/20:80 TiO, modified with pyruvic acid in a ratio of 20:80 (w/w)
TiO,/SA/99:1 TiO, modified with succinic acid in a ratio of 99:1 (w/w)
TiO,/SA/90:10 TiO, modified with succinic acid in a ratio of 90:10 (w/w
TiO,/SA/80:20 TiO, modified with succinic acid in a ratio of 80:20 (w/w
TiO,/SA/50:50 TiO, modified with succinic acid in a ratio of 50:50 (w/w
(

)
)
)
TiO,/SA/20:80 TiO, modified with succinic acid in a ratio of 20:80 (w/w)
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2.5. Experimental Procedures

2.5.1. Characterization of Photocatalysts Samples

The photocatalytic activity of each sample was determined by examining the degree of
decomposition of chlorfenvinphos and conducting an analysis of the photocatalytic kinetics.
The photocatalysts were examined by the diffuse reflection spectroscopy (UV-DRS) and the scanning
electron microscopy (SEM). The UV-Vis photocatalysts absorption spectra were measured using
the V-750 spectrophotometer (Cracow, Poland) made by Jasco. The morphology and structure
of semiconductors were examined using the Hitachi SU-3500N electron microscope (SEM, Krefeld,
Germany). The catalyst samples were applied to a graphite adhesive plaster and placed on a microscope
(variable vacuum).

2.5.2. Effect of Different Dose of Catalysts

Studies on the selection of the optimal dose of the photocatalysts were carried out at room
temperature and ambient pressure in a glass reactor of 500.0 mL volume. The ionic strength of the
solution was maintained with 0.01 mol/L of NaNOs. The mixture containing pesticide at a concentration
of 1.0 mg/L was placed on a magnetic stirrer and then mixed with the addition of selected catalysts in the
dose range from 10.0 to 125.0 mg/L. The selected dose range is smaller than the optimal doses presented
in the literature [24,25], while from the economic point of view, reduction of the amount of catalyst
should be considered. For example, in the research of Garg et al. [26] the decomposition of bisphenol A
was studied in the dose range from 20 to 175 mg/L. It should also be remembered that the intention
of this study was to determine the basic operating parameters of the reaction system, so the tests
were carried out under “ideal” conditions, e.g., without the influence of inorganic substances or other
organic substances. Pure titanium (IV) oxide and two randomly selected modified semiconductors:
TiO,/PA/99:1 and TiO,/SA/80:20 were used for the study. The source of Vis radiation was switched on
immediately after the catalysts were introduced into the reaction mixture, therefore the results obtained
in this step do not take into account the degree of the compound adsorption. The reaction mixture was
irradiated with Vis continuously for 60 min. After that time, samples were taken for analysis. The 10 W
tungsten lamp QTH10/M from Thorlabs Inc. (Newton, NJ, USA), located above the reaction vessel
(Figure 1), was used for exposure. The lamp emits radiation with a wavelength A = 400-2200 nm,
but for the purpose of the study the FGS900M filter, mounted using a cage filter wheel (model LCFW5)
system from Thorlabs Inc., was used to cut off the radiation spectrum bands above 710 nm. Thus the
lamp emitted radiation in the visible light range (A = 400-710 nm). The photodegradation process
was carried out without adding an external oxygen source comes from an aeration pump. The only
source of oxygen was water, in wich the process was conducted. The impact of the presence of external
oxygen source on the efficiency of the compound decomposition is discussed in Section 2.5.7.

Vis Lamp ———s[—————F——

Aeration
system
Glass
jacket
Magnetic
stirrer T 1

Figure 1. Scheme of conducting the chlorfenvinphos decomposition process under the influence of
visible light.
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2.5.3. Optimal Modification of the Catalysts

Based on the decomposition of chlorfenvinphos in the presence of pure TiO, and the photocatalysts
modified with organic acids, as a result of irradiation of the model solutions with visible radiation,
the catalysts were selected and further tested. The dose of photocatalysts was 50.0 mg/L. Tests were
carried out under the same conditions as described in Section 2.5.2. The only change was the sampling
times for testing. Irradiation was carried out continuously for 60 min, with samples for testing taken
after 5, 10, 15, 30 and 60 min by means of a drain cook, which is an integral part of the reactor.
The photodegradation process was carried out without oxygen present in the reaction system.

2.5.4. Optimal Adsorption Time

Determining the contact time of the adsorbate (CFVP) with the adsorbent (catalyst) is an important
issue from the point of view of the process of pollutants removing. The initial volume under the study
was 500.0 mL. An amount of pesticide was added to the model solution so that the final concentration
of adsorbate was 1.0 mg/L. The dose of adsorbents was 50.0 mg/L. During the experiment, no aeration
pump (oxygen source) was used. Sorption of pollutants proceeded in the dark. The test solution was
placed on a magnetic stirrer for 30 min continuously, and samples were taken after 1, 3, 5, 8, 10, 15, 20,
25 and 30 min.

2.5.5. Effect of pH

As part of the experiments, the effect of the initial pH of the solution on the efficiency of
decomposition of chlorfenvinphos was investigated. The following pH values were tested: pH = 3.0;
pH = 6.0 and pH = 9.0. The pH was corrected with 0.1 mol/L of HCl or 0.2 mol/L of NaOH obtained
from Sigma-Aldrich. The change in pH was monitored using the CPC-511 pH-meter from Elmetron
(Zabrze, Poland). The model solution with a concentration of 1.0 mg/L was added before the pH was
corrected. Then, after reaching the desired pH, appropriate amount of catalysts were added to the
solution to the final dose of 50.0 mg/L. Before switching the radiation source, the 20-min contact time
of the catalysts with the model solution has been provided (adsorption). Sorption of the pollutants
proceeded in dark, then the Vis lamp was switched on. The study was carried out continuously for
60 min, with samples for chromatographic analysis taken after 5, 10, 15 and 30 and 60 min of the process
duration. The photodegradation process did not take place with participation of oxygen supplied to
the reaction system.

2.5.6. Deactivation Tests

Deactivation of the photocatalysts was carried out under similar conditions to those described in
the previous sections. The pH of the model solution was 6.0. Studies on the determination of materials
viability were carried out based on 5 cycles of the chlorfenvinphos decomposition at a constant catalyst
concentration. The decomposition degree of the compound was determined after each cycle of the
conducted decomposition. The duration of the photodegradation process was 60 min. After this time,
samples were taken for analysis. Then another cycle of irradiation of the mixture was started, preceded
by separation of the catalyst particles. The photocatalysts particles were recovered by filtering the
reaction suspension through a filtration apparatus, equipped with a 0.45 pm membrane filter made of
cellulose acetate (Microlab Scientific Co., Ltd.). The reaction vessel was flushed and the contents of the
vessel were subjected to filtration. As part of preliminary tests, it was determined that the recovery rate
of the catalyst particles was >99.9%. The photodegradation process did not take place in the presence
of oxygen supplied to the reaction system.

2.5.7. Influence of Oxygen

In order to determine the effect of dissolved oxygen on the efficiency of the chlorfenvinphos
photocatalytic oxidation, the tests were carried out comparatively, with and without the addition of
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oxygen. The research procedure was similarly to the previous section. The photodegradation time was
set to 60 min and after that time the samples were taken. An aeration pump (Miniboost 200, Aquael
Company, Warsaw, Poland) with a capacity of 2 X 100 L/h was used as a source of oxygen.

2.5.8. Radical Scavenger Test

The radical scavenger test was used to determine the main radical species involved in the
degradation of chlorfenvinphos. Scavengers inhibit the free radicals or deactivate them, thus preventing
them from reaction with the compounds present in water. The testing procedure was carried out
similarly to the previous studies. The ethylenediamine tetraacetate (EDTA-2Na) of 98.5% purity,
hydroquinone of > 99.5% purity and methanol (MeOH) of 99.8% purity from Sigma-Aldrich were
added to the test samples before adding the catalysts. The scavengers were always used in concentration
of Dscay. = 50.0 M.

All the experiments described in Sections 2.5.2-2.5.8 were carried out independently in triplicate.
The data presented in the next sections include the average values.

2.6. Kinetics

Many studies suggest that the oxidation rate of organic substances fit with the
Langmuir-Hinshelwood (L-H) kinetics model [27,28]. Under ideal conditions, the L-H model can be
expressed by Equation (1). Based on this equation, the kinetics of the chlorfenvinphos decomposition
was analysed and the following pseudo first-order reaction parameters were determined: reaction rate
constant k, determination coefficient R%, and half-life /2.

_de _ kxKC
dt  1+KC

1)
where:

r—oxidation rate of pollutants, mg min/L
C—concentration of pollutants, mg/L
k—reaction rate constant, min~!
K—constant balance

t—contact time, min

3. Results of Tests and Their Discussion

3.1. UV-DRS and SEM Test

The modification changed the optical properties of the commercial titanium (IV) oxide. The results
are shown in Figure 2. The commercial TiO; shows an absorption edge at approx. 380 nm, while the
modification of the photocatalysts shifted the absorption of light towards the visible light. Compared
to the pure TiO, a shift was observed in the absorption maximum to a wavelength equal to A = 468 nm
for TiO»/SA/90:10 and A = 528 nm in the case of a semiconductor marked with a symbol TiO,/PA/90:10.
The band gap energy was calculated on the basis of [29]. Samples modified with organic acids did
not show a sharp absorption edge as in the case of the pure TiO, and were characterized by having
a “tail” reaching about 800 nm. The appearance of new absorption spectra may indicate changes in
the structure of TiO, modified with organic acids, that were caused by reaction between the groups
present on the surface of titanium dioxide and the products of acid decomposition [13].

Figure 3 shows micrographs obtained for the pure TiO, and titanium dioxide modified with
pyruvic (90:10) and succinic (90:10) acid. The pure titanium (IV) oxide has a homogeneous, regular,
spherical shape with a single particle size below 100 nm. Modified TiO, surface study showed
that the modification of the photocatalyst does not significantly affect the shape of titanium (IV)
oxide nanoparticles in comparison to the pure TiO; particles. However, after modification with
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acid, the shape of the new semiconductor slightly lengthened, which could have contributed to the
higher photocatalytic activity of the TiO,/PA and TiO,/SA particles in comparison to pure TiO, [30].
In addition, in the synthesized catalysts the TiO, particles were not found as complex of agglomerates
as in the case of a commercial semiconductor. The dispersion of particles increases the specific surface
area, which improves the photocatalytic properties of the catalysts labelled as TiO»/PA/90:10 and
TiO,/SA/90:10 [31]. Studies shows that the increase in the specific surface area of the catalysts as a
result of acid interaction may result from a change in the size of TiO, crystallites. Catalysts with
smaller crystal sizes have a larger specific surface area, which increases the adsorption of pollutants
and ensures higher photocatalytic activity. The study [32] showed that catalysts with smaller crystallite
sizes have a larger surface area. Research conducted by Mair et al. [33] showed that a smaller size of
crystallites affects a higher degree of adsorption and mineralization through a more of edges and corner
sites for the formation of TiO** centers where O* radicals are formed. Apparently, the addition of
acids increased the specific surface area by reducing particle agglomeration and reducing TiO, crystals.
This in turn can affect the degree of interaction between the photocatalyst and organic pollutants.
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Figure 2. The UV-Vis spectra of the tested photocatalysts.
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Figure 3. Cont.
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SU3500 10.0kV 5.4mm x2.00k BSE-COMP f SU3500 15.0kV 5.9mmx20.0k BSE-COMP : 2,00um'

(b1) (b2)

SU350010.0kV 5.6mmx2,00k BSE-COMP. : SU3500 15.0kV S5:8mm x20.0kBSE-COMP

(c1) (c2)

Figure 3. Comparison of SEM images for he pure TiO; (al,a2) and the catalysts modified with pyruvic
acid (b1,b2) and succinic acid (c1,c2) in proportions 90:10.

The values of the band gap energy and the location of valence and conduction bands are shown
in Figure 4. The band gap energy was calculated according to [29]. The energy of the conduction
band was calculated according to the formula Ecg = Eyp — Eg, while the energy of the valence band
according to the formula Eyg = 1.46 + 0.5E¢ on the base of [34,35]. Due to the reduction of the band
gap energy of the modified photocatalysts, the transfer of electrons from the valence band (VB) to the
conductivity band (CB) is facilitated. This phenomenon has been commented in Section 3.8.

10—
3 o e —
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TiO,
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Figure 4. Valence and conduction bands of the tested photocatalysts.
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3.2. Effect of Catalyst Dosage

Application of an optimal dose of a photocatalyst makes the decomposition process to be carried
out in the most effective way. The photocatalyst dose limit value was determined based on the initial
concentration of chlorfenvinphos removed from solution as well as the operating conditions and
geometry of the reactor in which the decomposition was carried out.

The optimal dose of the catalysts used during the tests was determined experimentally. Therefore,
the commercial titanium (IV) oxide and the selected photocatalysts doped with different amounts
of acids (TiO,/PA/99:1 and TiO,/SA/80:20) and in the doses ranging from 10.0 to 125.0 mg/L were
introduced into the model solution and irradiated with Vis. The presented results do not include
adsorption of the compound. The phenomenon of the CFVP adsorption was investigated in Section 3.4.
As shown in Figure 5, the dose of the catalyst had an impact on chlorfenvinphos degradation. In the low
dose range of the tested materials (from 10.0 to 50.0 mg/L), an increase in the decomposition efficiency
of the tested compound was observed. In turn, at higher doses (from 75.0 to 125.0 mg/L) the increase
in decomposition compared to the dose of 50.0 mg/L was insignificant or lower. Therefore, it was
determined that the decomposition of model compound occurs with the highest efficiency at the dose of
50.0 mg/L of the photocatalysts. Despite the fact that CFVP decomposition was higher in the presence
of the dose of 75 mg/L than 50 mg/L, the difference between this efficiency was insignificant (~1%).
In addition, economic aspects were also taken account. Slight differences in the CFVP removal and the
risk of faster sedimentation of the catalysts determined the choice of the 50 mg/L dose. That dose was
chosen as optimal for further study. The increase in efficiency of the chlorfenvinphos decomposition
along with the increase in the catalysts doses can be attributed to the adsorption of the compound on
the surface of the catalysts and inside its pores, as well as the generation of more free radicals, that leads
to a higher degradation of the pollutant. Whereas the reduction in the photodegradation efficiency can
be explained by faster sedimentation of the catalyst particles to the bottom of the reactor, the effect
of radiation shielding, and the effect of screening of the excessive amount of particles. Particular
importance is attached to the shielding effect, which results from the negative impact of pollutants
present in the solution, and a high dose of the photocatalyst. In the study we probably deal with the
second case, i.e., the increase in turbidity of the solution, caused by too high dose of catalysts, limits the
possibility of radiation reaching the surface of the catalyst. These phenomena depend on the geometry
of the reactor and the operating conditions of the system. The similar results were noted by the authors
of the works [24,36-38]. However, as part of this research stage, it can be stated that the modification
of commercial TiO, with organic acids brings satisfactory results. First of all, the addition of acids,
in particular succinic acid, caused that the degree of the CFVP photodegradation was not only higher
but was similar in almost whole range of the tested doses. This may indicate a positive effect of succinic
acid on the elimination of radiation shielding phenomenon.

1.00 -
S 080 A
(&
070 4
——Ti02 + Vis
060 + TIO2/SA + Vis
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0 10 20 30 40 50 60 70 80 90 100 110 120 130
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Figure 5. Decomposition degree of chlorfenvinphos in the presence of the selected catalysts.
Conditions of experiment: Cy = 1.0 mg/L; V; = 500.0 mL; t;; = 60.0 min; pH = 6.0.
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3.3. Modification of the Catalyst

The results of the conducted study, on the basis of which the optimal modification of the
photocatalysts was selected, are shown in Figure 6. The presented results do not take into account the
adsorption process. The phenomenon of the CFVP adsorption was studied in Section 3.4. Among the
tested pyruvic and succinic acid-modified catalysts, the highest efficiency was observed for the materials
mixed in proportions 90:10. For the pyruvic acid-modified catalyst, the degree of the chlorfenvinphos
decomposition was 51.0% after 60.0 min of the reaction. The use of larger amounts of acid reduced
the efficiency of the compound decomposition. For example, for the catalyst labelled as 20:80, i.e.,
the highest of the tested acid content, the degree of decomposition decreased to 13.0% after 60 min of
the photodegradation process. A similar phenomenon was observed for the succinic acid-modified
catalyst. Increasing the share of acid in the total mass of the catalyst caused a reduction of the efficiency
of the chlorfenvinphos degradation, from 33.0% for the catalyst with the symbol 90:10 to about 20.0%
for materials with a higher participation of acid.

1.00 -
0.80 -
° 0.60 -
Q
()
0.40 -
020 { -m=TiO2/PA
—o—TIO2/SA
0.00 : . - T ,
99:1 90:10 80:20 50:50 20:80

Modification

Figure 6. Chlorfenvinphos decomposition in the presence of various modifications of photocatalysts.
Condition of experiment: Cy = 1.0 mg/L; D, = 50.0 mg/L; V; = 500.0 mL; t;; = 60.0 min; pH = 6.0.

The photodegradation processes catalysed by TiO,/PA/90:10 and TiO,/SA/90:10 proceeded more
intensively compared to the other tested materials, as evidenced by the kinetic parameters presented
in Table 4. The kinetics of the conducted processes indicated that the reaction rate constant k for the
TiO,/PA/90:10 catalyst is more than three times higher than the value of k determined for other pyruvic
acid-modified catalysts. Also for the TiO,/SA/90:10 catalyst the reaction rate constant was twice as high
compared to other modifications carried out with succinic acid. The shortest half-life ¢/2 was observed
for the material with the symbol TiO,/PA/90:10 (63 min). It also turned out that the use of too much of
the pyruvic acid in the TiO,/PA/20:80 catalyst resulted in elongation of the decomposition half-life to
315.0 min, and it was longer time compared to the pure titanium (IV) oxide.

Table 4. Impact of the TiO, modification on the pseudo first-order parameters.

TiO,/PA TiOo/SA
Symbol  k, 1/min R? #/2,min Symbol  k, 1/min R? /2, min
TiO, 0.0027 0.86 257.0 TiO, 0.0027 0.86 257.0
99:1 0.0046 0.87 151.0 99:1 0.0034 0.94 204.0
90:10 0.0110 0.93 63.0 90:10 0.0064 0.93 108.0
80:20 0.0063 0.93 110.0 80:20 0.0039 0.91 178.0
50:50 0.0036 0.81 193.0 50:50 0.0031 0.86 224.0

20:80 0.0022 091 315.0 20:80 0.0031 0.80 224.0
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Although it was found higher CFVP decomposition compared to the pure TiO,, the increase in the
amount of acid contributed to the decrease in efficiency of the pollutant decomposition. The decrease
in the photocatalytic activity of the catalysts could have been associated with the blocking of active
sites on the photocatalyst surface, therefore the particles of CFVP could not attach to them and undergo
decomposition. In addition, higher amounts of acids might cause a weaker shift of the absorption
band in the visible light compared to the optimal dopant of acid. However, at the smallest proportion
(99:1) there could also be no shift of the absorption band in the visible light, which for the pure TiO,
is A <400 nm. It is also worth adding that during preparation procedure the pyruvic acid-modified
catalysts changed colour from white to yellow, while those modified with succinic acid changed
into dark orange. The sensibilization effect could also contribute to higher activity of the modified
semiconductors. The color change of the photocatalysts may results from the structure of titanium (IV)
oxide. It is characterized by nearly 40% of incompletely coordinated Ti atoms that can accept two lone
electron pairs from electron donors (succinic or pyruvic acids). The color change of titanium dioxide
can be attributed to the charge transfer from PA/SA to TiO; as a result of which the PA-TiO; or SA-TiO,
complex is formed. The sensibilization of catalysts by means of other admixtures was shown in the
studies [29,39,40].

3.4. Optimal Adsorption Time

In the next step the optimal sorption time was determined. It is important to consider the contact
time from the point of view of the proper distribution of the catalyst in the whole volume of the solution
and ensuring the highest degree of adsorption of the contaminant before starting the photodegradation
process. It was observed that in the case of the tested photocatalysts the CFVP adsorption takes place
in the first 20 min of the experiment (Figure 7). This time is needed to reach the adsorption-desorption
balance. After 20 min of contact time, the achieved degree of removal was 16.0%, 33.0%, and 17.0%
respectively for the TiO,, TiO,/PA/90:10 and TiO,/SA/90:10. In the following minutes, the CFVP
adsorption was not significant. The degree of compound removal was the highest after 20 min of time,
but already in the first minute about 2% removal of chlorfenvinphos was obtained, which is related to
the physical properties of the tested materials, i.e., the effect of their specific surface area, which for the
commercial TiO; is about 50 + 15.0 m?/g. For the pyruvic acid-modified TiO,, the degree of CFVP
removal was twice as high as for the pure TiO, and succinic acid-modified TiO,. Chemical modification
of inorganic titanium (IV) oxide particles using the organic particles, is of particular importance and
causes stabilization of the TiO, nanoparticles, prevents agglomeration of the catalyst particles and
improves the surface properties. The results suggest that the specific surface area of the catalyst
may have been increased by pyruvic acid, resulting in an increase in the amount of chlorfenvinphos
adsorbed by this material. The increase in the specific surface area is important in terms of the amount
of active sites of TiO, on which its photocatalytic activity depends. As the surface increases, the amount
of adsorbed pollutants and the amount of free radicals increases. Similar conclusions were drawn in
studies [32,39,41].
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Figure 7. Effect of the contact time on the degree of chlorfenvinphos adsorption. Condition of
experiment: Cy = 1.0 mg/L; D = 50.0 mg/L; V; = 500.0 mL; tsor = 30.0 min; pH = 6.0.
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3.5. Effect of pH on the Chlorfenvinphos Degradation

The decomposition of chlorfenvinphos catalysed by the selected semiconductors was tested in
the pH range from 3.0 to 9.0 for 60 min. As shown in Figure 8, the change in the initial pH of the
solution affected on the CFVP decomposition efficiency. After 60 min of irradiation at the pH = 6.0,
the 30% decomposition degree of CFVP in the process catalysed by pure TiO; was found. This value
was the highest compared to other pH tested and was associated with the value of semiconductor
isoelectric point (pHp,c). For the titanium dioxide particles, the value of pHp, is in the range from
6.0 to 6.5, on average about 6.25 [42,43]. This is due to the effect of pH on the surface charge of TiO,.
In an alkaline environment (pH > 6.0) the surface of a pure semiconductor is positively charged,
while in an acidic (pH < 6.0) it is negatively charged. After 60 min of irradiation the concentration
of CFVP was reduced by 24% at pH = 9.0, while the lowest degree of the CFVP decomposition
was observed at the lowest of the tested pH, i.e., pH = 3.0 (28.0%). However, the change in the
pH of the model solution had the greatest effect on the adsorption of the compound. The degree
of the CFVP adsorption at pH = 3.0 was the highest in each of the tested catalysts. For example,
adsorption of the compound by pyruvic acid-modified semiconductor at pH = 3.0 was 47% compared
to 25% at pH = 9.0. In the presence of the catalyst labelled as TiO,/SA/90:10 the change in pH of
the model solution did not have a significant impact on the final chlorfenvinphos decomposition.
After 60 min of the photocatalysis, the CFVP decomposition was about 50%. Process carried out in the
presence of TiO,/SA/90:10 remained active over a wide pH range, suggesting it has low sensitivity
to pH changes. The analysis of photocatalytic oxidation kinetics also demonstrated similarity in this
case (Table 5). The reaction rate constant was between k = 0.0063 and k = 0.0082 min~!, while the
half-life was between 85 and 102 min. In turn, the highest degree of the CFVP decomposition was
observed in the pH = 3.0, to which the pyruvic acid-modified catalyst was added. After 60 min of
irradiation, the calculated decomposition degree was 72%, and it was a value of 12% and 22% higher
for pH = 6.0 and pH = 9.0 respectively. The mathematically calculated half-life was determined
at t/2 = 67.0 min. Due to the high adsorption potential of the TiO,/PA/90:10 semiconductor, tested
compound was more degraded as a results the generated free radicals. The change in pH of the model
solution directly affects the photocatalyst surface charge, its hydrophobic properties and the amount of
generated radicals [44]. The change in pH also affects the change in the micropollutants electric charge,
thus resulting in a change in their susceptibility to adsorption on the catalyst surface. The CFVP
dissociation constant pK, has not been determined, but based on the analysis of dissociation constants
of other organophosphorus pesticides it can be concluded that this pesticide is negatively charged
at pH > 6, therefore it is better adsorbed at lower pH. For organic pollutants (e.g., azo dyes), similar
conclusions were made by Alkaim et al. (2014) [45]. At pH <6, strong dye adsorption was observed on
TiO, particles as a result of electrostatic attraction of positively charged TiO,. At pH >6.8, negatively
charged dye particles are repelled. Modification of the TiO, surface with pyruvic acid could cause
change in the surface properties of titanium (IV) oxide, hence the high degree of chlorfenvinphos
decomposition resulted from the generation of more oxidizing radicals. A similar explanation was
proposed by Fernandez-Domene et al. (2019) [46].

Table 5. Effect of pH on the kinetics of the process.

pH Catalyst k, 1/min R? t/2, min

TiO, 0.0019 0.85 365.0

3 TiO,/PA/90:10 0.0104 0.97 67.0
TiO,/SA/90:10 0.0063 0.95 110.0

TiO, 0.0031 0.94 224.0

6 TiO,/PA/90:10 0.0084 091 83.0
TiO,/SA/90:10 0.0082 0.98 85.0

TiO, 0.0027 0.82 257.0

9 TiO,/PA/90:10 0.0057 0.82 122.0

TiO,/SA/90:10 0.0078 0.86 89.0
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Figure 8. Reduction in the initial concentration of CFVP in the model solution at (a) pH = 3.0, (b) pH
= 6.0, (c) pH = 9.0. Conditions of experiment: Cy = 1.0 mg/L; D. = 50.0 mg/L; V; = 500.0 mL; tsor =

20.0 min; t;; = 60.0 min.
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3.6. Lifetime of the Catalysts

Pure TiO,, TiO,/PA/90:10 and TiO,/SA/90:10 catalyst were used to determine the possibility of
photocatalysts reuse. The experiment was carried out in five decomposition cycles of chlorfenvinphos.
After the first cycle, the catalysts were separated from the solution and used for further cycles.
Easier separation of the modified catalysts from the solution compared to pure TiO, has been found.
For pure TiO; the process of filtering the reaction slurry required five times flushing, while for the
modified TiO, the reactor was flushed three times. The particles of modified catalysts sedimented
after about 10 min, while the commercial titanium (IV) oxide particles after about 30 min. The similar
separation tests were conducted by Liu etal. (2007) [47] in which the TiO, modified with activated carbon
sedimented after 5 min, while the pure titanium dioxide after 20 min. Despite faster sedimentation of
modified photocatalysts, their performance was still higher than in commercial TiO5.

The results presented in Figure 9 show that activity of pure TiO, during 5 cycles decreased from
27% to 2% (reduction of efficiency by 25%). However, the decomposition of CFVP in the presence of
TiO,/PA/90:10 decreased after 5 cycles by 12%, while the decomposition efficiency was still high (50%)
after the fifth cycle. The decomposition of chlorfenvinphos catalysed by TiO,/SA/90:10 reached value
of 36% after the fifth cycle, while the decomposition degree decreased by 10% in comparison to the
first cycle. The results of this experiment are extremely important from the practical point of reuse of
the materials for pollutants removing from water and wastewater, especially from the economic point
of view. The phenomenon of reducing the efficiency of the CFVP decomposition on commercial TiO,
is associated with the blocking of active sites on the catalyst surface by the intermediate decomposition
products, formed during the process. It is a competitive process in relation to the decomposition of
compound, resulting in a reduction of the activity of the catalysts. The modifications of the commercial
TiO, probably reduced the phenomenon of formation of the TiO, agglomerates, so there was no active
surface reduction effect, and thus it was possible to generate more free radicals. In addition, the organic
acids used in the study are electron acceptors, which prevents recombination of electron-hole pairs [48].
The results indicate that the proposed method creates promising possibilities for the reuse and applied
in practice for the degradation of chlorfenvinphos with great efficiency.

C/Co

1 2 3 4 5
Number of runs

@TiO2+Vis  mTiO2/PA/90:10 + Vis mTiO2/SA/90:10 + Vis

Figure 9. Effect of the number of cycles on the CFVP decomposition on the tested catalysts. Conditions
of experiment: Cy = 1.0 mg/L; D, = 50.0 mg/L; V; = 500.0 mL; tsor = 20.0 min; t;, = 60.0 min.

3.7. Effect of Oxygen

A comparative assessment was carried out for the chlorfenvinphos photocatalysis process
with and without oxygen. Based on the results presented in Figure 10 it can be concluded that
the presence of dissolved oxygen in the reaction mixture plays a significant role in the process of
removing chlorfenvinphos. It should be emphasized that the results presented in earlier sections
concerned the processes without the oxygen in the reaction system. After 60 min of the process,
the CFVP decomposition was about 27%, 63%, and 48% for pure TiO,, TiO,/PA/90:10 and TiO,/SA/90:10
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respectively. Conducting the process of chlorfenvinphos decomposition with aeration resulted in an
increase in the efficiency of the degradation process by about 20%. The increase in the efficiency of
reactions carried out in the presence of oxygen was also confirmed on the base of reaction kinetics
analysis (Table 6). Oxygen introduced into the reaction system contributes to a more effective
decomposition of CFVP, reducing the half-life from 257 min to 98 min in the presence of the pure
titanium (IV) oxide. The mathematically calculated half-life of CFVP has been reduced by about two
times in the presence of the modified photocatalysts. The reason for this phenomenon is adsorption of
oxygen on the catalysts surface. Oxygen is an electron acceptor and prevents the recombination of the
electron-hole pairs. In addition, oxygen participates in the oxidation reaction of the chlorfenvinphos
and intermediate products formed during the reaction [49,50].

1.00

@ No air mwith air
0.80 -

0.60 -

CIC,

0.40 -

0.20 1

0.00 -
TiO2 TiO2/PA/90:10 TiO2/SA/90:10

Figure 10. The efficiency of the chlorfenvinphos photodegradation in the presence of selected
photocatalysts, with and without additional aeration. Conditions of experiment: Cyp = 1.0 mg/L; D, =
50.0 mg/L; V; = 500.0 mL; pH = 6.0; tsor = 20.0 min; t;, = 60.0 min.

Table 6. Effect of aeration of systems on the process kinetics.

Without Aeration With Aeration
Symbol k, 1/min R? t/2, min Symbol k, 1/min R? t/2, min
TiO, 0.0031 0.94 224.0 TiO, 0.0071 0.92 98.0
TiO,/PA/90:10 0.0084 091 83.0 TiO,/PA/90:10 0.0255 0.97 27.0
TiO,/SA/90:10 0.0082 0.98 85.0 TiO,/SA/90:10 0.0178 0.93 39.0

3.8. Radical Scavengers Test

In order to identify the main active species involved in the CFVP photodegradation, tests were
carried out. Methanol, hydroquinone and EDTA-2Na were used in the experiments as OH® scavengers,
O,*~ scavengers and h* holes scavengers respectively. These compounds are commonly used as
radical scavengers by the authors of many papers [51-55]. The scavengers were always used in the
concentration of 50.0 uM. The effect of individual scavengers is shown in Figure 11. In general, as a
result of irradiating solutions with the Vis light, the degree of the CFVP degradation decreased after
the addition of the O,*~ scavenger (hydroquinone) and the hole scavenger (EDTA-2Na) (Figure 10a).
On the other hand, the addition of the OH® radical scavenger did not reduce the effectiveness of
pesticide degradation. In the presence of pure titanium (IV) oxide, the reduction of CFVP concentration
(in the range from 15 to 19%) was mainly due to the adsorption of the pesticide by the adsorbent
(TiOy). In the TiO,/Vis system, the inhibition of the chlorfenvinphos decomposition by the addition of
methanol is due to the fact that it is partially activated by visible radiation, however, if solar radiation is
used, only 3-5% of the energy can be used for the TiO, activation [56]. The addition of hydroquinone
and EDTA-2Na to the TiO,/VIS system did not cause significant inhibition of the process. As shown in
Figure 10b,c, addition of O,*~ and h* scavengers in the systems of TiO,/PA and TiO,/SA contributed to
significant inhibition of the CFVP decomposition process. For example, in the system of TiO,/PA/90:10
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the pesticide degradation rate after adding hydroquinone has decreased from k = 0.046 min™! (control)
to k = 0.0024 min~! (Table 7). The half-life of chlorfenvinphos under these conditions has lengthened
from 151.0 min to 289.0 min and 231.0 min after adding hydroquinone and EDTA-2Na respectively.
Similar effects were observed for theTiO,/SA/90:10. The reaction rate constant of the control sample
decreased from k = 0.039 min~! (¢2 = 462.0 min) to k = 0.026 min~! (22 = 267.0 min) after adding
EDTA-2Na. The addition of methanol as an OH® inhibitor does not significantly reduce the rate of
CFVP degradation. Therefore it can be concluded that in the photodegradation process of the tested
pesticide, the most active radical is O,*~, then h* and least OH®.

1.00 &
0.95
0.90
S 085
o
0.80 {1 ——Ti02 +Vis
-8-Ti02 +Vis + MeOH
0.75 1 —+~Ti02 + Vis + HYDROQUINONE
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0.95
0.90
S 0.85
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Figure 11. Photodegradation of the CFVP catalysed by (a) TiO,, (b) TiO»/PA/90:10 and (c) TiO,/SA/90:10
in the presence of radical scavengers. Conditions of experiment: Cy = 1.0 mg/L; D, = 50.0 mg/L; V; =
500.0 mL; pH = 6.0; min; t;; = 60.0 min, Dgcay. = 50.0 pM.

40 50 60
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Table 7. Effect of radical scavengers on photodegradation kinetics.

Catalyst Scavenger k, 1/min R?>  #2,min

Control 0.0027 * 0.86 257.0

Tio MeOH 0.0023 0.87 301.0

2 Hydroquinone 0.0027 0.94 257.0

EDTA 0.0032 0.95 217.0

Control 0.0046 0.87 151.0

. MeOH 0.0049 0.90 141.0
TiO,/PA/90:1

i0,/PA/90:10 Hydroquinone 0.0024 0.92 289.0

EDTA 0.0030 0.92 231.0

Control 0.0039 091 178.0

. MeOH 0.0037 0.91 187.0
T A/90:1

1O0/SAP010 he droquinone 00015 090 4620

EDTA 0.0026 0.88 267.0

* The difference between values k, R2, and /2 presented in Sections 3.5 and 3.6 and the values in the Table above
results from the fact that the CFVP adsorption is included in the mentioned sections.

The dominance of O,°~ radicals may result from the reduction in the size of the band gap energy
of the synthesized catalysts. The values of the band gap energy and the location of valence and
conduction bands were shown in Section 3.1 (Figure 4). Due to the reduction of the band gap energy of
the modified photocatalysts, the transfer of electrons from the valence band (VB) to the conductivity
band (CB) is facilitated. Along with the transfer of electron, an electron hole (h*) is created, i.e.,
an unoccupied energy level that is involved in the photooxidation processes of pollutants adsorbed on
the surface of the TiO,/PA and TiO,/SA photocatalysts. The more electrons (e™) go into the conductivity
band, the more O,°~ radicals are generated.

4. Summary

A TiOy/PA and TiO,/SA photocatalysts with visible-light photocatalytic activity in the
chlorfenvinphos pesticide degradation was synthesized. It was found that the pyruvic and succinic
acid can be used for modification of the commercial TiO, and improvement of its photocatalytic activity.

Modification of the commercial titanium (IV) oxide with organic acids allowed to decompose the
pesticide under the influence of visible light. The effect of photocatalysts dose on the chlorfenvinphos
decomposition efficiency was found. Too low dose contributed to the unsatisfactory parameters of
the compound decomposition. The high dose caused too fast sedimentation of the catalysts and
their photooxidizing potential was not used. The dose of 50 mg/L was chosen as the optimal dose of
the photocatalysts.

The use of modification extended the life of the catalysts with high photodegradation efficiency.
Moreover, in the presence of dissolved oxygen the degree of the compound degradation increased by
approximately 20%. However, the oxidation processes of chlorfenvinphos, catalysed by the modified
TiO,, were more effective even without the introduction of an additional source of oxygen.

Due to the surface charge of the catalysts, the processes carried out in the presence of the
commercial TiO, were most effective at pH close to the isoelectric point value (pHpz), i.e., at the pH =
6.0. In turn, the value of the pHp,c point of the modified photocatalysts probably changed, because at
low values (pH = 3.0) the chlorfenvinphos photodegradation was the most effective.

The dominant species involved in the CFVP photodegradation process were peroxide radicals
and electron holes. The hydroxyl radicals were least involved in the CFVP decomposition process.

The photodegradation process conducted in the presence of the modified composites increases
the rate of the chlorfenvinphos degradation, as indicated by the analysis of the pseudo first-order
parameters. The half-life of the tested compound was on average three times lower than in the case of
solutions containing the pure TiO,.
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According to the presented results, higher photocatalytic activity of the TiO,/PA and TiO,/SA can
be attributed to: reducing the phenomenon of the TiO; agglomerate formation, which in turn led to
the increase in size of the active surface, and thus TiO; activity (a); increase in specific surface area of
the modified photocatalysts, thus increasing the adsorption capacity (b); inhibition of transformation
of anatase into rutile by eliminating formation of the structural defects during modified catalysts
preparation (c); slowing down the recombination process of electron-hole pairs through the separation
of excited charges (d); reduction of the band gap energy relative to the pure titanium dioxide (e).
The photooxidation of chlorfenvinphos under the influence of visible light could also be possible as
a result of photosensibilization of the commercial TiO, due to the transfer of electrons from PA/SA
to the TiO; conductivity band and appearing of a new C-O-Ti bond (shift of the absorption band
towards longer waves A > 400 nm), where the elemental carbon (C) comes from the pyruvic or succinic
acid [18,19,57,58].
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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,S,0O,, 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

28
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).

Keywords: Rhodamine B; Advanced oxidation process; Sodium persulfate; Visible light; Ultrasound

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

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.
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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].

5,02 +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

Physicochemical properties

H,C CH,

) cr

0
H,C. N o N CHy
O == ‘

H

Co0

Chemical formula C,H,,CIN,0O,
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

2,5 1
2 -
@
e
g 1.5 1
£
<
0,5 1
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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,S,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

Tungsten lamp

RhB_solution &

Water Scaffolding
Ultrasonic ~— B —
cleaner o~ ) Pey

Timer

Fig. 2. Illustration of the experimental set-up.



272 P. Zawadzki / Desalination and Water Treatment 213 (2021) 269-278

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=In(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

081 E‘\E'\E-/E”’E]
QD 0,6 1
O 04 A
0,2 {——10mM Na,S,04
0 T T T T

100 150 200 300 500

Dose of glucose, mM

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.

27278

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.

S,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

0,8 A1
0,6
04 -
0,2 1

C/C,

2 5 10 20 50 100
Dose of Na,S,04, MM

Fig. 4. Influence of the NaSQO, dose on the rhodamine

27278

B decolorization. Conditions: Cyyp = 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,S,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

0,8 D
A
¢S 0.6
© 04
Na,S,04/Vis 1
0,2 Na,S,04/US
Na,S,04/Vis/US
0 T T T T T T T T 1
0 5 10 15 20 30 45 60 120 180
Time, min
®) y=0,3251x- 0,5826
2.8 |- Na8,0, R?=0,95
— Us @ A
1 -~ Na,5,0,Vi -
24 79— N:jsjoz,ulé - y=0,152x- 0,2431
3 2 1 _ Na,S,04VislUS A R?=0,97
S 161 y =0,0885x- 0,1297
E 45 R?=0,98
, y=0,0437x- 0,0573
038 R?=0,98
04 c
&b —BH—6—6—F y=0,0272x-0,0316
0 o—B R R?2=0,99
0 5 10 15 20 30 45 60 120 180
Time, min
Fig. 5. Influence of reaction time on the rhodamine

B decomposition in various systems (a) and reaction kinetics
(b). Conditions: Cy,y = 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 + 50 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)).

5,07 —t 5250:" (6)
H,0—25O0OH" +H" 7)

where the symbol “)))” indicates ultrasound.

5,07 +OH' > H' +50> +50; + %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 0.8 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 . ; . 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 45/5/5/5 & 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,S,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,S,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 s (10)
BuOH +50; ~<10°M's™* (11)
MeOH + OH'~8.0x10°M s ™! (12)
MeOH + 50 ~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

~=10min
——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
AQP 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,S,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,5,0, 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 -©-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=02601x-0.3585
g —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=295 K; 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=5; 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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Chlorfenvinphos (CFVP) was added to samples of treated
municipal wastewater and oxidized in the presence of TiO,
and UV, O, and UV radiation or sulfate radicals generated
in the presence of Na,S,0,, glucose and visible light (PDS
+ Vis) for 10 and 20 min. The CFVP content in the tested
samples was detd. by HPLC method. The highest degree
of CFVP degrdn. (82%) was obtained using the PDS + Vis
method.

Przedstawiono wyniki badan procesow zaawan-
sowanego utleniania chlorfenwinfosu z rze-
czywistego strumienia sciekéw komunalnych.
Stopien eliminacji chlorfenwinfosu wynidst
26-82% w zaleznosci od zastosowanego pro-
cesu doczyszczania. Stwierdzono, ze zaawan-
sowane procesy utleniania stanowig interesu-
jaca alternatywe dla klasycznych proceséw
oczyszczania, w szczegolnosci jako IV lub
V etap doczyszczania Sciekow.

Zapisy dyrektywy" wskazuja, ze istnieje konieczno$¢ opraco-
wania nowych technologii eliminacji substancji priorytetowych
i priorytetowych substancji niebezpiecznych. Sposrod zwiazkow lub
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grupy zwiazkoéw zaliczanych do substancji priorytetowych wyrdznié
mozna (Z)-2-chloro-1-(2,4-dichlorofenylo)winylodietylofosforan,
znany jako chlorfenwinfos (CFVP). Chlorfenwinfos jest jednym
z najwazniejszych przedstawicieli insektycydow fosforoorganicz-
nych (pochodnych kwasu fosforowego). CFVP jest stosowany jako
insektycyd o matej toksycznosci wzgledem ssakow. Jego dziatanie
polega na hamowaniu aktywnosci acetylocholinoesterazy, jednego
z wazniejszych enzymow dla obwodowego i osrodkowego uktadu
nerwowego?.

CFVP jest identyfikowany w probkach pobranych z mediow
ciektych (woda, $cieki) i statych (osady denne, osady $cickowe) na
catym $wiecie* Y. Badania wykazaly, ze wystepuje on w probkach
wod powierzchniowych w iloéci od 1 ng/L do blisko 48 ng/L.
Zwiazek ten wykryto réwniez w wodach gruntowych i wodach
morskich na poziomie ok. 20 ng/L”. Dane te dowodza, ze konwen-
cjonalne technologie oczyszczania $ciekow, takie jak sedymentacja
i rozktad biologiczny, sa niewystarczajace. Co wigcej, toksycznos$c
CFVP negatywnie wptywa na aktywnos¢ mikroorganizméw osadu
czynnego. Z tego wzgledu konieczne jest poszukiwanie nowych,
skutecznych i ekonomicznie optacalnych metod eliminacji tego typu
zanieczyszczen.

Jedna z interesujacych metod eliminacji substancji prioryteto-
wych sa procesy zaawansowanego utleniania (AOPs). Ze wzgledu
na koszty inwestycyjne i eksploatacyjne oraz ryzyko generowania
ubocznych produktow utleniania, rekomendowane jest stosowanie
AOPs jako ostatniego etapu oczyszczania $ciekow (IV lub V stopien
oczyszczania $ciekoOw). Cecha wspolng AOPs jest wykorzystanie
potencjatlu utleniajacego rodnikéw hydroksylowych OH'. Reakcje
prowadzone w obecnosci tych rodnikow sa nieselektywne, a poten-
cjat utleniajacy E° wynosi ok. 2,80 V. Znanych jest wiele procesow,
w ktorych generowane sa rodniki hydroksylowe, takich jak fotoka-
taliza (TiO,+UV) lub ozonowanie wspomagane promieniowaniem
ultrafioletowym (O,+UV). Wedlug najnowszych doniesien litera-
turowych duze zainteresowanie wzbudza rowniez utlenianie rodni-
kami siarczanowymi (np. za pomocg nadsiarczanu sodu)®. Rodniki
siarczanowe (SO;") charakteryzuja si¢ podobnym potencjatem utle-
niajacym (E° = 2,70 V). Rodniki siarczanowe powstaja w wyniku
oddziatywania roznych zrodet energii (np. ciepto, promieniowanie
UV) na prekursor, taki jak nadsiarczan sodu (Na,S,0,), lub w wyni-
ku reakcji jonow metali przejsciowych (np. Fe*", Co*").




Czes¢ doswiadczalna
Materiaty

Przedmiotem badan byly probki oczyszczonych $ciekow komunal-
nych z dodatkiem wzorca CFVP o stezeniu 1 mg/L. Wzorzec CFVP
(PestanaL®) o czysto$ci > 95% zakupiono w firmie Sigma-Aldrich
(Poznan).

Oczyszczone $cieki, pobrane bezposrednio z koryta odptywowe-
go, pochodzily z komunalnej oczyszczalni $ciekéw zlokalizowanej
w jednym z miast aglomeracji $laskiej. Obecnie oczyszczalnia pracuje
w dwustopniowym systemie mechaniczno-biologicznym. W odptywie
Sciekow oczyszczonych z tej oczyszczalni nie zidentyfikowano chlor-
fenwinfosu.

Wykonane analizy wskazaly, ze oczyszczalnia spetnia wymagania
dotyczace jakosci $Sciekow odprowadzanych do srodowiska zgodnie
z obowigzujacym pozwoleniem wodnoprawnym. Ze wzgledu na niska
barwe, metno$¢ oraz niewielki udzial zawiesin, probki przed procesami
doczyszczania nie byly poddawane wstepnej filtracji.

Do rozktadu CFVP wykorzystywano rozne zrédta rodnikéw utle-
niajacych (katalizatory, prekursory), takie jak tlenek tytanu(IV), nad-
siarczan sodu oraz ozon. Wszystkie odczynniki chemiczne pochodzity
z firmy Sigma-Aldrich (Poznan).

Aparatura

Procesy AOPs prowadzono w szklanym reaktorze laboratoryjnym
o pojemnosci 0,5 L (rys. 1). Mieszaniny reakcyjne zawierajace CFVP
umieszczano na podstawie mieszadla magnetycznego, a nastepnie,
w zalezno$ci od uktadu utleniajacego, wprowadzano tlenek tyta-
nu(IV) lub nadsiarczan sodu (Na,S,O,). Procesy wspomagano poprzez
umieszczenie w reaktorze lampy ultrafioletowej o mocy 10 W (Grech
model CUV-510) lub lampy tungstenowej o mocy 10 W emitujacej
promieniowanie widzialne (model QTH10/M firmy Thorlabs Inc.,
New Jersey, Stany Zjednoczone) lub ozonatora o mocy 20 W (ZY-H103,
Eltom, Warszawa).

Fig. 1. Apparatus for CFVP degradation
Rys. 1. Aparatura do rozktadu CFVP

Metodyka badan

Proces fotokatalitycznego utleniania CFVP prowadzono w obecno-
$ci ditlenku tytanu (uktad TiO,+UV). Dawka TiO, wynosita 50 oraz
100 mg/L. Przed wiaczeniem zrédla promieniowania zapewniono
15-minutowy czas kontaktu katalizatora z mieszaning reakcyjng (sorp-
cja). Zaawansowane utlenianie pod wplywem rodnikéw hydroksylo-
wych prowadzono takze w obecnosci ozonu (uktad O,+UV). Dawka

ozonu wynosita 100 mg/L oraz 200 mg/L. Generowanie rodnikow
siarczanowych prowadzono w obecnosci nadsiarczanu sodu (uktad
PDS+Vis), glukozy oraz $wiatta widzialnego (innowacyjna metoda
aktywacji). Dawki nadsiarczanu sodu wynosity 10 i 20 mM, a dawka
glukozy 100 mM. Wszystkie procesy AOPs prowadzono przez 10
i 20 min.

Metody analityczne

Anality znajdujace si¢ w probkach ciektych przed i po procesach
AOPs poddano analizie chromatograficznej HPLC z detektorem UV,
zgodnie z norma”. Analiz¢ poprzedzono wydzieleniem zwigzku meto-
da ekstrakcyjna do fazy statej (SPE) z wczesniejszym odseparowaniem
ewentualnych pozostatosci katalizatorow lub wigkszych czastek na fil-
trze 0,45 pm. Ekstrakcje prowadzono w kolumienkach Chromabond®
C18 ec. Ekstrakt analizowano za pomoca chromatografu cieczowego
HPLC model 1200 firmy Perlan Technologies (Warszawa).

Oméwienie wynikéw

Na rys. 2 przedstawiono wyniki badan rozktadu CFVP w r6znych
konfiguracjach AOPs. Na podstawie uzyskanych wynikow stwierdzo-
no, ze czas prowadzenia procesu ma wptyw na obnizenie poczatkowego
stezenia CFVP. Wydhuzenie czasu reakcji z 10 do 20 min spowodowato
wzrost efektywnosci procesu $rednio o 5-35%, niezaleznie od zasto-
sowanej dawki utleniaczy. Bylo to zwigzane z procesem generowania
rodnikow utleniajacych wraz z biegiem reakcji utleniajacej®.
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Fig. 2. Degradation of CFVP in different advanced oxidation processes:
a) Ti0, = 50 mg/L, O, = 100 mg/L, PDS = 10 mM; b) TiO, = 100 mg/L,
O, = 200 mg/L, PDS = 20 mM
Rys. 2. Rozktad CFVP wréznych procesach zaawansowanego utleniania: a)
dawki: TiO, =50mg/L, O, = 100mg/L, PDS = 10mM;b) dawki: TiO, = 100 mg/L,
O, = 200 mg/L, PDS = 20 mM

Dziatanie promieniowania UV na fotokatalizator (uktad TiO,+UV)
powodowato jego aktywacje¢, a w efekcie wielu reakcji powstawaty
dziury elektronowe reagujace z czasteczkami wody, w wyniku czego
tworzyly si¢ rodniki hydroksylowe. Przy dawce TiO, 50 mg/L po
10 min reakcji stopien eliminacji CFVP wyniost 26%. Wydtuzenie
czasu reakcji do 20 min spowodowato wzrost efektywnosci do ok.
31%. Poniewaz zastosowana dawka fotokatalizatora byta mniejsza od
tych przedstawionych w danych literaturowych?, zastosowano dawke
dwa razy wigksza (100 mg/L). Przy tej dawce juz po 20 min reakcji
stopien rozktadu CFVP wyniost ok. 57%.

Jak pokazuja dane literaturowe!?, skuteczny rozktad zanieczysz-
czen mozna uzyskac, stosujac kombinacje dziatania ozonu i promie-
niowania ultrafioletowego (uktad O,+UV). Ozonowanie $ciekow przy
jednoczesnym naswietlaniu badanych mieszanin promieniowaniem
UV pozwolito na uzyskanie ok. 50-proc. i 70-proc. stopnia rozktadu
CFVP po 20 min reakcji, dla dawki odpowiednio 100 mg/L i 200 mg/L.
Rozktad CFVP wynika z wielu reakcji, przy czym najczesciej przy-
taczany jest model dwuetapowy'V. Polega on w pierwszej kolejnosci
na procesie fotoindukowanej homolizy czasteczek ozonu, a nastgpnie
na generowaniu rodnikow hydroksylowych w wyniku reakcji wody
z tlenem atomowym.




Rozktad CFVP prowadzono rowniez za pomocg rodnikow siarczano-
wych (SO;"). Ich prekursorem byt nadsiarczan sodu aktywowany $wia-
tlem widzialnym w obecnosci glukozy (uktad PDS+Vis). Szczegotowy
mechanizm aktywacji PDS oméwiono w pracy'?. Najwyzszy stopien
rozktadu CFVP uzyskano w ukladzie PDS+Vis (rys. 2). W wyniku
oczyszczania $ciekow komunalnych w uktadzie PDS+Vis stopien
rozktadu CFVP przy dawce 10 mM PDS po 20 min reakcji wynosit ok.
60%. Dwukrotne zwigkszenie dawki PDS pozwolito na wzrost stopnia
eliminacji CFVP do ok. 82% po 20 min utleniania, co bylo zwiazane ze
wzrostem gestosci generowanych rodnikow utleniajacych. Aktywacja
nadsiarczanu sodu wynikata z synergistycznego wspotdziatania §wiatla
widzialnego i glukozy. Naswietlanie roztworow $wiatlem widzialnym
powodowato rozpad glukozy (substancja optycznie aktywna), transfer
elektronu z cukru w kierunku PDS (aktywacja PDS) oraz utlenianie
glukozy do produktéw aktywujacych Na, S O,

Niepetny rozktad CFVP moégt wynika¢ m.in. z negatywnego wply-
wu substancji przeszkadzajacych w procesach AOPs, takich jak jony
CO,> lub HCO;,". Przyczyng obnizonej efektywnosci mogty byc¢ takze
czastki state zawieszone w oczyszczanych $ciekach.

Podsumowanie

Identyfikacja pestycydoéw fosforoorganicznych, takich jak CFVP,
w odptywach z réznych obiektow komunalnych na $wiecie pokazuje,
ze uzasadnione jest poszukiwanie nowych metod ich eliminacji.
Przedstawione wyniki badan wskazuja, ze procesy AOPs stanowig
interesujace rozwiazanie problemu odptywu zanieczyszczen antropo-
genicznych wraz z odplywem oczyszczonych $ciekow. Potencjalne
wdrozenie takich uktadéow oczyszczania, jak fotokataliza (TiO,+UV),
ozonowanie wspomagane promieniowaniem ultrafioletowym (O,+UV)
Iub utlenianie rodnikami siarczanowymi (PDS+Vis) wymaga jed-
nak uwzglednienia negatywnych zjawisk wynikajacych ze zmiennej

w czasie jakos$ci §ciekow. Zbadane w ramach pracy procesy, przy odpo-
wiednio dobranych parametrach dostosowanych do zmieniajacych si¢
warunkow pracy oczyszczalni, mogg by¢ z powodzeniem stosowane
jako IV lub V stopien doczyszczania $ciekow.

Publikacja wykonana w ramach pracy statutowej (nr 11158020-340)
obejmujgcej badania naukowe i/lub prace rozwojowe, finansowa-
nej przez Ministerstwo Nauki i Szkolnictwa Wyzszego, realizowanej
w Gtownym Instytucie Gornictwa w Katowicach.
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Abstract

This article investigates the advanced oxidation processes (TiO,/UV; O5/UV, and PDS/Vis) for final treatment of real munici-
pal treated wastewater containing chlorfenvinphos at a concentration of 1 mg/l. During the advanced oxidation processes, the
mineralization tests and kinetics described by pseudo-first-order model were performed. An approach using specific energy
consumption and electric energy per order indicators was used to estimate the minimum energy requirement to degrade the
chlorfenvinphos. MICROTOX® was used for the assessment of toxicity. Within 20 min, chlorfenvinphos concentration in the
three studied advanced oxidation processes was reduced by between 51 and 81%, but the most effective process was PDS/Vis.
The Total Organic Carbon mineralization index indicated that chlorfenvinphos is not fully degraded. The maximum Total
Organic Carbon removal percentage of 81% was obtained for the PDS/Vis process, as well as the reduction in toxicity was the
highest for this process. The solutions subjected to the TiO,/UV and PDS/Vis showed less toxicity than the chlorfenvinphos
contaminated wastewater. The conducted study showed that the visible-light-driven activation of sodium persulfate is the
most effective for: (1) lowering the final concentration of chlorfenvinphos, (2) the mineralization degree and (3) toxicity of
the solution. PDS/Vis was also the most effective process from the economic point of view. Experimental research showed
that the PDS/Vis process can be a valuable alternative to TiO,/UV and O5/UV processes.

Keywords Chlorfenvinphos - Municipal wastewater - Advanced oxidation process - Energy consumption - Microtox -
Kinetics

concentrations between 1 ng/l and 48 pg/l, although the con-
taminated sites may have even higher concentrations (Pan
et al. 2017; Shaws et al. 2012).

CFVP was identified also in the effluents from waste-
water treatment plants in Spain at the level of about
50—140 ng/1 (Campo et al. 2013). As can be seen, the con-
ventional wastewater treatment process does not always
reduce the concentration of micropollutants, i.e., the CFVP.
Toxicity of CFVP also limits the use of biological methods
due to the sensitivity of microorganisms. Thus, it is neces-
sary to search for new methods that are more effective and
economically available than conventional wastewater treat-
ment processes.

Advanced oxidation processes (AOPs) are an inter-
esting alternative to conventional wastewater treatment
processes (Krishnan et al. 2017). The difference between

Introduction

Among the compounds or a group of compounds classified
as priority substances (Directive 2013/39/EU, 2013), chlo-
rfenvinphos (CFVP), a pesticide belonging to the family of
organophosphorus insecticides can be found. CFVP inhib-
its the activity of acetylcholinesterase, one of the essential
enzymes for the peripheral and central nervous systems. It
disturbs the hormonal balance and can be bioconcentrated
(Sigurnjak et al. 2020).

CFVP was identified mainly in the surface and ground
waters, raw and treated wastewater. CFVP was identified at
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dioxide (E,=1.71 V) > permanganate (E,=1.51 V) > chlo-
rine (E;=1.36 V)>oxygen (E;=1.23 V) (Cuerda-Correa
et al. 2020). The common feature of the AOPs is the use
of the hydroxyl radicals (¢ OH). The reactions carried out
in the presence of hydroxyl radicals are non-selective. The
oxidation potential is about Ey=2.80 V. Currently, there are
number of AOPs in which hydroxyl radicals are generated,
such as, e.g., O5/UV, TiO,/UV (photocatalysis), ultrasonica-
tion or H,0,/Fe’* (Fenton’s reagent). Literature data indi-
cate that AOPs find application to remove pharmaceutical
substances (Verma and Haritash 2020), dyes (Ding et al.
2020) and pesticides (Jiang et al. 2020).

Photocatalysis is a chemical reaction that involves the
absorption of light and catalyst. Ultraviolet light is widely
used for activation of photocatalyst. Due to low cost and
non-toxic properties, TiO, is one of the most attractive
semiconductor. Irradiated surface of the catalyst generates
electrons produced at the conduction band, whereas positive
holes are formed in the valance band. The holes may react
either with electron donors or with hydroxide ion to pro-
duce hydroxyl radicals, which oxidize organic compounds
(Vaya and Surolia 2020). “Green catalysts” are also of great
interest, because after modification (e.g., with carbon, nitro-
gen) they can absorb visible light (Cao and Yi 2020). It was
shown that TiO, can degrade monocrotophos (organophos-
phate insecticide) at 94% after 120 min (Agarwal and Das
2014). However, the technological disadvantage of using
TiO, may be the residues of nanoparticles after the treatment
or energy-consuming UV lamps (e.g., 500 W as presented
by Chen et al. 2007).

The combined O,/UV process enhances the generation
of hydroxyl radicals and accelerates the reaction compared
to classical ozonation. During the O5;/UV process, a com-
bination of reaction mechanisms, such as direct ozonation,
direct photolysis, and indirect radical oxidation may be
noticed. It was observed that around 95% of imidacloprid
(insecticide belonging to the neonicotinoids) was degraded
in the O5/UV process (Baghirzade et al. 2021). Therefore,
the main application of O5/UV treatment is limited due
to investment and operating cost (ozone generator, UV
lamps, energy consumption) (Brienza and Katasoyiannis
2017).

Oxidation with sulfate radicals (e.g., sodium persulfate) is
also of great interest (Wang et al. 2019a, b; Zawadzki, 2019).
Sulfate radicals (SO}) have a higher oxidizing potential
(E°=2.5-3.1 V) than hydroxyl radicals. The sulfate radi-
cal is formed as a result of the interaction of various energy
sources (e.g., heat, UV radiation) with the radical precursor,

* @ Springer

e.g., sodium persulfate (Na,S,0y) or as a result of the reac-
tion of transition of metal ions (e.g., Fe**, Co®*).

AOPs represent a promising method for eliminating a
wide range of pollutants identified in wastewater. However,
due to the investment and operating costs and the risk of
generating oxidation by-products, it is recommended to use
advanced oxidation as the last stage of wastewater treat-
ment. Municipal facilities around the world (e.g., Waste-
water Treatment Plant in Waldwick, New Jersey, USA
(NBCUA, 2021); Lyuberetskiye Wastewater Treatment
Plant, Moscow, Russia (WATER WORLD, 2021); Neu-
gut Wastewater Treatment Plant, Diibendorf, Switzerland
(McArdell CS, 2015)) are examples of employing such
wastewater treatment processes as AOPs. The examples
show the enormous application potential of additional
processes of wastewater treatment. However, not many
WWTPs are using TiO,/UV, O5/UV. Persulfates are not
used in full-scale. High energy consumption (the use of
UV-light) may be one of the reasons. This article shows
that the PDS/Vis process (persulfates activated by visible
light), compared to the UV-assisted TiO, or O; processes,
can be carried out under the influence of visible light. The
use of renewable source of energy is a significant advantage
compared to other AOPs.

Therefore, this study aimed to investigate the possibil-
ity of removing chlorfenvinphos from treated municipal
wastewater with selected advanced oxidation processes.
The following processes have been investigated: TiO,/UV,
0,/UV and PDS/Vis. The above selection is motivated by
a comparison of two quite well-researched technologies
(TiO,/UV and O5/UV), and one that is of great interest
in the recent years (PDS/Vis). Due to the documented
risk of forming oxidation by-products, the mineralization
degree (removal of Total Organic Carbon) and toxicity of
resulting solutions were analyzed with the MICROTOX®
biotest.

The PDS/Vis method is based on the activation of PDS
(sodium persulfate) with use of non-toxic, pro-environ-
mental reagents (in this study: glucose) and low-cost solar
energy (Vis-visible light). The benefit of PDS/Vis process
is the possibility of using naturally available source of
energy (visible light) to activate the persulfates. How-
ever, exposing PDS to visible light only may not bring the
expected results due to poor quantum efficiency of sulfate
radicals at wavelength 1>400.0 nm. As Herrmann (Her-
rmann, 2007) reported, that quantum efficiency of sulfate
radicals decreases with the increase in wavelength in the
range from 248.0 to 351.0 nm. Sugars (e.g., glucose) can
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be utilized to activate PDS under the influence of vis-
ible light. The price of glucose may be even twice lower
than FeSO,-7H,0, a compound commonly used to activate
persulfates. Furthermore, the price of PDS is drastically
lower than TiO, (0.74 USD/kg for PDS vs. 16.0 USD/kg
for TiO,) (Krawczyk et al. 2020; Ragadhita et al. 2019).
Recent data concerning the use of visible-light-driven per-
sulfates showed that the efficiency of pollutants removal
is similar or even higher than other AOPs methods, for
example, activation of Au—ZnO catalyst with visible light
(Zhang et al. 2018). The PDS/Vis process can be carried
out in a wide range of pH, so this method is also promis-
ing for treatment of contaminated solutions characterized
by varied pH.

The treated wastewater effluent was taken in 2021 from
a municipal wastewater treatment plant (WWTP) located
in one of the cities of the Silesian agglomeration (Silesia,
Poland). The study was performed in certified laboratories
of the Central Mining Institute in 2021.

Materials and methods
Materials

The study on real treated municipal wastewater can be
considered a significant feature of this experiment. Arti-
ficially contaminated with 1 mg/l of CFVP samples of
treated municipal wastewater were tested. The use of real
treated wastewater in the experiment helped to bring the
expected results closer to real practical situations. Investi-
gation of the effects of interfering ions (e.g., NO,™, NO;™,
HCO;™, CI™ or COSZ_) was beyond the scope of this study.
Noteworthily, as shown by Ahmed et al. (2021), ions
can inhibit degradation process as a result of scavenging
free radicals. Farner Budarz et al. (2017) determined the

following impact of inorganic anions on the reactivity of
TiO, nanoparticles: carbonate>chloride>phosphate>nitr
ate>sulfate. The photoreactivity of TiO, is decreased as a
result of specific reactions on the catalyst surface (e.g., ion
adsorption competes with other compounds for TiO, active
sites). Interfering compounds can affect the absorption of
UV radiation, thus reducing the efficiency of the system.
Ions can react with « OH or SO;” to form the less reactive
radicals. For example, carbonate and bicarbonate ions may
react with ¢ OH or SO} to form COS_' (Ey=1.63 V,pH 8.4)
(Liu et al. 2016).

AOPs experiments were used to verify whether TiO,/UYV,
0;/UV, and in particular PDS/Vis, could be used as waste-
water treatment method contaminated with chlorfenvinphos.
From an economic point of view, it was assumed that under
real operating conditions, the wastewater samples will not
be heated or cooled, and therefore the study of temperature
influence was beyond the scope of the research. However,
raising the reaction temperature should increase the reaction
rate, and therefore, increase the removal efficiency (Xia et al.
2020; Buthiyappan et al. 2015).

The high concentration of the pesticide (greater than
typical environmental concentrations) was used to obtain
accurate and precise data of the analytical measurements.
Chlorfenvinphos standard of >95% purity was purchased
from Sigma-Aldrich (Poznan, Poland). The pesticide char-
acteristics are presented in Table 1.

Commercial titanium dioxide (TiO, P—25; anatase/
rutile =80/20) with the purity of 99.5% was used in the tests.
The specific surface area of TiO, ranged from 35 to 65 m*/g.
The purity of the sodium persulfate (Na,S,0g) was >99%.
All the used chemical reagents were produced by Sigma-
Aldrich (Poznan, Poland).

Table 1 Physico-chemical characteristics of chlorfenvinphos (PUBCHEM, 2021)

Chemical Structure

Physico-chemical properties

Cl Molecular Formula C,H,,C,0,P
l (H) e Molecular Weight [g/mol] 359.57
O-P-0" "CHs CAS Number 470-90-6
cl a O~ CHs Water solubility at 20 °C [mg/I] 124.0
Density [g/1] 1.36
Vapor pressure (at 25 °C) [mmHg] 7.5%107
logKow [-] 3.81

]
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Table 2 Characteristic parameters of the tested wastewater

Parameter Unit Treated
municipal
wastewater

pH - 7.08

Temperature °C 19.30

Conductivity us/cm 701.30

Turbidity NTU 10.0

Absorbance (A=254 nm) nm 0.187

COD mg O,/1 38.0

TOC mg C/1 13.0

Chlorfenvinphos concentration mg/1 <LOD*

*<0.05 ng/l

Wastewater samples

The treated wastewater effluent was taken from a munici-
pal wastewater treatment plant (WWTP) located in one of
the cities of the Silesian agglomeration (Silesia, Poland). In
recent years, it has been improved to adjust the quality of
wastewater effluent to the strict legal standards. Currently,
the WWTP works in a mechanical and biological system.
The mechanical part consists of grates, sand traps and pre-
liminary settling tanks; the biological part consists of bio-
logical reactors.

Characteristic parameters of the treated municipal waste-
water are presented in Table 2. No chlorfenvinphos was
identified in the wastewater outflow. The WWTP meets the
requirements according to the water permit. Due to the low
color and turbidity, the sample was not pre-filtered before
the AOPs. To inhibit any biological activity in the sample
and eliminate adsorption of compounds on the glass ves-
sel walls, the samples were stored at 4 °C until analyses
(maximum for 48 h) in compliance with ISO 5667-3:2018
(ISO 5667-3:2018, 2018). Analyses were based on compos-
ite samples (three samples mixed together, from which the
average value has been obtained) in compliance with ISO
5667-10:2020 (ISO 5667-10, 2020).

Instruments and analytical methods

In compliance with ISO 11369:1997 (ISO 11369:1997,
1997), the samples were determined by high-performance
liquid chromatography coupled with a UV detector (HPLC—
UV). Briefly, CFVP extraction before chromatographic
analysis was performed by solid-phase extraction (SPE) on

* @ Springer

CHROMABOND® C18 ec columns. HPLC analysis was
performed using a HPLC model 1200 (Perlan Technologies,
Warsaw, Poland).

Total organic carbon was determined by high-temperature
combustion method with IR detection in compliance with
PN—EN 1484:1999 (PN-EN 1484:1999, 1999).

Advanced oxidation experiments

Degradation of chlorfenvinphos in three advanced oxida-
tion processes was investigated: ozonation catalyzed with
UV radiation (O;/UV), photocatalysis in the presence of
titanium(I'V) oxide and UV radiation (TiO,/UV) and visible-
light-driven activation of sodium persulfate (PDS/Vis).

Reaction mixtures with the addition of a catalyst-
titanium(IV) oxide, were placed on a magnetic stirrer and
then irradiated with a 10 W ultraviolet lamp (SunSun, model
CUV—510). The lamp emitted primarily 254 nm ultraviolet
radiation (UV). Before switching on the radiation source,
the contact time between the photocatalyst (TiO,) and the
wastewater mixtures was 15 min. This step was carried out
in a dark chamber. The dose of TiO, was set to 100 mg/1.

The ozone generator model 20 W ZY-H103 (Eltom, War-
saw, Poland) at flow 5.0 dm>® min~! was used as the ozone
source. Ozonation was catalyzed by irradiating the reaction
solutions with a UV lamp (described earlier). The ozone
dose was set to 100 mg/l. The process was carried out in a
dark chamber.

Sodium persulfate (PDS) was used as the sulfate
radical precursor. The dose of PDS was 20.0 mM. Vis-
ible radiation (Vis) of >400.0 nm wavelength and glucose
(dose =100 mM) were used to activate PDS. Activation with
sodium persulfate with visible radiation is possible, which
is confirmed by literature data (Watts et al. 2018). A 10 W
tungsten lamp model QTH10/M (Thorlabs Inc., New Jersey,
United States), was used as the source of visible radiation.
The lamp emitted A =400-2200 nm wavelength radiation.
The FGS900M filter was used to cut off radiation spectrum
bands above 710 nm. The process was carried out in the dark
to eliminate additional light sources. All oxidation processes
were carried out at 20 min. All the experiments were carried
out independently in triplicate and the averaged values with
statistical deviation were used for the data analysis. Statisti-
cal analysis in this study was conducted using Microsoft
Excel program.
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Kinetics studies

The oxidation of chlorfenvinphos follows the pseudo-first-
order kinetic model (Zawadzki, 2020). The pseudo-first-
order model can be expressed by Eq. (1).

—@ = k,,[CFVP] )

where [CFVP] is the concentration of chlorfenvinphos at

reaction time f; [k,] is the pseudo-first-order rate constant.

Toxicity measurements

The toxic potential of the CFVP in wastewater samples
before and after the AOPs was assessed with the commer-
cial MICROTOX® biotest. The MICROTOX® biotest uses
the Aliivibrio fischeri which has bioluminescent properties.
The analysis was performed with the Microtox Model 500
analyzer (Tigret Sp. z 0.0., Warsaw, Poland).

Bioluminescence inhibition (%) was measured after
5 min of exposure and compared with the control sample
(2% NaCl). The toxicity of aqueous solutions was deter-
mined based on the toxicity classification system accord-
ing to guidelines given by Santana et al. (2009).

Energy consumption

Electricity consumption is one of the essential criteria
in the wastewater treatment process. In each AOPs stud-
ied, electricity consumption was estimated based on two
indicators: specific energy consumption indicator E, and
electric energy per order indicator Egg.

Specific energy consumption rate E is expressed as
kWh/kg of removed TOC, based on the time required to
remove 50% of the TOC. The assumed TOC value resulted
from the maximum TOC removal in TiO,/UV process. The
specific energy consumption E, was calculated with the
following equation (Eq. 2) (Badawy et al. 2006):

b P
s = [ATOC] -V @

where E, (kWh/kg)-specific energy consumption rate, P
(kW)-electrical power consumed by the UV or Vis lamp;
equal to 0.01 kW, ¢ (h)-the time at which 50% TOC is
removed; equals 0.28; 0.30 and 0.17 h for the TiO,/UV; O,/
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Fig. 1 Comparison of different AOPs (TiO,/UV, O;/UV, and PDS/
Vis) during CFVP treatment

UV and PDS/Vis, respectively, [ATOC] (kg)-the change in
TOC concentration; equal to 60.5 X 107 kg which represents
50% TOC removal of CFVP, V (L)-the irradiated reaction
volume; equal to 0.4 L.

The Egg electric energy per order indicator is expressed
as kWh/m® of treated wastewater. The electric energy per
order Ey was calculated with the following equation (Eq. 3)
(Poulopoulos et al. 2019):

_ P-1-1000
log|Co/,| - v+ 60 )

EEO

where Eg, (kWh/m?)-electric energy per order, P (kW)-
electrical power consumed by the UV or Vis lamp; equal to
0.01 kW, ¢ (h)-irradiation time; equal to 20 min, C,, (mg/L)-
the initial concentration of CFVP; equal to 1.0 mg/L, C;
(mg/L)-the final concentration of CFVP; equal to 0.43;
0.49 and 0.19 mg/L for the TiO,/UV; O3/UV and PDS/Vis,
respectively, V (L)-the irradiated reaction volume; equal to
04L.

Results and Discussion
Advanced oxidation of chlorfenvinphos

The wastewater samples were submitted to advanced oxida-
tion treatment by three types of AOPs: TiO,/UV, O,/UV and
PDS/Vis. Figure 1 shows the efficiency of studied AOPs versus
time. The use of studied AOPs results in 51—81% reduction of
initial CFVP concentration within 20 min of the reaction time

* @ Springer
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(Fig. 1). The process time has a decisive impact on the effect
of chlorfenvinphos removal. When the reaction time extended
to 20 min, the efficiency of the CFVP removal increased from
13 to 26%, which results from the generation of free radicals
(hydroxyl or sulfate), as confirmed by (Wang and Wang 2020).

In the TiO,/UV system, hydroxyl radicals are generated
as a result of the following reactions (Eqgs.4, 5, 6 and 7)
(Sujatha et al. 2020):

TiO, »™ e™ +p* )
p* + organics — CO, )
p* +H,0 — «OH +H* (6)
«OH + organics — intermediates* — CO, + H,O (7)

*identification of CFVP intermediates was beyond the
scope of this study

Ultraviolet (UV) radiation is used to activate the TiO,
photocatalyst (Etacheri et al. 2015). Activation of TiO,
causes the transfer of electrons from the valence band to the
conduction band. The electron-hole pair is generated which
corresponds to the formation of the redox potential on the
surface of the photocatalyst molecule. The reaction of elec-
tron holes with water molecules results in the formation of
hydroxyl radicals.

Hydroxyl radicals are also generated during the ozona-
tion process. However, the effectiveness of ozonation is
determined by the parameters of the reactions, e.g., pH.
Ozonation in an acidic environment (pH < 4) causes direct
oxidation of pollutants with ozone. If the pH is close to
neutral, the direct route is also observed. Ozone directly
attacks double bonds —C =C- or -N =N- (Beltran and Rey
2018). As the research (Jabbari et al. 2020; Sgroi et al. 2021)
shows, the use of the O;/UV combination generates more
hydroxyl radicals. Additionally, the generation of hydroxyl
radicals in the combined process is effective over a wide pH
range (Conti-Lampert et al. 2020), with the optimal value
at pH=6.7, as reported by Buffle et al. (2007). An increase
in pH to 7.9 did not significantly affect the production of e
OH radicals.

As shown in Fig. 1, the O,/UV process reduced the initial
concentration of CFVP by 51% after 20 min of reaction.
Oxidation of pollutants in the O;/UV system may result
from several reactions, with the two-stage model being

]
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Fig.2 Degradation kinetics of CFVP in different AOPs

the most frequently quoted (Cuerda-Correa et al. 2020). It
involves the photo-induced homolysis of ozone molecules
and then the generation of hydroxyl radicals as water reacts
with atomic oxygen. Of course, there are also possible direct
photolysis reactions with UV radiation, reactions of ozone
with HO™ or HOO™ ions, and hydrogen peroxide photolysis.

Conventional activation methods of (Lee et al. 2020; Gao
et al. 2019) inorganic peracid salts (e.g., sodium persulfate-
PDS) focus on the use of heat, transition metal ions with a
low oxidation state (e.g., Fe’™, Ni2*, Co?*), UV radiation
or ionizing radiation, and high pH (Eq. 8). Sulfate radicals
react with organic molecules by detaching a hydrogen atom,
forming a double bond and transferring electrons.

S,0; + activator — SO + (SO} or SO;7) (8)

As presented in (Zawadzki 2019), the oxidation of pol-
lutants is possible both in the presence of visible radiation
and without it. Without a catalyst, the efficiency is much
lower. Figure 1 shows that in the visible-light-driven activa-
tion of sodium persulfate (PDS/Vis) results in 81% degra-
dation degree of after 20 min of the reaction. More inten-
sive decomposition of CFVP in the PDS/Vis system results
from the synergistic interaction of visible light and glucose
(Eq. 9). Glucose is an optically active substance. Under vis-
ible light, the breakdown of glucose, then the transfer of an
electron from this sugar towards PDS and the oxidation of
glucose to PDS activating products is observed (PDS activa-
tion) (Watts et al. 2018; Cai et al. 2019; Ahmad et al. 2013).

S,0;™ + CFVP + glucose —* ¢™ + S,05™

. 9
+ CFVP —-"* SO;” + SO;~ + intermediates ®
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The kinetic characteristics of the studied AOPs showed
a very good fit of experimental data (R>=95—99%). As
can be seen in Fig. 2, the slope is maximized for PDS/Vis.
Therefore, the acceleration of reaction corresponds to a high
efficiency of CFVP removal. According to guidelines given
by Wright (2004), based on the mathematically calculated
half-life reactions were classified as slow rate for O;/UV
(10-10° s) and moderate rate for TiO,/UV and PDS/UV
(1-10° s).

The negative influence of interfering substances
(e.g.,CO%', HCO;, etc.) can explain low chlorfenvinphos
removal in the TiO,/UV process (compared to the PDS/Vis
system). Therefore, during the potential implementation of
the TiO,/UV system, pre-treatment processes such as coagu-
lation, filtration, sedimentation should be taken into account
to eliminate compounds that inhibit free radical reactions.
Also, the recombination of the electron-hole pairs produced
during the TiO, irradiation has impact on the photocatalytic
process. Recombination of electron-hole pairs is a drawback
of photocatalytic process, as both electrons and holes initiate
reactions characteristic for photocatalysis. The phenomenon
causes a decrease in photocatalytic activity due to a decrease
in the concentration of charge carriers in the semiconductor
material (Yadav et al. 2017; Sharma et al. 2021).

The low degree of CFVP removal could be caused by
several limitations characteristic of the applied oxidant (O5).
The lowest efficiency of CFVP removal was observed during
the O,/UV (51% after 20 min of reaction). Low solubility
of O; in water was indicated as a disadvantage of oxidation
(Huling and Pivetz 2007). In another related works (Sum-
merfelt 2003; Yao et al. 2018) authors postulated that the
ozone mass transfer is the stage limiting the process effec-
tiveness. The O;/UV mechanism shows that the hydroxyl
radicals generated during irradiation (Eq. 10) recombine

100%

; +2.21%
80% -
+9.55%
60% 4  16.05%

40% -

TOC removal, %

20% -

0%

TiO,/UV O5/UV PDS/Nis

Fig.3 TOC removal by AOPs after 20 min

to H,0, (Eq. 11). Then, H,0, undergoes the reactions pre-
sented in Eqs. (12)—(17) (Litter and Quici 2010), which may
interfere the final effect of pollutant removal.

0, »"V2.0H (10)
0, + H,0 - 2+ OH + 0, - H,0, + 0, (11)
H,0, — HO; + H' (12)
HO; + 0; — HO, + O] (13)
HO,, —» O, + H* (14)
0; - +0; > 0, + 05 (15)
O; - +H* — HO;, (16)
HO,, - HO - +0, (17)

Moreover, in contrary to many literature data on O;/UV
efficiency (Rekhate and Srivastava 2020; Srithep and Phat-
tarapattamawong 2017; Wang et al. 2019a, b; Giri et al.
2010), authors noticed that the removal degree in the O5/
UV system was drastically reduced compared to ozonation
alone, due to the negative influence of UV.

The above data show there is still a need for a detailed
investigation of AOPs for micropollutants elimination, in
particular concerning their potential use as the last stage of
municipal wastewater treatment.
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Fig.4 Specific energy required for the degradation of chlorfenvin-
phos
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TOC removal in AOPs

The TOC analysis aimed to facilitate the decision of poten-
tial further optimization of the processes and selecting the
most favorable and safest wastewater treatment process.
Therefore, the TOC was determined in samples of solutions
before and after AOPs.

Figure 3 shows the degree of TOC reduction after a
20 min of the process. PDS/Vis has a higher degree of TOC
removal than TiO,/UV and O,/UV. Within 20 min, 81% of
TOC was removed with PDS/Vis, and 52% and 62% of TOC
for TiO,/UV and O,;/UV, respectively.

It can be assumed that the higher degree of TOC removal
in O5/UV than in TiO,/UV resulted from the hydroxyl radi-
cals generated during the process. In the TiO,/UV process,
only one molecule of ¢ OH radical is produced (Eqs. 18, 19
and 20), while during O5/UV, two molecules are produced
(Eq. 11).

TiO, + hv — e +h}, (18)
0, + e, > Oy (19)
h!, +H,0 — «OH + H:q (20)

The principle of the PDS/Vis process is the generation
of sulfate radicals. The potential of sulfate radicals SO is
higher (E,=2.5-3.1 V vs. NHE) than of hydroxyl « OH
radicals (E,=1.8-2.7 V vs NHE), hence, a higher degree
of mineralization. Wordofa (2014) showed that the radi-
cal SO} is more effective in degrading some refractory
organic contaminants for its selective oxidation capacity.
Higher CFVP mineralization in the PDS/Vis system could
also result from a higher oxidation rate with sulfate radicals

* @ Springer

(106-109 M/s) and longer lifetime (#,,, =30—40 us com-
pared to @ OH radicals, ¢,,, = 107> us) (Zawadzki 2021; Xia
et al. 2020).

Figure 4 shows the mathematically calculated value
of the electricity needed to remove 1 kg of TOC (E,) and
treat 1 m> of solution (Ego). It can be seen, the PDS/Vis
process is more economical than TiO,/UV and O;/UV.
However, it should be noted that the calculated values
refer only to the conversion of UV radiation. For detailed
calculations, other parameters such as electricity con-
sumption of ozone generator, mixing and other factors
should be considered.

Evaluation of toxicity

The relationship between the change in bioluminescence
inhibition and examined AOP is presented in Fig. 5. It can
be observed that TiO,/UV and PDS/Vis processes enable
a reduction in the toxicity of the artificially contaminated
sample. On the other hand, probably due to the toxicity of
the ozone, in the O;/UV system the toxicity of the sample
was about 20% higher than the sample of artificial contami-
nated wastewater not subjected to treatment process. This
process is classified as very toxic. Ozone (O;) is an active
form of oxygen (O,) and a powerful oxidizing agent. Ozone
is one of the most powerful oxidants and is used for water
disinfection. Hence, probably, the negative biological effect
of the sample treated in the process. Regardless of the treat-
ment system, none of the tested AOPs enabled to reduce
the toxicity to a value below 25% (non-toxic sample). The
higher toxicity probably results from incomplete removal of
CFVP and from advanced oxidation by-products generated
during AOP processes.

Despite the high efficiency of AOPs for the degradation
of many pollutants, attention should be paid to the oxidation
by-products. Oxidation by-products are compounds that are
often more toxic than the original compound and more haz-
ardous than raw wastewater. An effective method to elimi-
nate contaminants should take such aspects as the dose of
the oxidant and its type or the oxidation time into account.
Even under optimal conditions, the toxicity measurements
of resulting solutions should be tested.

However, in technical conditions, it is sometimes impos-
sible (e.g., due to the costs) to control the process to avoid
forming oxidation by-products (Alderete et al. 2021; Ike
et al. 2019). Therefore, not only the efficiency of pollutant
degradation, but also the risk of generating toxic by-products
determines the effectiveness of AOPs.
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As reported by Farré et al. (2005), for chlorfenvinphos
detoxification is attained when the TOC remaining in solu-
tion becomes lower than 10 mg/l. Otherwise, an increased
toxicity may result from generated by-products. Depending
on the process (e.g., Photo-Fenton, photoelectrocatalysis
using WOj;, radiolytic decomposition), the oxidation by-
products are different. It is reported in the literature that
CFVP degradation by-products are, for example: 2-hydroxy-
1-(2,4-dichlorophenyl) vinyl diethyl phosphate; 2,4-dichlo-
robenzoic acid; dicarboxylic acid; 2,4-dichlorophenol; tri-
ethyl phosphate; 4-hydroxybenzoic acid (Klamerth et al.
2009; Rosell6-Marquez et al. 2021; Bojanowska et al.
2010). As can be seen, the by-products are aromatic acids
or esters as well as toxic 2,4-dichlorobenzoic acid or triethyl
phosphate.

Although PDS/Vis did not reduce the toxicity compared
to the treated wastewater (uncontaminated), the advan-
tages of using the PDS/Vis process cannot be neglected.
The toxicity was lower than O,/UV process, and nearly two
times lower than that artificially contaminated wastewater.
Therefore, it can be assumed that the environmental dam-
age caused by the discharge of wastewater contaminated
with CFVP without additional treatment or subjected to the
0;/UV process would be more serious than the potential
environmental damage caused by the discharge of waste-
water treated in the PDS/Vis process. On the other hand,
an additional benefit of using PDS/Vis instead of TiO,/UV
is the possibility of using solar radiation (visible light) as a
renewable energy source and lower operating costs (lower
PDS price comparing to TiO,).

Conclusion

The advanced oxidation processes were used to provide
additional treatment of real municipal wastewater contain-
ing chlorfenvinphos (CFVP). The photocatalysis (TiO,/UV),
UV-catalyzed ozonation (O,/UV), and visible-light-driven
activation of sodium persulfate (PDS/Vis) were investigated.
The main results are:

¢ In the following conditions: C, [CFVP]=1.0 mg/l;
t=20 min; pH=7.0; T=295.0 K; P=1013.0 hPa;
[TiO,],=0.1 g/l; [O3lf0w =5.0 dm?/min;
[PDS];,=20.0 mM, [glucose],=100.0 mM, the removal

efficiency of CFVP was set to 57, 51 and 81% for TiO,/
UV, O;/UV and PDS/Vis, respectively;

e CFVP was not fully mineralized due to the generation
of advanced oxidation by-products. The degree of min-
eralization ranged from 52 to 81%. The highest degree
of mineralization was observed during the PDS/Vis pro-
cess. It can be assumed that the high mineralization effect
in the PDS/Vis system resulted from the high oxidizing
potential of sulfate radicals (E,=2.5-3.1 V) and their
longer lifetime (#,,, =30—40 ps) than the hydroxyl radi-
cals (t;,,= 107 ps);

e Energy consumption was the lowest in the PDS/Vis
process. Specific energy consumption E, was set to
70.25 kWh per kg of TOC removed; in turn, the electric
energy per order Eq, was set to 11.55 kWh/m?;

e Before and after the treatment processes, the samples
showed different toxicity resulting from the by-products
of advanced oxidation or the toxicity of the applied oxi-
dants (mainly O;). The O5/UV process showed a very
toxic effect, while the TiO,/UV and PDS/Vis processes
were characterized by lower toxicity than the artificially
contaminated sample.
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Introduction

The analysis of literature data shows that, for years, ad-
vanced oxidation processes (AOPs) have been an inter-
esting alternative to conventional treatment processes.

Check for
Updates

The common feature of AOPs is the chemical reaction
between the generated hydroxyl ("OH) or sulfate radi-
cals (SO;7) and organic contaminants present in the
treated medium (e.g. water, wastewater, sludge, and
contaminated soils). These radicals are highly reactive
and capable to mineralize the hazardous substances into
nontoxic, environmentally inert simple chemical com-
pounds [1].

Among the AOPs, oxidation by persulfate (PS) using
SO}~ radicals is a method of significant interest [31-33].
A radical precursor (e.g. sodium persulfate (Na,S,0g))
requires activation to generate SOy.- radicals. PS has the
chemical structure [03S-0O-0-SO5]*. The essence of the
mechanism of PS activation is to excite PS, break the
—0O-0O- bond and generate SOy.- radicals [2]. The re-
moval of organic pollutants without PS activation is
possible, however, the oxidative potential of the gener-
ated PS anion is about 1/3 lower than the SQO,.- radical
[3]. Activation of the PS results in the generation of the
SOy-- radical and accelerates the contaminant degrada-
tion reactions. Sonolytic (ultrasonic (US)), photolytic
(ultraviolet radiation (UV)), and thermal (high tempera-
ture), as well as activation with low-oxidation transition
metal ions are used for PS activation [34,35]. Activation
by UV, US, or heat results in the formation of two SOy.-
radicals (Eq. (1)) [36]. The PS and the transition metal
electron donor reaction form a single SOy.- radical (Eq.

(2)) [371.
S,0%™ + energy input — 2SO~ 1)

S,03" +e- - SO2™ + SO~ (2)

One of the niches in AOPs in the presence of PS is its
activation with organic compounds. Organic compounds
allow to increase the degree of pollutants removal, sim-
plify the ways of conventional PS activation methods,
and carry out treatment of water and/or wastewater of
fluctuating quality [4].

The results from the Web of Science database show that
the number of publications on the application of organic
compounds for PS activation has increased in recent years
(Figure 1a); however, the number of publications is much
lower than when searching for the phrase "Photocatalysts
activated by visible light (Vis)" (Figure 1c). The total
number of results (2010-2022) for the search phrase "PS
activation by organic compounds" is 44 203 (including the
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Trend of the number of publications per year search by words in (a) Web of Science (inset figure); (b) SCHOLAR database: “PS activation by organic
compounds” and (c) Web of Science: “PS activation by organic compounds” and “Photocatalysts activated by Vis” from the years 2010 to 2022.

number of citations) (Figure 1b) compared to 138 140 re-
sults for the words “Photocatalysts activated by Vis.”

Organic compounds that are used to activate PS must be as
effective as conventional activation methods. This method
can be considerably cheaper than those commonly used,
providing that the process parameters are appropriately
selected. The advantage of organic compounds is, for ex-
ample, the lack of sediment generation (compared to, for
example, Fe®* transition metal ions), lower electricity
consumption (compared to, for example, thermal activation
methods), or the use of low energy-consuming lamps
(compared to, for example, UV radiation). The review of

scientific data showed that organic acids (e.g. ascorbic acid
(AA)), ketoacids, alcohols, sugars (e.g. glucose and sucrose),
humic acids, and aldehydes, are organic compounds that
can be used to activate PS [5¢,17,24,25].

The high pressure of pollutants on the environment,
combined with the scarcity of water resources in the
world, justifies the need to optimize the already applied
methods, and search for new advanced and effective
technologies to remove pollutants present in water and
wastewater. Based on the latest literature review, the
purpose of this paper is to present a review of the current
knowledge on the use of organic compounds for PS

Current Opinion in Chemical Engineering 37 (2022) 100837
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Table 1

Organic promoters for persulfate activation Zawadzki

3

OPs utilized for PS activation and its mechanics.

Organic compound

A brief description of the activation mechanism

References

Glucose (G)
Sucrose (S)

RhB, EY, MB

BQ

Ferrocene-based metal-organic framework
microspheres (Co-Fe-MOFs)

Ferrous MOFs with strong electron-donating
properties

Surfactants

Degradation mechanism caused by SO,.- and “OH radicals. Glucose and sucrose
are optically active substances, that is, they tend to rotate the light plane and are
active in Vis. The activation mechanism of PS may be due to the generation of
Krebs cycle compounds during sucrose hydrolysis. When glucose is used, PS
activation may result from the probable electron transfer from sugar towards PS.
Higher degradation efficiency is observed while sucrose is used because sucrose
is hydrolyzed into glucose.

Degradation mechanism caused by SO,-- and *OH radicals. AA is a reducing
agent, releases two protons, and can promote PS activation (electron transfer from
AA to PS). AA undergoes two-step oxidation by PS to generate SO~ radicals.
Depending on the pH, the following dominate: SO,.- radicals at low pH, at higher
pH, the generated SO} radicals are converted into *OH radicals.

The main mechanism is the radical reaction caused by the reduction of PS by
photogenerated electrons of the dye; the second mechanism is a nonradical
reaction involving the transfer of electrons via the dye from the pollutant to the
oxidized dye.

Degradation mechanism caused mainly by SO,.- radicals. SO}~ reacts by:
abstraction of hydrogen atoms, addition of SO;~ on unsaturated bonds, and
electron transfer, among which electron transfer is the most important. Excess
quinone acts as an inhibitor and reduces the degradation of pollutants.
Degradation mechanism caused mainly by SO, then by ¢OH radicals. SO}~
radicals were mainly responsible for pollutant degradation. The Co-Fe-MOF
composite promoted PS activation due to the rapid Fe/Co valence transfer. Co ion
promotes oxidation-reduction reactions.

Degradation mechanism caused by SO;~, ®OH and O, ions. Activation of PS by
binding PS to the Fe (Il) surface. Fe (ll) acts as an active site from where electrons
are transferred to PS or dissolved O..

Degradation mechanism caused both by SO;~ and *OH, but *OH plays a key role.
Nonionic surfactants facilitate the treatment process, cause a decrease in surface
tension, and are easier to agglomerate by salting out. The degradation is caused
by breaking the C—C bond and shortening the carbon chain to simpler
compounds, including for example, CO, and water.

[7.8]

(52.9]

[10]

[11°]

[1200]

[13¢]

[14e0]

activation. The reaction mechanism is briefly summar-
ized, and a summary of the most critical parameters af-
fecting PS activation by organic promoters (OPs) is
discussed.

Types of organic promoters utilized for
persulfate activation

Organic compounds that can be used to activate PS
contain an oxidation-sensitive functional group that al-
lows the transfer of electrons from the organic substance
towards the PS. The PS activation mechanism can
generally be described by Eq. (3) [6]. Intermediates can
inhibit the degradation process by scavenging free ra-
dicals, affecting radiation absorption, or may consume
active species, which results in poor pollutant degrada-
tion. Meanwhile, the sulfate ion may both scavenge free
radicals, leading to the generation of less reactive species
(e.g. CI', HO,), and lead to the generation of SOy.- ra-
dicals [38]. New methods of PS activation and the effect
of free radicals generated are important for future re-
search. Therefore, further studies should also focus on
investigating the effect of OPs on sulfate ion generation.

organic + PS

— intermediates + sulfate radical + sulfateion  (3)

The forms in which organic compounds are used for PS
activation are single molecules, organic chelates, and
metal-organic frameworks (MOFs). MOFs are based on
the characteristics of organic compounds that promote
chemical oxidation reactions. MOF's are used to improve
the generation of SOy-- radicals. An overview of OPs that
are used for PS activation and their activation me-
chanism is presented in Table 1.

OPs reduce the operating costs of conventional activa-
tion methods, shorten reaction times, and increase de-
gradation efficiency. The decision to choose OPs should
be preceded by the selection of optimal process para-
meters, such as dose, pH, type of contaminant and its
form, and the preferred quality of the water or waste-
water. Electricity consumption also determines oper-
ating costs. Several activation methods are based on UV
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Summary of PS activation method.

radiation to eliminate the need for catalysts.
Nevertheless, the use of energy-consuming ultraviolet
lamps is a drawback of this activation method. Sugars
(e.g. glucose and sucrose) are an interesting OPs used to
activate PS under Vis, especially considering that Vis is a
renewable energy source. The summarized PS activation
methods are presented in Figure 2.

Ascorbic acid

Cao et al. investigated AA as one of the OPs to activate
PS [9]. Pentachlorophenol (PCP) was studied as the
target contaminant. The authors determined that the
degradation of PCP is carried out by SOy and ‘OH
radicals, resulting in a final production of CO, and H,O,
preceded by the following reactions: dechlorination,
hydroxylation, destruction of benzene and quinone
rings, and formation of small-molecule acids. An ap-
proximately 71.3% removal of PCP was obtained after
180 min of reaction with 40 mM of PS and 1 mM of AA.
The 1 mM of AA dose showed the highest degree of
activity against PCP removal. Above this value, the re-
moval efficiency decreased. For example, at 2mM of
AA, the degree of PCP degradation was about 50%. The
degradation of PCP was strongly dependent on the pH
value since AA is a binary acid and dissociates into as-
corbate anion (pK,; =4.25) or dianionic AA (pK,;
=11.79). Hence, the pH of the solution may indirectly
influence the activation of PS. At lower pH, when the
SOj.- radical dominates (no or minimal contribution of

e.g. OH-, HO;), decomposition of pollutants is fa-
cilitated. The distribution of AA in the form of C4HgOg
was the highest at pH 2.5 (degradation rate constant of
PCP was set to approx. 0.025 min™'). When pH increased
to 8 (reactions between OH-, OH, and SO}), the
transition of AA to the C¢H;Og™ form, and a reduction in
the degradation rate constant to about 0.008 min~' was
observed. At pH > 12.5, the base activation mechanism
dominates, and the contribution of AA decreases
(C¢HgO4* form dominates). Hou et al. confirmed by
Electron Spin Resonance and Density Functional
Theory calculations that AA-mediated activation of PS
occurs by electron transfer from the AA towards the
PS [5e].

Glucose

Zawadzki used Vis and glucose as an organic PS activator
and Rhodamine B (RhB) as a target contaminant [4].
Glucose was used to enhance PS activity in Vis. The
effects of glucose and PS on the removal degree of RhB
were analyzed. It was shown that the optimal dose of
glucose at an initial concentration of Cyrnp) = 10 mg L!
was 200 mM. At lower doses, a reduction in the effi-
ciency of RhB decolorization was observed. On the other
hand, higher doses of glucose also caused a reduction in
the degree of decolorization, as glucose may be re-
sponsible for the inhibition of free radical reactions. The
activation mechanism by glucose is similar to that of
activation by phenoxides. An electron from glucose is

Current Opinion in Chemical Engineering 37 (2022) 100837
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transferred to PS, causing its activation, while glucose is
oxidized to products that can activate PS. This involves
the activation of PS with an external carbon source [7].

Sucrose

PS activation by sucrose is similar to the activation me-
chanism by glucose [8]. PS activation by sucrose is
probably due to the Krebs cycle compounds (e.g. citric
acid, succinic acid, malic acid, levulinic acid, pyruvic
acid, and oxalic acid). Compounds from the ketoacid
group (Krebs cycle compounds) containing both a car-
boxyl group (-COOH) and a ketone group (C=0O
bonded to two carbon atoms) are most likely to activate
the PS.

Photoexcited dyes

In the last five years, few publications have examined
the simultaneous elimination of organic pollutants and
PS activation by organic contaminants themselves. Cai
et al. performed a study using RhB, Eosin Y (EY), and
Methylene Blue (MB) using these dyes simultancously
to remove tetracycline hydrochloride (TC-H) (an anti-
bacterial antibiotic) and to activate PS [10]. The authors
proved that RhB, EY, and MB, as photo-excited dyes,
can activate PS in the presence of Vis. The addition of
RhB increased the degradation of TC-H from about 32%
(without RhB addition) to about 55% (with RhB addi-
tion) after 40 min of the reaction. Noteworthy is the use
of Vis as an additional PS activating agent. When solar
radiation is used, only 3-5% of this energy can be uti-
lized, so the use of UV lamps, as energy-intensive de-
vices, is a severe limiting factor for AOPs [29]. Vis is a
curious alternative to UV radiation, and this type of PS
activation method should be further developed.

Quinones

Quinones and organic substances containing quinone-
containing groups are interesting materials for promoting
PS activation. However, special attention needs to be
paid to the fact that quinone-containing compounds are
radical scavengers [30]. For example, hydroquinone is
used as an O, scavenger (koo =1.7x107 M
s7') [15].

Quinone groups as OPs include, for example, tetrafluoro-
1,4-benzoquinone, 2,6-dichloro-1,4-benzoquinone and
2,6-dimethyl-1,4-benzoquinone (DMBQ) [16]. Shi et al.
investigated the effect of 1,4-benzoquinone (BQ); 2-
methyl-1,4-benzoquinone (MBQ); and 2,5-dimethyl-1,4-
benzoquinone (DMBQ) for PS activation to eliminate,
for example, benzene, p-xylene, chlorobenzene, and p-
chlorotoluene (P-CT) [11e]. This study revealed that
BQ (Cypo) = 0.5 mM) showed the highest performance
of the quinones used, and, in its presence, an approxi-
mately 90-95% removal rate was achieved after 240 min
of reaction (PS dose for all experiments was set to
5 mM). In general, an increase in BQ dose increased the

Organic promoters for persulfate activation Zawadzki 5

contaminants removal rates, while a decrease in effi-
ciency was observed at excessive concentrations.

Surfactants

Zhang, Jiang and Bai performed a very meaningful study
on removing oily sludge by a combined process using
surfactants (anionic: sodium dodecylbenzene sulfonate
and sodium dodecyl sulfonate; nonionic: T'ween-80 and
TX-100) and PS [14ee]. Most researchers perform stu-
dies using only one of the selected substances as a model
contaminant. What should be emphasized is that the
authors of this paper have researched oil removal rate of
the oily sludge. Oily sludge are characterized by their
complex composition, thus it causes great difficulty in
purification procedures. Oily sludge may contain, for
example, saturated hydrocarbons, gum, or aromatic hy-
drocarbons. T'aking into account some approximations, it
can be claimed that this investigation was performed
under conditions very close to real conditions, or at least
simulated the real composition of sludge. Therefore, the
real effect of the sludge composition on the treatment
method was identified. The authors achieved about 95%
removal of oily sludge with a residual oily sludge content
of 0.57%. This value met the acceptable standard for
discharge. Similar results were obtained by Garcia-Cer-
villa et al. [26].

Factors affecting the performance of the
persulfate oxidation process

A literature review showed that in PS activation pro-
cesses with organic compounds, the degradation of pol-
lutants by SOy.- radical oxidation is determined by
parameters including initial pollutant concentration,
process time, dose, pH, lamp type, and lamp power.

A summary of the identified process parameters that
affect the degradation of organic pollutants is presented
in Table 2.

Effect of pH

One of the most critical parameters affecting both PS
activation and removal rate is pH. The pH value influ-
ences the effectiveness of OPs, the direction of radical
generation, and, as a result, the degradation of con-
taminants. For example, the pH value influenced the
kinetics of the diclofenac (DCF) removal rate during PS
activation with an organic Co;04—g—C3N4 composite
[17]. In an alkaline environment (pH = 11), 75% removal
of DCF was achieved, but in an acidic environment
(pH =3), nearly 100% removal of DCF was achieved.
Literature data show that SO,.- radicals dominate at
pH <7, hence an increase in pH values results in the
formation of *OH radicals [18]. When the pH value is
greater than 7, hydroxyl ion (OH™) dominates (con-
centration of OH‘>10_7). At pH>7, the reaction of
SOy.- free radicals with hydroxyl ions resulted in the
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Table 2

The experimental conditions and removal efficiency of the PS activated by OPs.

properties (Fe(PyBDC))

dosage =0.5gL"1; Process time = 120 min; pH = ambient; Temp. =30°C

Organic compound Target pollutant Conditions Removal References
efficiency [%]

Glucose Nitrobenzene (NB) Concentration Cong) = 1 mM; Glucose dosage = 5 mM; Sodium hydroxide:PS molar  99.9 [7]
ratio=2:1; PS dosage = 0.5 M; Process time = 480 min

Glucose Chlorfenvinphos (CFVP)  Concentration Cocrvpy =1 mg L~"; Glucose dosage = 100 mM; PS dosage =20 mM; 81 [23]
Process time =20 min; pH = 6; Type of lamp = Tungsten; Lamp power=10 W

Glucose MB Concentration Copmg) =2 mg L~": Process time = 90 min; Glucose 84 [8]
dosage = 100 mM; PS dosage = 0.065 mM; pH = 12; Temp. =room temperature;
Type of lamp = Tungsten; Lamp power=10W

Sucrose MB Concentration Copmg; =2 mg L~"; Process time = 90 min; Sucrose 83
dosage = 100 mM; PS dosage = 0.065 mM; pH = 12; Temp. = room temperature;
Type of lamp = Tungsten; Lamp power=10W

AA PCP Concentration Copcp) = 10mg L": PS dosage = 40 mM; AA dosage =1 mM; 71.3 [9]
Process time = 180 min; pH = neutral; Temp. = room temperature

AA ATR Concentration Cojarg) = 10 mg L' PS dosage =4 mM; AA dosage = 0.1 mM; 99.9 [5e]
Process time = 360 min; pH =3.8; Temp.=25 + 2°C

BQ Trichloroethylene (TCE)  Concentration Copcp; = 0.1 mg L~"; PS dosage = 5mM; BQ dosage = 0.1 mM; 40 [11e]
Process time = 240 min; pH=3.0

P-CT Concentration Copcp) =0.1 mg L~"; PS dosage = 5mM; BQ dosage = 0.1 mM; 95

Process time =240 min; pH=10.0

RhB TC-H Concentration Corng; = 10 mg L~"; Concentration Corrc-v =10 mg/l; PS 55 [10]
dosage = 0.65 mM; Process time = 40 min; Temp. = room temperature;
Lamp =300 W Xe (Vis)

Ferrocene-based metal-organic framework OA7 Concentration Coppcp) =20 mg L~" PS dosage =4 mM; Co-Fe-MOFs 84 [1200]

microspheres (Co-Fe-MOFs) dosage =0.25g L"1; Process time =90 min; pH =7.01

Ferrous MOFs with strong electron-donating Sulfamethoxazole (SMX) Concentration Coismx; =0.04 mM; PS dosage =2 mM; Fe(PyBDC) 97 [13e]
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formation of sulfate ions and *OH free radicals (Eq. (4)).
Therefore, the removal efficiency is decreased due to
the scavenging of the SO;~ by *OH (Eq. (5)). Similar
results have been reported by Oliveros et al. [27].

SO;” + OH- — SO%™ + HO - 4)

SO, + HO- —HSO; (5)

Effect of initial pollutant concentration

Medkour, Bechiri and Lachter studied the effect of
different concentrations of MB on the MB removal
percentage from an aqueous solution [19]. The study
confirmed that a higher concentration of MB interferes
with the reactions between free radicals and the dye
molecules. Moreover, the high concentration of the dye
may lead to a competition effect between the dye mo-
lecules, the by-products, and the generated radicals. Han
et al. and Rizal et al. also investigated the effect of MB
concentration on the final decolorization degree [20,21].
Both studies confirmed that higher dye concentrations
inhibit radical reactions with dye molecules. Further-
more, high particle concentrations can lead to competi-
tive effects between dye molecules, reaction by-
products, and generated radicals.

Effect of persulfate concentration

The PS concentration is an important process parameter
for at least two reasons. First, it affects operating costs.
Second, it reduces the processing time, simultancously
improving pollutant removal. The effect of PS con-
centration activated with organic compounds has been
studied by Liv et al. [12e¢]. Generally, an increase in PS
concentration increases the removal rate of organic pol-
lutants. The authors observed that increasing the PS
concentration from Z2mM to 8 mM increased the de-
gradation of Orange Acid 7 (OA7) from 73% to 89%.
Interestingly, higher PS concentration causes a drastic
decrease in the removal rate. This phenomenon char-
acterizes not only PS oxidation but also occurs in pho-
tocatalytic processes [28]. It is mainly related to possible
particle aggregation or oxidation of SOg.- radicals by
other oxidizing forms, for example, S,08,". Excessive
adsorption on the surfaces of MOFs may also occur, thus
the degradation efficiency is reduced.

Effect of process time

The reaction time is an essential parameter from an
economic point of view. This parameter influences, for
example, the retention time (e.g. for batch reactors), but
also affects the flow reactors, and therefore the volume
of the reactor. It is also significant in terms of costs for
electricity, automation, and electronics, etc. In general,
the removal degree of the contaminant increases with
the processing time. The time required for contaminant
decomposition ranges from a few minutes to a few hours.
For example, Hou et al. using AA-activated PS, needed
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about 360 min to degrade nearly 100% of atrazine (ATR)
[Se]. In contrast, Sabri et al. required 90 min to remove
almost 100% of MB [22]. However, the reaction time
does not always depict the actual efficiency of a method,
since oxidants and contaminants in different forms,
concentrations, and susceptibility to removal are used in
the tests. Therefore, further research on the effect of
different initial concentrations of contaminants should
be conducted.

Effect of organic promoter dose

Zawadzki described the influence of an OPs (glucose) on
the degree of MB decolorization in the oxidation process
with Na,S,0g in the presence of Vis [8]. In general, an
increase in the glucose dose increases the efficiency of
the process. However, the higher the concentration of
glucose, the higher the inhibition of the process. This is
due to the scavenging properties of glucose (kope
= 1.5 x 10%), which was also confirmed by Watts et al. [7].
In turn, Cai et al. showed that the dose and the type of
organic compounds (photoexcited dyes) also increase the
degradation efficiency [10]. Among the three dyes (RhB,
EY, and MB), RhB showed the highest potential for PS
activation under the following operating conditions: PS
dose = 0.65 mM, Copaye) =10 mg L process time = 60
min, under Vis.

Challenges, conclusion, and future research
directions

This short review considers publications from the last
five years, emphasizing the last two years, in the scope of
PS activation with organic compounds. The use of OPs
has been discussed, the mechanism of PS activation by
OPs has been presented, and the factors affecting the
degradation of the pollutants have been analyzed. PS
activation by OPs shows great application potential for
removing contaminants of emerging concern. With suf-
ficiently selected operating conditions, nearly 100% de-
gradation of contaminants is possible.

Considering publications from the last five years, more
attention should be focused on the practical aspects in
the field of PS activated by organic compounds. It is
known that the economic aspect is one of the principal
factors that influencing the treatment method decision.
Investment and operational costs determine the eco-
nomic viability of a treatment process; thus at least the
dose rate and energy consumption, for example, per 1 kg
of TOC, should be determined. Afterward, decision-
makers concentrate on operational simplicity, crew
safety, and operational results. Another key aspect is the
complex composition of water or wastewater. Water and
wastewater treatment is difficult due to the complex
mixture of substances. The key problem for selecting
proper treatment technology is the large number of
chemicals used in industrial, communal and rural areas.
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Therefore, research on the removal of contaminants in
complex solutions should be more widely studied.
Oxidation by-products are another phenomenon that is
not commonly considered. It has been proven that the
use of oxidants may produce intermediates. This aspect
is often overlooked, although much literature data show
higher toxicity of intermediates than their parent com-
pounds. Therefore, toxicity tests should be used as one
part of chemical monitoring during PS oxidation.
Notwithstanding, using only one test organism may be
insufficient to identify all toxicity. For this reason, var-
ious organisms with different sensitivities (e.g. bacteria,
higher plants, invertebrates, and arthropods) should be
tested.
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Abstract The scientific data review shows that
advanced oxidation processes based on the hydroxyl
or sulfate radicals are of great interest among the cur-
rently conventional water and wastewater treatment
methods. Different advanced treatment processes
such as photocatalysis, Fenton’s reagent, ozonation,
and persulfate-based processes were investigated to
degrade contaminants of emerging concern (CECs)
such as pesticides, personal care products, pharma-
ceuticals, disinfectants, dyes, and estrogenic sub-
stances. This article presents a general overview of
visible light—driven advanced oxidation processes
for the removal of chlorfenvinphos (organophos-
phorus insecticide), methylene blue (azo dye), and
diclofenac (non-steroidal anti-inflammatory drug).
The following visible light—driven treatment methods
were reviewed: photocatalysis, sulfate radical oxida-
tion, and photoelectrocatalysis. Visible light, among
other sources of energy, is a renewable energy source
and an excellent substitute for ultraviolet radiation
used in advanced oxidation processes. It creates a
high application potential for solar-assisted advanced
oxidation processes in water and wastewater technol-
ogy. Despite numerous publications of advanced oxi-
dation processes (AOPs), more extensive research is
needed to investigate the mechanisms of contaminant
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degradation in the presence of visible light. There-
fore, this paper provides an important source of infor-
mation on the degradation mechanism of emerging
contaminants. An important aspect in the work is
the analysis of process parameters affecting the deg-
radation process. The initial concentration of CECs,
pH, reaction time, and catalyst dosage are discussed
and analyzed. Based on a comprehensive survey of
previous studies, opportunities for applications of
AOPs are presented, highlighting the need for further
efforts to address dominant barriers to knowledge
acquisition.

Keywords Contaminants of emerging concern -
Advanced oxidation process - Photocatalysis -
Persulfate radical - Photoelectrocatalysis - Visible
light

Abbreviations
AOPs Advanced oxidation processes
BCF Bioconcentration factor

Coicryp)  Initial concentration of chlorfenvinphos
Copcry  Initial concentration of diclofenac
Coms) Initial concentration of methylene blue
CECs Contaminants of emerging concern
CFVP Chlorfenvinphos

DCF Diclofenac

E° Oxidation potential

ECs, Median effective concentration

E, Activation energy

HSO; Peroxymonosulfate
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Koc Organic carbon—water partition coefficient
Kow n-Octanol/water partition coefficient

LCy, Median lethal concentration

LED Light-emitting diode

MB Methylene blue

MPs Microplastics

MSAs Methanesulfonic acids

Na,S,0g Sodium persulfate

NSAID  Non-steroidal anti-inflammatory drug
*OH Hydroxyl radical

PDS Peroxydisulfate

PEC Photoelectrocatalysis

pH,,c PH of the point of zero charge
PMS Peroxymonosulfate

PS Persulfate

SzOé‘ Peroxydisulfate/persulfate ion
SOy Sulfate radical

TBBPA  Tetrabromobisphenol A

(A% Ultraviolet

Vis Visible

1 Introduction

The problem of contaminants of emerging concern
(CECs) is an issue that is constantly being devel-
oped. CECs have been identified in groundwater and
surface water, in treated municipal and industrial
wastewaters, and even in drinking water (Bolong
et al., 2009; Coadou et al., 2017; Montagner et al.,
2019; Troger et al., 2018). New groups of compounds
have also been reported as potential substances clas-
sified as emerging contaminants: halogenated meth-
anesulfonic acids (MSAs) such as chloro-, bromo-,
or iodo-methanesulfonic acids (Zahn et al., 2016);
microplastics (MPs) (Wright & Kelly, 2017); flame
retardants including tetrabromobisphenol A (TBBPA)
(Ballesteros-Gomez et al., 2017); compounds used in
ultraviolet (UV) filters and sun creams such as eth-
ylhexyl dimethylaminobenzoate and benzocaine (Li
et al., 2017; Tsui et al., 2017); contrast agents used
in computed tomography such as those containing
gadolinium (Rogowska et al., 2018); pharmaceutical
substances such as lidocaine (Jakab et al., 2020); and
even drugs such as cocaine and its metabolites identi-
fied in pool waters (Fantuzzi et al., 2018).

The presence of contaminants of emerging con-
cern in the environment is not normally related to
their negative impact on living organisms at high
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doses (acute toxicity). Their low concentrations in
water and wastewater (c.a. few ng/dm?®) and long-
term effects on humans and animals (chronic toxicity)
should be of potential concern. The toxic effects of
these substances have been confirmed by, e.g., Leusch
et al. (2017) and Lempart et al. (2020).

Since these compounds are often identified in the
environment and because of their negative impact
on living organisms, it is justified to develop new
technologies of water treatment and municipal and
industrial wastewater treatments. The scientific data
reviews show that one of the interesting alternatives
to the conventional processes used in environmental
engineering is advanced oxidation processes (AOPs).
The common feature of AOPs is the physicochemi-
cal reaction between the generated hydroxyl radical
(*OH) or sulfate radical (SO}") and organic contami-
nants. AOPs are non-selective and allow the complete
or partial decomposition of hazardous substances
by mineralization into environmentally neutral, sim-
ple chemical compounds (Mazivila et al., 2019;
Wactawek et al., 2017).

The differences between the various AOPs are the
radical generation method, efficiency, and complex-
ity. Most of them are photochemical processes, i.e.,
conducted in the presence of ultraviolet radiation
(A<400 nm). A significant drawback is a catalytic
activity, which requires using an expensive cata-
lyst activation method with artificial light sources.
The most frequently used radiation source is a lamp
emitting radiation below 400 nm (UV light). This is
essential for activating catalysts such as titanium(I'V)
oxide. Lasers, solar radiation, xenon, and sodium
lamps are rarely used. When solar radiation is used,
only 3-5% of this energy can be utilized, so the use
of UV lamps, as energy-intensive devices, is a severe
limiting factor for using these methods in the elimi-
nation of micropollutants (Ghernaout & Elboughdiri,
2019; Palit, 2014).

The scientific data also show that many works are
devoted to using sulfate radicals SO} (E°=2.5-3.1V)
for the degradation of organic contaminants (Hu
et al., 2020b; Zhou et al., 2020). The generation of
sulfate radicals is carried out by activation of persul-
fate ions (S,05) by UV radiation, heat, ionizing radi-
ation, high pH> 11.0, and transition metal ions (Cri-
quet and Karpel Vel Leitner, 2012; Peng et al., 2017;
Manz et al., 2018; Al Hakim et al., 2019). Activation
with transition metal ions at low oxidation levels such
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as Fe?*, Ni**, Co**, and Ag* is used most frequently.
As a result of the reaction, the ion SZO§‘ reacts with
the electron donor from the transition metal to form a
single sulfate radical (Nasseri et al., 2017).

A review of results in the Scholar database
(Google Scholar Database, 2022) showed that, in
recent years, there have been an increasing num-
ber of studies on the application of modifications of
advanced oxidation processes, including the visible
light—driven AOPs (Fig. 1). In recent years, research-
ers have focused on modifications of advanced oxida-
tion processes (Cheng et al., 2019; Zawadzki et al.,
2020; Zawadzki, 2020; Nguyen et al., 2020). Modi-
fications simplify the way catalysts are activated, and
increase the degree of pollutant removal efficiency
with variable wastewater quality.

One example of modifications used in heteroge-
neous oxidation processes (in the presence of solid
catalysts, e.g., titanium dioxide (TiO,)) is carbona-
ceous materials (e.g., activated carbon), acids (e.g.,
succinic acid, ascorbic acid), or metal and non-metal
species (e.g., carbon, nitrogen, sulfur, ferrum). Acti-
vation processes of persulfates (precursors of sul-
fate radicals) under visible light have also attracted
widespread interest (Du et al., 2020; Wang et al.,
2019; Zawadzki, 2019; Zhang et al., 2020), and it
is described as effective as conventional activation
methods. Appropriately chosen treatment parameters
and optimal modification methods can lower costs
compared to classical methods.

The increasing pressure of contaminants on the
environment, combined with the scarcity of water

resources in the world, justifies the need to develop
new and optimize already applied methods for the
efficient removal of contaminants from water and
wastewater. This work presents examples of methods
for the advanced oxidation of micropollutants such
as chlorfenvinphos, methylene blue, and diclofenac
carried out in the presence of visible light.

Micropollutants have a high susceptibility to
migrate in the environment and thus bioaccumulate
and migrate in the environment (Fig. 2). Micropoll-
utants are also relatively resistant to decomposition.
The emission of micropollutants to the environment
is mainly due to industrial activities. It is primar-
ily connected with thermal and chemical processes.
Coking plants, power plants, waste incineration
plants, and chemical plants are direct sources of
micropollutants. Excessive amounts of pesticides,
pharmaceuticals, and antibacterial substances are
of great importance. Micropollutants are primarily
identified in surface water, but their concentration
is also increasing in groundwater. They are mainly
transported to aquatic ecosystems with treated or
poorly treated industrial and domestic wastewa-
ters, atmospheric precipitation, and through surface
runoff from agricultural land and poorly protected
landfills (Dubey et al., 2021; Menger et al., 2021;
Ngweme et al., 2021).

The following representatives from a group
of CECs were selected as model contaminants:
chlorfenvinphos, methylene blue, and diclofenac.
These contaminants differ from each other in their
physicochemical properties, degree of impact on
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| Sources of micropollutants (chemical processes,
| agriculture, drugs production)

Wastewater
treatment
plant

Surface water

— \

Living Water treatment
organisms plant

Fig. 2 Migration of micropollutants in the environment

living organisms, and persistence in the environ-
ment (Table 1).

In recent years, the number of publications on the
applications of AOPs based on hydroxyl or sulfate
radicals has been widely studied for water, waste-
water, and soil treatment (Ghernaout & Elbough-
diri, 2021; Lee et al., 2020; Ma et al., 2021; Miklos
et al., 2018; Zhou et al., 2019). Despite numerous
publications and reviews on AOPs, there is a lack
of collected and systematized information regard-
ing visible light—driven advanced oxidation pro-
cesses for the removal of emerging contaminants.
Very few studies reviewed this treatment technol-
ogy (Serpone et al., 2017; Tian et al., 2022; Yang
et al., 2021); therefore, there is a paucity of a broad
overview of its application and discussion of influ-
encing parameters. Although the large number of
publications on conventional AOPs (e.g., using UV)
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=

Groundwater

Potable water

Living
organisms

shows great success, due to the energy crisis and
the continuously increasing electricity prices, it is
important to present the potential, possibilities, and
influencing parameters affecting AOPs using solar
radiation as a renewable energy source. Thus, solar
radiation can be applied as a free source of energy,
reducing operating costs on an industrial scale.
Therefore, this review article summarizes vari-
ous methods of removing contaminants of emerg-
ing concern from water and wastewater by visible
light—driven AOPs. An important aspect in the work
is the analysis of process parameters affecting the
degradation process to enhance the efficiency of the
visible light—driven AOP system. Specifically, the
main mechanisms involved in visible light activa-
tion are also discussed. Concluding perspectives
and guidelines for future research are proposed at
the end of this paper.
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Table 1 Toxicological and physicochemical profile of CFVP, MB, and DCF

Compound CFVP MB DCF
Chemical formula C,H,,CL,0,P C,6H,3CIN;S C,H,,CLLNO,
Molecular weight (g/mol) 359.6 319.85 296.1
CAS number 470-90-6 61-73-4 15,307-86-5
Form Amber liquid Dark green crystals or powder ~ Solid; crystals from ether—petro-
leum ether
Toxicity Daphnia magna: LCs, Daphnia: ECy Dunaliella tertiolecta
(24 h)=28.00 pg/l (48 h)=2.26 mg/l (phytoplankton): ECs
Daphnia magna: ECs, Fish: LCs; (96 h)=18.0 mg/l (96 h)=185.69 mg/l
24h)=1.2 pg/l Daphnia magna: ECs,
Gammarus fasciatus: LCs (48 h)=123.30 mg/l
(24 h)=27 pg/l
Gammarus fasciatus: LCs,
(96 h)=9.6 ug/l
log Ko (&) 3.81 5.85 4.51
log Ko (<) 2.44 ND 3.81-430°
Bioconcentration factor (BCF) 36.6-661.0 <100 10
)
Solubility in water (at 25 °C)  124.0 (at 20 °C) 43,600.0 2.37
(mg/l)
Vapor pressure at 25 °C 7.5%107° 7.0x1077 6.14%x1078

(mmHg)

Environmental concentration
(ug/

References

Surface water: 0.001-47.4

Seawater and groundwater:
0.02

Rainwater: 0.05-0.12

Wastewater (effluent):
0.05-0.14

Chlorfenvinphos (Safety Data
Sheet 2022Zgheib et al.,
2012; Campo et al., 2013;
Ccanccapa et al., 2016Pérez-
Lucas et al., 2018)

Chlorfenvinfos (Compound
Summary 2022)

10x10°-10x 10°®

Methylene blue (Material
Safety Data Sheet 2022Rah-
man et al., 2012; Almaamary
etal., 2017)

Methylene blue (Compound
Summary 2022)

Surface water: 4.62x 1073-0.057
Groundwater: 2.5x 107°-13.48
Drinking water:
2.5%1073-56 ng/l
Wastewater effluent:
45%1073-19.0

Scheytt et al. (2005)

DeLorenzo and Fleming (2008)

Memmert et al. (2013)

De Oliveira et al. (2016)

Sathishkumar et al. (2020)

Diclofenac (Compound Sum-
mary 2022)

CFVP chlorfenvinphos, MB methylene blue, DCF diclofenac, ND no data.
*log K¢ values based on equations by Karickhoff et al. (1979): log Ko-=1.0log K—0.21.

®No data about MB concentrations in wastewater was found: the presented data refer to initial concentrations removed during labora-

tory experiments.

1.1 Methylene Blue

Industrial wastewater contains chemical compounds
(e.g., dyes, phenols, pesticides, heavy metals), which
are by-products of the technological processes, e.g.,
in the textile, chemical, food, and tanning indus-
tries. These industries generate the most signifi-
cant industrial wastewater containing synthetic dyes
(Khamparia & Jaspal, 2018). The composition of
colored industrial effluents is chemically diverse.
The synthetic dyes commonly found in this type of

wastewater can be divided into azo dyes, reactive
dyes, triphenylmethane dyes, heterocyclic dyes, and
polymeric dyes (Guadie et al., 2017).

One example of a compound belonging to the
group of azo dyes is methylene blue (MB). Azo dyes
contain the azo functional group R-N=N-R’, in which
R and R’ can be substituted with alkyl or aryl groups.
Azo dyes are one of the leading organic compounds
identified in colored industrial effluents and can
account for up to 70% of total dye production (Oveisi
et al., 2019). Azo dyes trigger histamine, which
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can cause, for example, urticaria and can aggravate
asthma symptoms and cause uterine contractions in
pregnant women, causing miscarriage. MB is a cati-
onic thiazine dye containing a six-membered hetero-
cyclic ring with sulfur and a nitrogen atom (pheno-
thiazine ring). Methylene blue is widely used in the
textile, paper, cosmetics, plastics, and food industries
(Zawadzki, 2019). Recent literature also indicates the
potential use of MB in treating COVID-19, a disease
caused by the SARS-CoV-2 virus (Gendrot et al.,
2020; Scigliano & Scigliano, 2021).

For organic substances with a log Ky, value less
than 4.5, the affinity for the lipids of the organism is
assumed to be insufficient to exceed the bioaccumula-
tion criterion (bioconcentration factor (BCF)=2000).
The BCF is the ratio of the concentration of a sub-
stance in an organism and water, depending on the
organism and the conditions. Methylene blue exceeds
this factor (log Koy =5.85). Chemicals with high log
Kow values (>4.5) are of more significant concern
as they have the potential to bioconcentrate in living
organisms. However, MB is not expected to bioac-
cumulate significantly as the estimated BCF is below
100.

Due to the potential danger to humans and the
high resistance to biodegradation, there is a need to
develop technologies to eliminate methylene blue
from water and wastewater. Removal of dyes by
conventional processes, including activated sludge,
does not bring the expected results. Due to their low
biodegradability, almost 90% of the dyes present
in wastewater is not removed by conventional treat-
ment processes. Therefore, the degradation of dyes
from wastewater has attracted considerable interest
from researchers worldwide (Deng and Zhao, 2015).
In recent years, interesting, advanced oxidation pro-
cesses driven by visible light have been developed to
remove methylene blue from colored wastewater.

1.2 Chlorfenvinphos

For many years, interest in pesticides has focused on
four basic properties: selective toxicity, persistence in
the environment, bioaccumulation, and mobility. Per-
sistence in the environment is probably the most deci-
sive factor when considering the extent of their use.
Persistence is often expressed in terms of half-life.
Pesticide degradation can occur through biological
processes and chemical and photochemical reactions.
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A pesticide losing its characteristic activity does not
necessarily mean that it has become a harmless sub-
stance. Chemical reactions often result in more toxic
compounds than the original compounds (Mahdy &
El-Maghraby, 2010; Laws 2013; Ravoet et al., 2015).

Chlorfenvinphos (CFVP) is one of the most impor-
tant members of the organophosphorus insecticide
family. Technical chlorfenvinphos, consisting of E
and Z isomers, contains about 80-90% of this com-
pound. CFVP is a low-mammalian toxicity insec-
ticide. It is used against pests destroying crops of
potatoes, rice, carrots, oilseeds, and maize. Organo-
phosphate insecticides are phosphoric acid deriva-
tives in which the hydroxyl group (-OH) has been
replaced by —OR groups derived from alcohols.
Organophosphate pesticides inhibit the activity of
acetylcholinesterase, one of the essential enzymes for
the peripheral and central nervous systems. Chlorfen-
vinphos can cause structural and functional changes
in the liver (Lutz et al., 2006; Sismeiro-Vivas et al.,
2007; Sosnowska et al., 2013).

Chlorfenvinphos has a moderate bioconcentration
potential as indicated by a log Ky value of 3.81.
The degree of bioconcentration of CFVP ranges from
BCF=36.6 to 661.0. The organic carbon/soil parti-
tion coefficient (log K) value is approximately 2.44.
The log K, value shows a moderate susceptibility
to adsorb in bottom sediments and suspended mat-
ter, and therefore, the transport of the compound to
the solid phase is to be expected. CFVP hydrolyzes
slowly in slightly alkaline, acidic, and neutral condi-
tions. The half-life (¢,,) at pH 3 to 6 is between 170
and 200 days (T=20-30 °C). Chlorfenvinphos is
more resistant to decomposition in biologically active
waters, with half-lives ranging from 1 to 25 days. It
only decomposes thermally at high temperatures
(T>150 °C). Despite its ban in Europe, it is identi-
fied in water samples worldwide (Serrano et al., 1997;
Wu et al., 2011; Sire and Amouroux, 2016; Ccanc-
capa et al., 2016; Koranteng et al., 2018; Pérez-Lucas
etal., 2018).

The number of publications on the applica-
tion of advanced processes to eliminate chlorfen-
vinphos is not significant. The number of results in
the Scholar database in 2000-2021 containing the
phrase “advanced oxidation process for chlorfen-
vinphos removal” is 1050, while that containing the
words “visible-light-driven advanced oxidation pro-
cess for chlorfenvinphos removal” is 154. Compared
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to atrazine, an herbicide from the triazine group
(17,500 in 2000-2021 for the phrase “advanced oxi-
dation process for atrazine removal” and 5170 for
the phrase “visible-light-driven advanced oxidation
process for atrazine removal”), diuron, a phytotoxic
herbicide from the group of total herbicides (12,400
for “advanced oxidation process for diuron removal”
and 1220 for “visible-light-driven advanced oxida-
tion process for diuron removal”), has a relatively
low number. Therefore, there is a gap between the
removal processes for individual organophospho-
rus pesticides investigated so far. This is important
because atrazine, diuron, and chlorfenvinphos are on
the list of priority substances for water policy (Direc-
tive, 2013).

1.3 Diclofenac

Among the analyzed CECs, there is a group of phar-
maceutical substances. The largest pharmaceutical
substances come from hospitals, households, veteri-
nary centers, and livestock farms. Municipal waste-
water discharge is considered the dominant source of
pharmaceuticals, while discharges from manufactur-
ing plants, hospitals, and farms are locally significant
(Wohler et al., 2020). Pharmaceuticals are designed
to perform a precise function in the human body. Sig-
nificant fractions of pharmaceutical substances are
generally excreted, mainly through urine (Barreto
et al., 2021). Pharmaceutical products for use in both
humans and animals are developing together with the
global population increase and healthcare. The num-
ber of pharmaceuticals discharged into the environ-
ment is an increasingly severe problem. More than
3500 pharmaceutical substances have been identified
in surface water and treated wastewater, excluding
metabolites and other transformation products (Ais-
saoui et al., 2017).

Diclofenac (DCF) is a non-steroidal anti-inflam-
matory drug (NSAID) (Sathishkumar et al., 2020).
Anti-inflammatory painkillers are among the most
popular drugs available, mostly over-the-counter. The
most commonly purchased painkillers include ibu-
profen, paracetamol, naproxen, diclofenac, carbamaz-
epine, and salicylic acid. Diclofenac is used in both
humans and livestock. Worldwide annual consump-
tion of diclofenac is estimated to be around 1000 mg
(Moreira et al., 2018; Tomul et al., 2019).

The widespread use of pharmaceuticals results
in the almost continuous emission of these com-
pounds and their metabolites into the environment.
The increased importance of pharmaceutical sub-
stances has prompted several actions to limit or moni-
tor these compounds. For example, by Commission
Implementing Decision (EU) No. 2015/495 of 20
March 2015 establishing a watch list of substances
for monitoring purposes, diclofenac was included in
the first watch list. According to the current Com-
mission Implementing Decision (EU) No. 2020/1161
of 4 August 2020 establishing a watch list of sub-
stances for monitoring purposes, as many as four
compounds from the group of pharmaceuticals have
been included: amoxicillin (a semi-synthetic p-lactam
antibiotic with bactericidal activity), ciprofloxacin (a
second-generation quinolone chemotherapeutic with
bactericidal activity), sulfamethoxazole (a bacterio-
static antibiotic), trimethoprim (a chemotherapeutic
agent), venlafaxine, and O-desmethylvenlafaxine (a
multifunctional organic chemical compound used as
an antidepressant) (Commission Implementing Deci-
sion (EU) 2015/495; Commission Implementing
Decision (EU) 2020/1161). Furthermore, Font et al.
(2019) developed a model to predict the current and
future dilution of pharmaceuticals in freshwater eco-
systems such as rivers and lakes. Their model was
applied to diclofenac, a commonly used anti-inflam-
matory drug to reduce pain.

Approximately 65% of the diclofenac dose is
excreted in urine and 35% in bile as conjugates of
unchanged diclofenac and its metabolites (Voltaren—
Prescribing Information 2022). Diclofenac tends to
adsorb to the organic matter in soil or sediments due
to their low affinity for water (log Kqyw=4.51 and log
Ko-=3.81-4.30). The bioconcentration degree of
DCEF is 10 (diclofenac is not expected to bioaccumu-
late significantly).

Conventional treatment processes have DCF
removal efficiencies ranging from a few % to 93%
(Lonappan et al., 2016; Verlicchi et al., 2012). Zhang
et al. (2008) reported diclofenac removal efficien-
cies by wastewater treatment plants ranging from
0 to 80%, mainly in the 21-40% range. Zorita et al.
(2009) showed that the DCF reduction factor could
also be harmful, which is attributed to de-conjuga-
tion or hydrolysis of pharmaceutical metabolites,
reformation of the parent molecule, or pharmaceuti-
cal desorption from colloids and suspension (sewage
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sludge). Therefore, DCF persists in the aquatic envi-
ronment and is detected in raw wastewater, treated
wastewater, surface water, and even drinking water
(Loos et al., 2017; Sharma et al., 2019).

2 Visible Light-Driven Advanced Oxidation
Processes

There are currently many technologies for the
removal of emerging contaminants. These include
chemical precipitation, flotation, adsorption on acti-
vated carbon, wet air oxidation, supercritical water
oxidation, Fenton’s reagent, hydrogen peroxide treat-
ment, ultrasonic oxidation, ozonation, membrane
processes (microfiltration, ultrafiltration, reverse
osmosis, electrodialysis), and biological processes,
as well as combined processes such as membrane
bioreactors (biological processes and membrane pro-
cesses) or biological activated carbons (Dhaka et al.,
2019; Gogoi et al., 2018; Rodriguez-Narvaez et al.,
2017). However, the above methods have some dis-
advantages. For example, coagulation generates large
amounts of sludge formation and additional equip-
ment for sedimentation and filtration of the resulting
sludge is required. Sorption processes require optimal
adsorbents with a high affinity for the contaminants.
On the other hand, membrane processes require pre-
treatment of the wastewater to eliminate substances
that limit the life of the membranes. Wet air oxida-
tion uses air as an oxidant mixed with the contami-
nated medium and then passed through a catalyst
with increased temperature and pressure (high-tem-
perature process and high electricity consumption
are limitations of this process). In contrast, microor-
ganisms in biological methods are sensitive to toxic
substances, and pre-treatment before biological treat-
ment is required. Most of the mentioned methods do
not degrade the contaminants but only transfer them
to another phase, so CECs are still present in the envi-
ronment (Tungler et al., 2015; De Gisi et al., 2016;
Obotey Ezugbe & Rathilal, 2020).

In recent years, the interest of researchers has
focused on the development of AOPs that, under
appropriately chosen conditions (e.g., reaction time,
oxidant dose, reactor volume), allow the degradation
of almost 100% of the contaminants and minimize the
risk of generating oxidation by-products. The use of
energy-consuming UV lamps (Zou et al., 2020), the
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recombination of hole-electron pairs (photocatalysts)
(Sharma et al., 2021), the influence of interfering ions
(Ahmed et al., 2021), the result of suspended mat-
ter (slurry), the formation of post-process residues
(nanoparticles of photocatalysts, negatively affecting
ecosystems and human health by entering, for exam-
ple drinking water sources) (Zhang et al., 2017), and
the use of energy- and cost-intensive activation meth-
ods (high temperature, high pH, chemical reactants,
e.g., Fe?* for radical generation processes SO;) (Hu
et al., 2020a, 2020b; Zawadzki, 2019; Zrinyi & Pham,
2017) are significant limitations of AOPs. There-
fore, new and efficient, technologically and economi-
cally effective processes are sought in environmental
engineering to achieve simultaneously high removal
results of CECs. The analysis of literature data has
shown that three basic types of visible light—driven
AOPs are used for CFVP, DCF, and MB elimination
processes: photocatalysis, radical sulfate oxidation,
and electrochemical processes. A summary of the
identified visible light—driven processes is presented
in Table 2.

2.1 Visible Light-Driven Photocatalysis

IUPAC defines photocatalysis as the initiation of a
reaction or a change in its rate under the influence
of solar (Vis), UV, and infrared (IR) radiation in the
presence of a photocatalyst (semiconductor), which,
by absorbing the radiation, participates in the trans-
formation of the reaction substrates (Braslavsky,
2007). Photocatalysis is carried out in the presence
of metal oxides, including TiO,, zinc oxide (ZnO),
WO,, CeO,, and Fe,0;, or sulfides CdS and ZnS.
Photochemical processes are most often carried out
in TiO,. The advantage of TiO, is its chemical and
biological stability. Titanium(IV) oxide is non-toxic
and practically insoluble. From the economic point
of view, it is relatively cheap and easy to produce.
In a photocatalytic process carried out in the pres-
ence of TiO,, it is necessary to provide radiation of an
appropriate wavelength, at an energy amount higher
than that of bandgap energy. The minimum energy
required for its activation is equal to the energy of
the excited band and is E,=3.02 V for rutile form
and E,=3.2 V for anatase form. The excitation of
a semiconductor causes the transfer of an electron
from the valence band (VB) to the conduction band
(CB). A so-called electron-hole is produced, which
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Table 2 The experimental conditions and removal efficiency of visible light—driven AOPs for CFVP, MB, and DCF degradation

CEC

Process

Removal
efficiency

(%)

Details

References

Chlorfenvinphos

Chlorfenvinphos

Chlorfenvinphos

Chlorfenvinphos

Methylene blue

Methylene blue

Methylene blue

Visible light—driven photoelectrochemical degrada-
tion in the presence of WO; nanosheets/nanorods

Photocatalysis in the presence of pyruvic acid (PA)-
doped TiO, (TiO,/PA)

Photodegradation by using WO; nanostructures

Visible (Vis) light activation of persulfate (PS) by
glucose (PS/Vis/Glu)

Photocatalysis in the presence of copper phthalocya-
nine-sensitized TiO, nanopowders (CuPc/TiO,)

Photocatalysis in the presence of nanostructured Fe/
FeS powder

Photocatalysis in the presence of CuS-CdS nano-
composite

95

85

95

81

70

96

99.97

Thermal treatment (annealing) of nanostruc-
tured electrodes =600 °C; concentration
Corcryp=20 mg/l; process time =360 min;
pH=1; Temp. =20 °C; the bias potential (vs.
SCE)= +1 V; type of lamp = Xe lamp; lamp
power=1000 W

Concentration Cyjcpyp;= 1.0 mg/l; adsorption
time =20 min; process time =60 min; catalyst
dosage =50 mg/l; pH=3; type of lamp =tungsten;
lamp power=10 W

Thermal treatment (annealing) of nanostructured
electrodes =600 °C; anodization in electrolyte:
1.5 M CH,05S; 0.05 M H,0,; concentration
Corcrvp)=ND; process time = 1440 min; the
bias potential (vs. SCE)=+1 V; Temp. =room
temperature; type of lamp=Xe lamp; lamp
power=500 W

Concentration Cyjcpyp;=1 mg/l; glucose dos-
age =100 mM; PS dosage =20 mM; process
time =20 min; pH=6; type of lamp = tungsten;
lamp power=10 W

Concentration Cypp) =~ 192 mg/l; catalyst dos-
age ~ 333.33 mg/l; concentration of Cu=4.7 wt%;
adsorption time =30 min; process time = 150 min;
Temp. =room temperature; type of lamp =xenon;
lamp power=150 W

Concentration Cypp; =35 mg/l; catalyst dos-
age = 1000 mg/l; adsorption time =30 min; pro-
cess time =200 min; pH=11; type of lamp=ND;
lamp power =400 W

Concentration Copyp;= 10 mg/l; catalyst dos-
age =200 mg/l; adsorption time =ND; process
time =10 min; type of lamp = tungsten; lamp
power=250 W

Fernandez-Domene et al. (2019)

Zawadzki (2020)

Rosello-Marquez et al. (2021)

Zawadzki (2021b)

Cabir et al. (2017)

Esmaili et al. (2018)

Mahanthappa et al. (2019)
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Table 2 (continued)

CEC Process Removal Details References
efficiency
(%)
Methylene blue  Photocatalysis in the presence of ZnO-supported 97 Concentration of Au=10 wt%; concentration of Lee et al. (2019)
Au/Pd bimetallic nanocomposites Pd =5 wt%; concentration Cy\p; =16 mg/l; cata-
lyst dosage =5 mg/l; adsorption time =30 min;
process time = 180 min; Temp. =room tempera-
ture; type of lamp =xenon; lamp power=200 W
Methylene blue  Photocatalysis in the presence of Fe,Os/graphene/ 94 Concentration Copp;=20 mg/l; catalyst dos- Nuengmatcha et al. (2019)
CuO (FGC) nanocomposite age =500 mg/l; adsorption time =120 min;
process time =40 min; Temp. =25 °C; type of
lamp=ND; lamp power=100 W
Methylene blue  Photocatalysis in the presence of Gd-doped ZnO 93 Concentration of Gd=3%; concentration Selvaraj et al. (2019)
nanoparticles Copvpy = 10 mg/l; catalyst dosage ~ 360 mg/l;
adsorption time =30 min; process time =90 min;
type of lamp =LED; lamp power=40 W
Methylene blue  Photocatalysis in the presence of magnetic TiO,/ 71 Concentration of graphene =120 mg; concentration  Ziarati Saravani et al. (2019)
NiFe,0,/reduced graphene oxide nanocomposite Copvp) = 10 mg/1; catalyst dosage =100 mg/1; H,0,
dosage =725 mg/l; adsorption time =60 min; pro-
cess time =90 min; pH=11; type of lamp =halo-
gen; lamp power=500 W
Methylene blue  Photocatalysis in the presence of CdS/SnO, nano- 80 Concentration of CdS =5 wt%; concentration El-Katori et al. (2020)
particles Copvp) = 6.4 mg/l; catalyst dosage = 1000 mg/l;
adsorption time =30 min; process time =180 min;
Temp.=30-135 °C; type of lamp =mercury; lamp
power=16 W
Methylene blue  Photocatalysis in the presence of molybdenum 95 Ratio of molybdate to thiourea=1:5; con- Chen et al. (2020)
disulfide composed by LDH composite (MoS,/ centration Cypyp; =20 mg/l; catalyst dos-
LDH) age =200 mg/l; adsorption time =30 min; process
time =180 min; pH=4; type of lamp=xenon;
lamp power =300 W
Methylene blue  Photocatalysis in the presence of CdS-NiFe,O,/ 92 Concentration Copyp;= 10 mg/l; catalyst dos- Bagherzadeh et al. (2018)
reduced graphene oxide photocatalyst age =400 mg/l; adsorption time =60 min; process
time =120 min; pH="7; Temp.=25 °C+2 °C;
type of lamp =mercury; lamp power =250 W
Methylene blue  Degradation by sodium persulfate activated by 84 Concentration Copp;=2 mg/l; process Zawadzki (2019)

glucose (PS/G/Vis)

time =90 min; glucose dosage =100 mM; PS dos-
age=0.065 mM; pH=12; Temp. =room tempera-
ture; type of lamp = tungsten; lamp power=10 W

8£40 01 abed v/€
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Table 2 (continued)

CEC

Process

Removal
efficiency

(%)

Details

References

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Degradation by peroxymonosulfate (PMS) and
BiVO,

PS activated by TiO,/FeOCl

PS activated by Ag/Mn;0, (Ag/Mn;0,-0.5)

PS activated by Ag/Mn;0,/graphene composites
(Ag/Mn;0,-5G)

PMS activated by surface-tailored carbon quantum
dots (CQDs)

Photoelectrocatalysis in the presence of cadmium
sulfide—sensitized titanium dioxide film

Photoelectrocatalysis in the presence of F-doped
TiO, photoelectrode

99

100

82

100

90.1

88

92

Concentration Cypp;=5 mg/l; BiVO, dos-
age =200 mg/l; PMS dosage =1 mM; adsorption
time = 10 min; process time =90 min; pH=6; type
of lamp=LED; lamp power=30 W

Concentration of FeOCl=20 wt%; concentration
Copvp) = 3.2 mg/l; catalyst dosage =400 mg/l;
PS dosage = 1.48 mM; adsorption time =60 min;
process time =90 min; Temp. =25 °C; type of
lamp =LED; lamp power=50 W

Ag:Mn;0, ratio=1:0.5; concentration
Copvpy =40 mg/l; catalyst dosage =500 mg/1; pro-
cess time =90 min; PS dosage=12 mM; pH=7,
Temp. =room temperature; type of lamp =xenon;
lamp power=40 W

Ag:Mn;0, ratio=1:0.5; graphene compos-
ites concentration=5 wt%; concentration
Copv) =40 mg/l; catalyst dosage =500 mg/l; pro-
cess time =60 min; PS dosage=12 mM; pH=7,
Temp. =room temperature; type of lamp =xenon;
lamp power=40 W

Concentration Cypyp;=20 mg/l; PMS dos-
age =246 mg/l; catalyst dosage =4000 mg/l;
adsorption time =30 min; process time =60 min;
Temp. =25 °C; type of lamp=LED; lamp
power=40 W

Number of CdS layer =6; concentration
Copvp) =5 mg/l; adsorption time =60 min; effec-
tive area of photoelectrode =2 cm?; the bias poten-
tial (vs. SCE) = +4 V; process time = 180 min;
type of lamp =xenon; lamp power=300 W

Concentration of F= 15 wt%; concentration
Copvp) = 10 mg/1; adsorption time =30 min;
effective area of photoelectrode =50 cm?; the bias
potential (vs. SCE)= + 1.4 V; pH=6.89; process
time =240 min; type of lamp =metal halide; lamp
power=450 W

Tang (2020)

Sabri et al. (2020)

Rizal et al. (2021)

Han et al. (2020a)

Wu et al. (2019)

Liu et al. (2017a)
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Table 2 (continued)

CEC Process Removal Details References
efficiency
(%)
Methylene blue  Photoelectrocatalysis in the presence of ZnO-coated 88 Concentration Cypp;=20 mg/l; adsorption Sampath et al. (2016)
nanoporous silicon by atomic layer deposition time = 120 min; effective area of photo-
electrode =16 cm?; the bias potential (vs.
SCE)= +6 V; process time = 105 min; type of
lamp =xenon; lamp power =300 W
Methylene blue  Photoelectrocatalysis in the presence of 97.28 Concentration Cypp;= 10 mg/l; CCO dos- Ghorai et al. (2021)
TiO,-decorated CuCr,0, (CCO) nanocomposite age =400 mg; adsorption time =30 min; effective
area of photoelectrode =0.12 cm?; catalyst
dosage ~ 833 mg/l; H,O, dosage=4 mM; the
bias potential (vs. SCE)= +0.71 V; process
time =15 min; 7=room temperature; type of
lamp=LED; lamp power=50 W
Methylene blue  Photoelectrocatalysis in the presence of Cu,O pho- 97 Concentration Copyp;=5 mg/l; the bias potential (vs. Thongthep et al. (2021)
tocathode in conjunction with a WO4/BiVO, SCE)= +0.4 V; process time = 180 min; type of
lamp = tungsten; lamp power =60 W
Methylene blue  Photoelectrocatalysis in the presence of 95 CMO:CN ratio =10 wt%; concentration Gandamalla et al. (2021)
CdMoO,/g-C;N, nanocomposite (CMO/CN) Copvp) = 10 mg/1; adsorption time =30 min; effec-
tive area of photoelectrode =0.071 cm?; process
time = 150 min; type of lamp =xenon; lamp
power=35W
Methylene blue  Photoelectrocatalysis in the presence of FTO/WO,/ 94 Concentration Cypp;=35 mg/l; the bias potential Nareejun and Ponchio (2020)
BiVO, (vs. SCE)= +2 V; process time = 180 min; type of
lamp=ND; lamp power=20 W
Methylene blue  Photoelectrocatalysis in the presence of In,03-ZnO 95 In:Zn ratio=0.05:1 (5%); concentration Zhao et al. (2019)
nanocomposites Copvp) =20 mg/l; adsorption time =60 min; effec-
tive area of photoelectrode =4 cm?; the bias poten-
tial (vs. SCE)= +0.2 V; process time =60 min;
type of lamp =xenon; lamp power=ND
Diclofenac Photocatalysis in the presence of tungsten trioxide— 91 Concentration Coipcp =25 mg/l; pH=35; catalyst Mugunthan et al. (2018)
doped TiO, (TiO,-WO5) dosage =600 mg/l; adsorption time =30 min; pro-
cess time =240 min; type of lamp =metal halide;
lamp power =400 W
Diclofenac Photocatalysis in the presence of vanadium 80-100 Concentration Cypcp=5-50 mg/l; pH=5-9; Oliveros et al. (2021)

oxide/boron-co-doped graphitic carbon nitride
(V,05-BCN)

catalyst dosage =500-2000 mg/l; process
time =120 min; type of lamp = monochromatic
blue; lamp power=8 W

gcjo gl abed vLE
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Table 2 (continued)

CEC Process Removal Details References
efficiency
(%)
Diclofenac Photocatalysis in the presence of bismuth oxychlo- 95 Concentration Cypcp =5 mg/l; pH=6; catalyst dos- Rashid et al. (2020)
ride/graphene oxide (BiOCI-GO) composite age= 1000 mg/l; process time =120 min; type of
lamp =mercury; lamp power=96 W (12 x 8 W)
Diclofenac Photocatalysis in the presence of tungsten trioxide— 90 Concentration Cypcp= 15 mg/l; pH=6; catalyst Mugunthan et al. (2019)
doped ZnO (ZnO-WO;) dosage =800 mg/l; adsorption time =30 min; pro-
cess time =270 min; type of lamp =metal halide;
lamp power =400 W
Diclofenac Photocatalysis in the presence of Ti-doped BiOI 99.2 Concentration Cypcp =10 mg/l; pH=35; catalyst Liu et al. (2019)
microspheres (TB450) dosage =250 mg/l; process time =90 min; type of
lamp =ND; lamp power=ND
Diclofenac Photocatalysis in the presence of cobalt(Il) and 98.7 Concentration Copcp =10 mg/l; pH=6.8; catalyst ~ Malefane, Feleni, & Kuvarega (2019)
cobalt(ITI) oxide and tungsten(VI) oxide compos- dosage =30 mg/l; adsorption time =30 min; pro-
ites (Co;0,/WO3) cess time = 180 min; type of lamp =mercury; lamp
power=80 W
Diclofenac Photocatalysis in the presence of CQD-modified 100 Concentration Coipcp =4 mg/l; pH=7; catalyst Chen et al. (2018)
BiOCOOH photocatalysts (CQDs/BiOCOOH) dosage =600 mg/l; process time =60 min; type of
lamp =xenon; lamp power=350 W
Diclofenac Photoelectrocatalysis in the presence of persulfate 86.3 Concentration Cypcp =10 mg/l; pH=5.62; Liu et al. (2017b)
activated by Cu cathode catalyst dosage = 10 mM; the bias potential (vs.
SCE)= +1.5 V; process time = 120 min; type of
lamp =xenon; lamp power =300 W
Diclofenac Degradation by peroxymonosulfate activated by 100 Concentration Cypcp =10 mg/l; pH=6.7; catalyst ~ Shao et al. (2017)
Co;0,-modified g-C5N, (Co30,-g-C3N,) dosage =500 mg/l; process time =30 min; type of
lamp =xenon; lamp power=50 W
Diclofenac Degradation by PMS activated by BiFeO; micro- 82 Concentration Cypcp=0.025 mM; pH=7; PMS Han et al. (2020b)
spheres (BFO) dosage =0.5 mM; BFO dosage =500 mg/l;
adsorption time =60 min; process time =60 min;
type of lamp =LED; lamp power=ND
Diclofenac Visible light—driven photoelectrocatalytic degrada- ~ 73.3 Concentration Cypcp =5 mg/l; adsorption Cheng et al. (2015)

tion by N, S-TiO,/TiO, NT photoelectrode

time = 120 min; effective area of photo-
electrode =4 cm?; the bias potential (vs.

SCE)= +0.4 V; process time =720 min; type of
lamp =xenon; lamp power=35 W
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Table 2 (continued)

I

References

Details

Removal
efficiency

(%)

Process

CEC

Springer

Sun et al. (2018)

Concentration Copcp

32

Photoelectrocatalytic degradation at g-C5N,/BiVO,

Diclofenac

=10 mg/l; effective area of
%, the bias potential (vs

6 cm”;

+1V;pH

photoelectrode

SCE)

composite

6.52; process time = 180 min;

300 W

xenon; lamp power=

type of lamp

Concentration Cypcp = 10 mg/l; effective area of

93.4

H,0,-assisted photoelectrocatalytic degradation at

2. the bias potential (vs.

=6cm

photoelectrode

SCE)

g-C;N,/BiVO, composite

3.17; process time = 180 min;

+1V;pH=

300 W; H,0,

xenon; lamp power =

type of lamp

dosage=10 mM

corresponds to the formation of redox potential on
the surface of the photocatalyst molecule. Titanium
dioxide can be activated with light energy with a
wavelength of <400 nm. This is only a fraction of
sunlight (<5%), so it is necessary to provide expen-
sive lamps that emit ultraviolet radiation in the range
A=300-388 nm. Among the main disadvantages of
the process of photocatalytic oxidation of contami-
nants, the following can be mentioned: the decompo-
sition time of contaminants, the use of energy-con-
suming UV lamps, the presence of substances (salts)
that reduce the efficiency of contaminant removal,
the nanoparticle nature of TiO,, and therefore, the
problematic isolation from aqueous solutions, as well
as the pH dependence of photodegradation process
(Ameta et al., 2018; Xing et al., 2016; Zhang et al.,
2018).

For the practical application of heterogeneous pro-
cesses involving semiconductors, it is vital to increase
the efficiency of the photocatalysis process in visible
light and to immobilize titanium dioxide nanopar-
ticles on larger surfaces. Therefore, many works are
devoted to TiO, modification. Currently, green photo-
catalysts capable of absorbing radiation in the visible
light range (1>400 nm) are of great interest. Over
the last years, authors of many works have attempted
to produce photocatalysts active in visible light or
develop methods and/or materials for semiconduc-
tor modification. This issue has been extensively dis-
cussed in the works of Parnicka et al. (2017), Liao
et al. (2018), D’Amato et al. (2018), Farhadian et al.
(2019), Qi et al. (2019), and Zawadzki (2020). In
brief, various types of metal or non-metal dopants
(e.g., carbon, silver, gold, neodymium), activated car-
bon (granular or powdered), graphene oxide or car-
bon nanotubes or biopolymers (e.g., chitosan), and
organic acids (e.g., ascorbic acid, succinic acid, pyru-
vic acid) are used to modify semiconductors.

The modifications are changing the structure of
photocatalysts, which increases the photostability
of semiconductors, and thus, their activity in visible
light and better adsorption properties are observed.
The adsorption of the micropollutants on the catalyst
surface is the key to successful photocatalysis. Due to
the nanoparticle nature of titanium dioxide and its dif-
ficult isolation from water, it has been found benefi-
cial to modify the TiO, by high porous carbon. The
dopants make it possible to broaden the absorption of
visible light by introducing additional energy states,
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inhibiting the transformation of anatase to rutile, and
intensifying the conductivity of the catalysts (Fig. 3).

CFVP removal processes during visible
light—driven photocatalysis have not been carried out
by many studies. The use of modified titanium(IV)
oxide to degrade CFVP has been studied by Zawadzki
(2020). Approximately 85% degradation of CFVP
(initial concentration Cycpypy=1 mg/l) in the pres-
ence of TiO, modified with pyruvic acid in a 90:10
ratio (TiO,:pyruvic acid (PA), 90:10) was achieved.
The decomposition of chlorfenvinphos was most
effective under the following conditions: catalyst
dose=50 mg/l, adsorption time=20 min, photoca-
talysis time =60 min, and pH of standard solution=3.
The visible light source was a 10-W tungsten lamp.
The modified titanium(IV) oxide showed activity in
visible light with activation energy (E,)=1.5 eV. The
study showed that the visible light-activated TiO,;PA
(90:10) can be used several times in the photocata-
Iytic process. After 5 cycles, the decomposition of
CFVP decreased by 12% in the presence of modified
TiO,. Based on the study, it can be concluded that
modification of TiO, with organic acids can reduce
the recombination of hole-electron pairs (acids are
electron acceptors), similarly stated by Li Puma et al.
(2008).

Residual organic pollutants may be adsorbed on
the catalyst surface, successively reducing the num-
ber of active sites of the catalysts, resulting in lower
catalyst performance. Modification of TiO, with
tungsten(VI) oxide (WO;) maintained a high degra-
dation efficiency (c.a. 80%) of diclofenac in 4 reac-
tion cycles (Mugunthan et al., 2018). The TiO,-WO;

catalyst activated under visible light allowed to obtain
91% degradation of DCF within 4 h. Some phenom-
ena such as the recombination of hole-electron pairs,
blocking of TiO, active sites, or generation of reac-
tion by-products can be reduced or eliminated due to
the catalyst modifications.

Ahmed et al. (2021) reported that the advanced
oxidation process can be affected by interfering ions.
Such ions include, for example, ClI-, NO,”, NO;™,
PO,*~, HCO;~, or CO,>". Tons can inhibit the deg-
radation process by scavenging free radicals, affect-
ing radiation absorption, or reacting with oxidative
radicals to form less reactive forms (Farner Budarz
et al., 2017). The influence of interfering ions is
important in AOP, also during DCF degradation, so
Oliveros et al. (2021) investigated the effect of chlo-
rides, nitrates, sulfates, and phosphates on the photo-
catalytic degradation of diclofenac in the presence of
vanadium pentoxide (V,0s5)-boron-doped graphitic
carbon nitride (BCN) catalyst. The V,05-BCN cata-
lyst was prepared by combining V,0s with BCN.
High concentrations of anionic compounds decrease
the reaction kinetics. When the concentration of nega-
tively charged electrolytes is increased, the efficiency
of DCF degradation decreases. This phenomenon is
related to the competition of anionic compounds for
catalytic sites and/or their reaction with oxidative
radicals. A similar phenomenon was observed by
Rehman et al. (2021).

In general, DCF removal efficiency depends on
the following parameters: initial DCF concentration,
pH of the solution, temperature, catalyst dosage, and
catalyst type.
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Mainly xenon, mercury, halogen, or monochro-
matic blue lamps ranging from a few W to 400 W
are used for DCF degradation (Chen et al., 2018;
Mugunthan et al., 2019; Oliveros et al., 2021; Shao
et al., 2017). The time required to reach adsorp-
tion equilibrium is usually provided before photo-
catalysis. This time ranges from 20 to 30 min. To
obtain a DCF removal above 90%, typically 30 to
270 min is needed, depending on the photocatalysis
configuration.

In the process studied by Oliveros et al. (2021), the
removal efficiency of diclofenac ranged from about
80% to almost 100% after 120 min of reaction. The
removal rate of DCF increased with increasing cata-
lyst dose and pH, while it decreased with increasing
initial pharmaceutical concentration. Similar results
were obtained by Rashid et al. (2020).

An important parameter determining the oxidation
reactions occurring on the surface of photocatalysts
is the pH of the solution. This parameter is related
to the value of the semiconductor isoelectric point
(pH,,), corresponding to the pH value for which the
total charge of the photocatalyst particle is zero. For
TiO, particles, the pH,, ranges from 6.0 to 6.5 (Kos-
mulski, 2011). With the change in pH, the solubility
of the substance also changes. The dissociation con-
stant of diclofenac (pK, = 4) determines its solubility:
below pK,, diclofenac is insoluble, and above pK,,
the DCF is negatively charged. Changing the pH also
alters the electrical charge of the substances removed,
resulting in a change in their ability to adsorb on the
catalyst surface and the efficiency of photodegrada-
tion. Modifications of TiO, can positively influence
the decomposition of contaminants. For example, the
amphoteric properties of titanium(IV) oxide can be
changed, which can increase the potential to catalyze
the degradation of negatively charged contaminants.
In the work of Oliveros et al. (2021), the DCF degra-
dation efficiency decreased with decreasing pH. Com-
plete removal of DCF was achieved within 100 min at
pH>7, while at pH 6 and 5, the removal rates were
96.4% and 84.2%, respectively. This is slightly differ-
ent for other AOPs, where, for example, an increase in
pH causes a decrease in reaction efficiency, e.g., the
UV/peroxymonosulfate (PMS)/Fe** process (Rehman
et al., 2021). This can be explained mainly by the
effect of the catalyst used and, at the same time, justi-
fies the need to select the optimum catalyst depend-
ing on the reaction conditions for DCF removal.

@ Springer

Mugunthan et al. (2019) investigated the effect of dif-
ferent pH values on the DCF degradation efficiency
in a process catalyzed by ZnO-WO; composite (zinc
oxide doped with tungsten precursor). The visible
radiation source was a 400-W halogen lamp. With an
initial concentration of Cypep =20 mg/l and a ZnO-
WO; dose=800 mg/l, the highest removal of DCF
(about 75%) was achieved at neutral pH=6. This
was due to the surface charge properties of ZnO-WO;
(pH,,,c=7.35+0.2), so the catalyst surface was posi-
tively charged, and diclofenac should be negatively
charged.

The methylene blue removal in the advanced oxi-
dation processes continues to attract considerable
interest. In the Scholar database (Google Scholar
Database, 2022), between 2019 and 2021, the total
number of articles containing the phrase “advanced
oxidation of methylene blue” was 67,700 (in 2019,
19,0005 in 2020, 20,700; in 2021, 28,000).

In general, the efficiency of MB removal in pho-
tocatalytic processes is determined by the following
parameters: initial concentration, pH of the solution,
temperature, dose, and type of catalyst.

Before irradiation, the contaminants should be
adsorbed on the surface of the photocatalyst to
achieve adsorption—desorption equilibrium. Greater
adsorption on the catalyst reaction site leads to
increased MB degradation. Before MB photodegra-
dation, the adsorption time (conducted in the dark)
is usually from 30 min (El-Katori et al., 2020; Lee
et al., 2019), but depending on the catalyst used, this
time can be 60 min (Ziarati Saravani et al., 2019)
or even 120 min (Nuengmatcha et al., 2019). In the
photocatalytic process involving TiO,/NiFe,/reduced
graphene oxide, approximately 55% MB adsorption
was achieved after 60 min (Ziarati Saravani et al.,
2019). In comparison, for pure TiO,, the adsorp-
tion efficiency was set to 38%. In contrast, by using
a nanostructured Fe/FeS catalyst, Cabir et al. (2017)
obtained about 18% adsorption of methylene blue
after 30 min.

Most MB degradation work uses xenon, LED,
halogen, mercury, and tungsten lamps ranging from a
few W to 500 W. However, high-power lamps domi-
nate (>100 W) (Esmailli et al. 2018; Mahanthappa
et al.,, 2019). Higher lamp power results in higher
MB removal rates. For example, Nuengmatcha et al.
(2019) studied the effect of visible light irradiation
at different intensities (0—130 W). With an initial
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MB concentration Cyp =20 mg/l and a catalyst
dose =100 mg/1, a 25% removal rate was obtained for
40 W, 40% for 60 W, and 60% for 100 W. Increas-
ing the irradiation intensity above 100 W had no sig-
nificant effect on increasing the removal rate of DCF
(62%). The increase in the removal rate of DCFs with
increasing radiation intensity was due to an increase
in the intensity of oxidative radical production, which
was also confirmed by Liu et al. (2019).

The initial pH of the solution has a significant
influence on the efficiency of MB photodegradation
in visible light—driven processes, as it affects the
interaction between the adsorbent (catalyst) and the
adsorbate (MB). In a conventional process using
pure titanium(IV) oxide, the value of pH,,,. is approx.
6.0-6.5. Kaur et al. (2018) achieved the highest
degree of adsorption of MB on TiO, at pH=11 (from
about 41% to about 82% depending on the sample),
while at pH <6, the amount of adsorption was the
lowest, ranging from about 1% to about 6%. The MB
molecule is positively charged, so high pH (>pH,,.)
favors adsorption on the catalyst surface as it is then
negatively charged. Similar observations were noted
by Esmaili et al. (2018). The authors investigated
the effect of pH on the removal rate of MB using Fe/
FeS nanopowder as the catalyst. The highest removal
rate (96%) was obtained at pH=11. Lowering the pH
resulted in a severe efficiency drop to 78% at pH=9
and 25% at pH=4.

Typically, achieving a minimum removal rate of
90% required photocatalytic time ranging from 10 to
200 min, with an average time of 120-180 min. For
example, Lee et al. (2019) needed 180 min to achieve
a 97% removal rate of MB using a bimetallic Au/Pd
nanocomposite catalyst supported by ZnO. In contrast,
Selvaraj et al. (2019) required 90 min to achieve 93%
dye removal. The shorter process time was probably
due to the lower initial MB concentration (10 mg/l) and
higher catalyst dose (360 mg/l). Increasing the photo-
catalyst dose may improve the MB removal efficiency
(Mahanthappa et al., 2019). An increase in photodeg-
radation efficiency was observed in the process using a
CuS-CdS catalyst at concentrations ranging from 40 to
240 mg/1. The removal rate of MB ranged from 40% to
nearly 100%, while the highest removal rate was found
at a dose of 200 mg/l (nearly 100%). Higher catalyst
doses probably cause aggregation of nanoparticles
and their faster sedimentation. The so-called radiation
shielding effect of excessive particles may also occur

(Rauf & Ashraf, 2009). The photodegradation effi-
ciency also decreases with increasing dye concentra-
tion. Bagherzadeh et al. (2018) investigated the effect
of MB concentration on its photocatalytic degradation
efficiency. An increase in DCF concentration from 10
to 20 mg/1 resulted in decreased process efficiency from
92 to 73%. This phenomenon is characteristic of AOPs
(Liu et al., 2018; Zotesso et al., 2017). With increasing
concentration, the consumption of oxidative radicals is
higher, and the probability of collision of oxidative rad-
icals with dye molecules decreases (Zawadzki, 2021a).

2.2 Visible Light Activation of Persulfate

In a sulfate radical oxidation process, a radical precur-
sor (e.g., sodium persulfate Na,S,0q) requires acti-
vation. Persulfate without activation can only react
with some organic compounds, and the efficiency of
the process is significantly lower compared to that of
activated persulfates. Without activation, the persul-
fate anion has an oxidizing potential about 33% lower
than that of the sulfate radical (Karim et al., 2021;
Zhu et al., 2019). While activation can be achieved by
thermal, photolytic, sonolytic, and radiolytic actions
(Criquet, Karpel & Leitner 2011; Chen & Su, 2012;
Zhang et al., 2015; Ji et al., 2016; Ahmadi et al.,
2019), the most used activation method is the appli-
cation of low-oxidation transition metal ions such as
Fe?™, Ni**, Co*", and Ag™. Current publications also
include laboratory experiments on developing new
activation methods for persulfate. These techniques
include activation at high pH (>11), electrolysis,
the use of carbon nanotubes or polymers (polyim-
ides), and ozone (Ding et al., 2020; Fernandes et al.,
2021; Ren et al., 2019; Zou et al., 2021). Some of the
selected persulfate activation methods are graphically
shown in Fig. 4.

In persulfate (PS) activation processes, the energy
transferred to the persulfate anion by UV light, ultra-
sound, or heat results in the cleavage of the perox-
ide bond and the formation of two sulfate radicals
(Eq. (1)). The persulfate can also react with an elec-
tron donor from the transition metal to form a single
sulfate radical (Eq. (2)) (Karim et al. 2020).

8205‘ + energyinput — 250}~ (1)

S,02" +e” — SO, +SO;” )
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Fig. 4 Selected methods of persulfate activation

An alternative method for visible light activation
of persulfates has also received increasing atten-
tion in recent years. Alternative activation methods
should be as effective and cost-efficient as conven-
tional methods. Materials for visible light activation
of persulfates can be acids (e.g., ascorbic acid) and
sugars (e.g., glucose, sucrose) (Hou et al., 2020b;
Watts et al.,, 2018; Zawadzki, 2019). Degradation
of micropollutants in the presence of persulfate and
visible light is also achieved in processes involving
catalysts, e.g., TiO, (Du et al., 2020), or combined
methods, e.g., ultrasound and visible light—activated
sodium persulfate (Zawadzki, 2021a). Recently,
a promising approach to activate persulfates is the
innovative material perylene diimide (PDI). PDI
has excellent charge separation efficiency. Electron
injection from PDI into PS can more efficiently
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produce active forms of oxidative radicals (Ji et al.,
2021).

The generation of sulfate radicals was carried
out in the presence of sodium persulfate (Na,S,0y),
glucose, and visible light (an innovative activation
method) in the research by Zawadzki (2021a). Glu-
cose was essential to activate Na,S,0Og in visible light.
Literature data indicate that the activation mechanism
by glucose is similar to that by phenoxides (Ahmad
et al., 2013; Watts et al., 2018). Glucose is an opti-
cally active substance (Ashenhurst 2022). An electron
from glucose is transferred to persulfate and activates
it; in turn, glucose is oxidized to products that can
activate persulfate. Some functional groups, such as
the carbonyl group, accept a negative charge, activat-
ing persulfate at near-neutral pH. Zawadzki (2021b)
performed a study on the advanced oxidation of



Water Air Soil Pollut (2022) 233:374

Page 190f38 374

chlorfenvinphos from real treated municipal waste-
water as stage [V of municipal wastewater treatment.
Under optimal conditions (pH = 6; room temperature;
Na,S,04 dose =20 mM; glucose dose =100 mM; pro-
cess time=20 min), an 81% removal rate of CFVP
was achieved. Irradiation of the solutions with vis-
ible light caused the glucose decomposition, electron
transfer from sugar towards Na,S,0Oj (activation), and
oxidation of glucose to sodium persulfate activation
products.

Besides the CFVP removal, studies show that
diclofenac can be effectively removed during reac-
tions in the presence of sulfate radicals generated
in the presence of visible light. In AOPs, an impor-
tant parameter is the pH of the solution, which
affects the performance of oxidants and catalysts
and the degradation degree of pollutants. Shao
et al. (2017) investigated the effect of initial solu-
tion pH on DCF degradation during peroxymono-
sulfate activation by g-C;N,-modified Co;0, nan-
oparticles (Co;0,4-g-C3N,). It was observed that
the first-order kinetic constant (k) decreases with
increasing pH, which also affected the final removal
rate of DCF. For example, in a strongly alkaline
medium (pH=11), a 75% removal rate of DCF was
achieved. In contrast, in a strongly acidic environ-
ment (pH=3), nearly 100% removal rate of DCF
was achieved. As explained by Ao et al. (2018) and
Xia et al. (2020), under pH <7, the predominant
radicals are SO;_, whereas above pH>7, sulfate
radicals are converted to —OH radicals by react-
ing with O5". At pH=11, Uran-Duque et al. (2021)
observed a significant inhibition of the degradation
process. Han et al. (2020a) also used BiFeO; micro-
sphere—activated (BFO) PMS to degrade diclofenac.
Bismuth ferrite (BiFeO;, BFO) is a heterogeneous
catalyst used in the work of Hussain et al. (2018)
and Ouyang et al. (2020), among others, due to its
multiferroic properties and high chemical stabil-
ity, i.e., resistance to strong acids and bases. The
authors of this study achieved an approximately
82% removal rate of DCF using a BFO dose of
500 mg/l, a PMS dose of 0.5 mM, and a process-
ing time of 60 min. The source of Vis radiation
was a led lamp. The operational parameters for
the removal of diclofenac in the BFO/PMS pro-
cess such as process time, pH, BFO dose, and PMS
dose were also determined. Firstly, the efficiency of
DCF elimination is affected by the reaction time,

i.e., the longer the reaction time, the higher the
removal degree (about 60% after 20 min of reaction
and 80% after 60 min of reaction under the follow-
ing conditions: DCF concentration=0.025 mM,
BiFeO; dose =300 mg/l, and PMS dose=0.5 mM).
The highest degree of DCF removal was obtained
after 60 min. Afterwards, the pH value of which
was indicated as optimal at pH=23. However, iron
leaching was observed at pH=3, which did not
occur at higher pH. At pH=3, the highest degree
of pharmaceutical removal was obtained (approx.
80%) under the following conditions: DCF con-
centration=0.025 mM, BiFeO; dose=300 mg/l,
and PMS dose=0.5 mM. The reduction in sulfate
radical generation may also have been due to an
increase in the mutual repulsion between BFO and
PMS. The authors observed a significant increase in
efficiency between the BFO dose of 400 mg/l and
500 mg/l (from about 65% to about 82%), whereas
an increase in dose to 600 mg/l resulted in virtually
no increase in removal efficiency. Also for the PMS,
generally an increase in dose resulted in an increase
in DCF removal with the optimum value at 0.5 mM
PMS.

Many studies on MB degradation by PS or PMS
in the presence of visible light primarily focus on the
activation of PS or PMS with solid catalysts (e.g.,
Ti0,, ZnO, carbon nanotubes, or other modified pho-
tocatalysts) and then the role of visible light. How-
ever, there are few studies on the oxidation of MB by
sulfate radicals without the introduction of solid cata-
lysts (e.g., sugars, acids, and other electron sources).
As presented in the literature (El-Sheshtawy et al.,
2020; Habib et al., 2021; Sun et al., 2020), the degra-
dation of methylene blue is determined by the follow-
ing operational parameters; among others are as fol-
lows: initial MB concentration, process time, catalyst
dose (PMS/PS), pH, lamp type, and power.

Zawadzki (2019) determined the operational
parameters for MB removal in the visible light oxi-
dation process with sodium persulfate (Na,S,0y)
activated by glucose and sucrose, such as reac-
tion time, pH, glucose/sucrose dose, and Na,S,0q
dose. The highest degree of MB degradation (84 %)
was observed in the presence of sodium persul-
fate (6.5 mM) after 90 min of visible light irradia-
tion for the process carried out in the presence of
glucose (100 mM) at pH=12. It was determined
that the radicals responsible for the decolorization
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of methylene blue were SO;_, eOH, and 0’2‘. At
pH=12, hydroxyl radicals were mainly respon-
sible for the degradation of methylene blue. The
results were similar to those obtained by Watts et al.
(2018).

For reactions carried out in the presence of sulfate
radicals, xenon, LED and tungsten lamps are used,
similar to photocatalytic processes. However, a sig-
nificant difference in the lamp power used has been
observed. Namely, lower-wattage lamps (up to 50 W)
are used for MB removal processes in the presence of
persulfates/peroxymonosulfates and catalysts, which
may probably be due to the applied synergistic effect
in these processes between catalysts and PMS/PS.
The combination of photocatalysis and PMS activa-
tion promotes charge separation in the photocatalytic
system as an electron capturing agent and improves
light utilization in the photocatalyst (Hu et al., 2019).

The combination of photocatalysis and PMS acti-
vation also extends the pH range in which the process
can still be carried out efficiently. For example, Tang
(2020) obtained a BiVO, catalyst to activate PMS.
First, a 99% removal rate of MB was achieved after
90 min of reaction (conditions as in Table 2). Then,
increasing the pH from 4 to 10, a similar degree of
BM removal determined as 95-99% was obtained. At
pH=2, the reaction efficiency decreased slightly to
about 78%. The presented method may therefore be
suitable for the treatment of colored effluents charac-
terized by a wide pH range, as the efficiency of dye
decomposition in each of the pH ranges examined
was higher than 75%.

In general, the removal rate in all analyzed pro-
cesses depended on the reaction time. The optimal
process time is also an important parameter from an
economic point of view (reactor volume, electricity
costs, automation, electronics). Typically, a period
of 60-90 min is needed to remove MB concentra-
tions from 2 to 40 mg/l. To remove 100% MB with a
concentration of 3.2 mg/l, Sabri et al. (2020) needed
90 min (for the conditions set in Table 2). The time
required for the complete removal of MB can be
reduced by increasing the dose of PS or PMS. For
example, in the study by Rizal et al. (2021), nearly
100% MB degradation was achieved after 70 min (PS
concentration=2 mM; Ag/Mn;0,/graphene cata-
lyst=500 mg/l). However, by increasing the dose to
4 mM, this time was reduced to 40 min, and at a dose
of 12 mM to 30 min.

@ Springer

Han et al. (2020b) and Rizal et al. (2021) also
investigated the effect of initial MB concentration on
the dye removal rate. Both studies confirm that higher
dye concentrations inhibit the radical reactions with
dye molecules. Furthermore, a high concentration of
molecules can lead to competition effects between
dye molecules, reaction by-products, and generated
radicals (Zawadzki, 2021a).

2.3 Visible Light-Driven Photoelectrocatalysis

Photoelectrocatalysis (PEC) is a combined process
of photocatalysis and electrochemistry (Hou et al.,
2020a; Xu et al., 2019). PEC primarily aims to sup-
press the negative recombination phenomenon of
hole-electron pairs generated by photocatalysis.

In this method, a semiconductor is attached to the
surface of a conductive substrate and used as a pho-
toelectrode. Photogenerated holes on the surface of
the semiconductor trigger oxidation reactions and
electrons flow through the counter electrode where
reduction reactions take place. Thus, charge recom-
bination is minimized, and the quantum efficiency of
the photocatalytic process is improved. Irradiation of
an n-type semiconductor (e.g., TiO,) with radiation of
an energy higher than the activation energy results in
the generation of charge carriers. Most of the research
on photocatalysis is devoted to the removal of con-
taminants from a liquid medium in which the semi-
conductor is held in suspension. This way of using
catalytic nanoparticles introduces the need to separate
them from the liquid phase after the photodegradation
process. This can be avoided by coating the conduc-
tive substrate with film-forming particles (immobi-
lization). In the PEC process, the dissolved organic
substances in the electrolyte are oxidized through the
holes formed, and the electrons are transported to the
conductive substrate (Fig. 5) (Bessegato et al., 2015).

PEC shows an advantage over photocatalysis
because it applies a potential to the photoanode on
which the catalyst is deposited. This configuration
allows for more efficient separation of the charges (e/
h™) formed in the process, thereby increasing the
lifetime of electron—hole pairs (Hou et al., 2020a,
2020b; Li et al., 2018; Su et al., 2016). Photoelectro-
catalysis has been shown to efficiently degrade chlor-
fenvinphos (Ferndndez-Domene et al., 2019; Rosell6-
Marquez et al., 2021), diclofenac (Cheng et al., 2015;
Liu et al., 2017b), and methylene blue (Rosa et al.,
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Fig. 5 Mechanism of
photoelectrocatalysis in
the presence of n-type
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2020; Wu et al., 2019). Advances in electrochemis-
try and materials science (new materials active in
visible light) have led to increased interest in using
photoelectrochemical processes to eliminate CECs.
Photoelectrocatalysis and visible light—driven pho-
tocatalysis have emerged as promising strategies for
clean, low-cost, and environmentally friendly renew-
able energy production and removal of contaminants
(Pan et al., 2020; Zhong et al., 2020).

In the work of Ferniandez-Domene et al. (2019)
and Rosell6-Marquez et al. (2021), the photoelec-
trochemical decomposition of chlorfenvinphos with
tungsten trioxide (WO;) nanotubes was investigated.
Chlorfenvinphos solutions with an initial concentra-
tion of 20 ppm were treated with visible radiation, the
source of which was a 1000-W xenon lamp. Innova-
tive nanostructured electrodes produced by anodiz-
ing tungsten and annealed at 400 °C and 600 °C were
added to the treated solutions. The process studied
achieved a 95% removal rate of CFVP under the oper-
ating parameters shown in Table 2. A more than 65%
reduction in total organic carbon was also achieved.

In a similar study, Rosell6-Marquez et al. (2021)
used a 500-W xenon lamp (visible light source).
Under the room temperature and after 24 h of
treatment, a 95% removal degree of CFVP was
obtained. The analysis of reaction intermediates
during photoelectrochemical oxidation of CFVP
also showed interesting results. As reported by

Farré et al. (2005), detoxification of chlorfenvin-
phos is achieved when the TOC remaining in solu-
tion is below 10 mg/l. Otherwise, increased toxicity
may be due to generated by-products. Depending on
the process (e.g., photo-Fenton, radiolytic decom-
position), the oxidation by-products may differ.
In the literature, CFVP degradation by-products
are reported to be, for example, 2-hydroxy-1-(2,4-
dichlorophenyl)vinyl diethyl phosphate, 2,4-dichlo-
robenzoic acid, dicarboxylic acid, 2,4-dichlorophe-
nol, triethyl phosphate, and 4-hydroxybenzoic acid
(Klamerth et al., 2009; Bojanowska-Czajka et al.,
2010; Rosell6-Marquez et al., 2021). The by-prod-
ucts are therefore aromatic acids or esters, but also
toxic products, e.g., 2,4-dichlorobenzoic acid or tri-
ethyl phosphate. Photoelectrocatalysis in the pres-
ence of WOj; resulted in the generation of, among
others, 2,4-dichlorobenzoic acid, triethyl phosphate,
and ethyl dimethyl phosphate (Rosell6-Méarquez
etal., 2021).

Similar efficiency was obtained during the removal
of diclofenac in PEC. Liu et al. (2017b) used a pho-
toelectrocatalytic purification system in the presence
of PS. The photoelectrocatalytic system consisted of a
¢-Bi,MoOy photoanode and a copper foil cathode. At
an applied voltage of+1.5 V and an initial solution
pH value of 5.62, the removal efficiency of DCF with
an initial concentration of 10 mg/l was 86.3% with
the addition of 10 mM PS.
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In visible light photoelectrocatalysis, voltages
between+0.4 and+2.0 V are generally used for
CFVP degradation. In general, the degradation
degree increases with increasing voltage, whereas the
increase is not relatively high. For example, a study
by Sun et al. (2018) found that the degradation effi-
ciency of DCFs increases with increasing polarization
potential. In a photoelectrochemical process involving
a composite obtained by combining bismuth vana-
date (BiVO,) and graphitic carbon nitride (g-C;N,), a
more than fourfold increase in DCF removal rate was
obtained after 2 h of treatment when the polarization
potential was increased from O to+1 V. The increase
in polarization potential to+1.5 V increased the
removal degree from 29.4 to 31.2%. Similar obser-
vations were also confirmed in a review paper by
McMichael et al. (2021).

A significant increase in the efficiency of photo-
electrocatalysis can be achieved by combining com-
posite materials and other oxidants, such as hydro-
gen peroxide, as shown in the study of McMichael
et al. (2021). The authors investigated the effect of
hydrogen peroxide on the degradation efficiency of
diclofenac in the presence of visible light. Ten milli-
molars of H,0, was chosen as the optimal concentra-
tion, due to the increase in the removal rate of DCF
to 62.3% after 180 min of reaction. A higher concen-
tration of H,O, (15 mM) resulted in a lower removal
rate due to the probable reaction of excess H,O, with
the generated *OH radicals, thus inhibiting the deg-
radation process. Similar conclusions were postulated
by Ku et al. (2005) and Ziembowicz et al. (2017).

The idea behind photoelectrocatalytic processes
is to generate highly reactive oxidative radicals. It
can be thought that, mainly, hydroxyl radicals (*OH)
and, to a lesser extent, *O,~, H,0, and h* radicals are
responsible for the decomposition mechanism in vis-
ible light—driven photoelectrocatalysis, as shown in
Cheng et al. (2015).

In the last few years (2017-2021), there have been
few studies on the elimination of MB by photoelec-
trocatalytic processes under visible light. The Scopus
database contains 29 publications for 2017-2021 con-
taining the keywords “photoelectrocatalytic degrada-
tion of methylene blue under visible light,” with the
majority (10 articles) published in 2017.

The degradation of MB in a photoelectrocata-
lytic process is determined by the following pro-
cess parameters, among others: voltage, effective
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photoelectron area, pH, type of electrolyte, and its
concentration.

Light-sensitive modified catalysts (e.g., CdS, TiO,,
ZnO, WO;, BiVO,) have been used for the degra-
dation of MB in visible light photoelectrocatalytic
processes. For example, Liu et al. (2017a) modified
TiO, with NH,F (source of F), yielding a visible
light—active material; in the presence of which, the
MB removal rate was 92% compared to pure TiO, at
50%. The absorption band towards visible light was
shifted by also using F-doped tin oxide (FTO) and
WO,/BiVO, (Thongthep et al., 2021).

Sampath et al. (2016) investigated the photoelec-
trocatalytic activity of the ZnO/porous silicon (PS)
over the applied voltage from —6 to+6 V. The high-
est photoelectrocatalytic activity (c.a. 96% of MB
removal at an initial concentration of 20 mg/l after
105 min) was obtained for a negative voltage (—6 V).
This was explained, among others, by the efficient
separation of charge carriers by driving the pho-
togenerated holes through an external circuit to the
counter electrode during negative voltage. Increasing
the voltage to 0 V systematically decreased the deg-
radation efficiency (up to 85% at 0 V), while further
increasing the voltage increased the MB removal effi-
ciency (up to 88% at+6 V). Different results were
presented by Zhao et al. (2019), using an indium
oxide (In,Os)-doped ZnO catalyst for MB removal
(Copmpy =20 mg/l, process time=60 min). The pho-
todegradation efficiency depended, among others,
on the amount of In,O; in ZnO and the applied volt-
age. For the optimal In:Zn ratio of 0.05:1 (photocur-
rent density=264 pA/cm?) and the applied voltage
of +0.2 V, a 95% removal rate of MB was achieved.
At a lower voltage (+0.1 V), an efficiency of 86% was
achieved, and at the highest voltage tested (+0.4 V),
the lowest MB removal rate of 79% was observed. In
general, positive voltages ranging from+0.2 to4+6 V
are used in studies on MB removal in photoelectro-
catalytic processes in the presence of visible light.

The authors of most works use photoelectrodes
with an effective area between 0.0071 and 50 cm?
(Gandamalla et al., 2021; Liu et al., 2017a; Nareejun
& Ponchio, 2020). Larger photoelectrode areas can
drastically reduce the process efficiency due to the
possible introduction of more defects in the photoan-
ode (cathode) materials (Li & Li, 2017).

In a study by Liu et al. (2017a), the effect of
solution pH on the removal rate of MB with a
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concentration of 10 mg/l was tested (for conditions
given in Table 2). An increase in the degradation rate
of MB was observed from about 82% (at pH=3.14)
to about 98% (at pH=9.94). It was shown that the
MB degradation reaction occurred more efficiently
at high pH due to a change in the isoelectric point
(pH,,) value of the F-TiO, catalyst. The pH,, of the
F-TiO, catalyst (F concentration=15 wt%) was deter-
mined to be 6.72. Therefore, the catalyst surface at
pH>6.72 was negatively charged, which favored the
adsorption and photodegradation of the positively
charged MB molecule.

Gandamalla et al. (2021) performed an interesting
study on the effect of temperature on the photoelectro-
catalytic decomposition of methylene blue. Namely,
an increasing temperature increased the removal rate
of MB. For example, at 30 °C, the dye removal rate
was 97.3%, while at 50 °C, the degradation rate was
99.09%. The authors attributed the increase in photo-
degradation efficiency to increased collisions between
molecules at higher temperatures and more MB mol-
ecules adsorbed on the catalyst surface.

3 Overview of Visible Light-Driven AOP
Mechanism and Degradation

AOPs typically have complex reaction mechanisms,
and more than 150 steps have been developed to
describe them (Stanbury, 2020). It is also believed
that the chemical mechanisms of oxidation in these
systems involve multiple radical reactions (Wang
et al., 2020; Ghime and Gosh 2020). The general
mechanism of the photocatalysis process includes the
following processes (Egs. (3) —(5)):

TiO, 5 e +h* 3)
Ti(IV) — OH™ + h* < Ti(IV) — "OH )
Ti(IV) — OH, + e~ < Ti(IV) + OH™ + H* (5)

When the catalyst absorbs the radiation, active
transition complexes are generated on the surface of
the semiconductor, resulting in the generation of *OH
radicals, which strongly oxidize organic chemicals.
The photogenerated electrons can react with H, and
O, dissolved in water to form H,O,, which can be

photodecomposed into *OH radicals (Gir6n-Navarro
et al., 2021). For the practical application of photo-
catalytic processes, it is important to increase the effi-
ciency of the photocatalysis process in visible light,
eliminate the agglomeration of semiconductor parti-
cles, reduce the phenomenon of blocking active sites,
and increase the efficiency of separation of catalyst
particles from the reaction mixture after the treatment
process. Therefore, numerous semiconductor modi-
fications are currently used to facilitate the absorp-
tion of visible light and simultaneously overcome
the difficulties occurring in conventional photoca-
talysis (Pirhashemi et al., 2018; Wangab et al., 2016;
Zawadzki et al., 2021).

As previously mentioned, photoelectrocatalysis
combines photocatalytic and electrochemical oxi-
dation processes. When light photons (hv) with an
energy higher than the activation energy (E,) reach
the surface of a semiconductor (S), which is depos-
ited on a solid surface, charge carriers are generated
(Egs. (6)—(8)). The recombination of photogenerated
electrons and holes occurring in the photocata-
lytic process is retarded by an applied bias potential
(Alulema-Pullupaxi et al., 2021; Peleyeju & Arotiba,
2018).

S+hv = e, +hi, (6)
h{, +H,0 - ‘OH+H" +¢” (7
h{, + OH™ — "OH (8)

As shown in Egs. (1) and (2), sulfate radicals are
generated by activation of the SO~ precursor (per-
oxydisulfate (PDS)) through energy transfer to the
persulfate anion or reaction with an electron donor
from the transition metal. In general, the essence of
generating the SO} radical is to break the O-O bongi
in PDS. The O-O bond distance in PDS is 1.497 A
and must be severed in order to generate the sulfate
radical (Ghanbari & Moradi, 2017). Instead of using
energy-consuming UV lamps or transition metal ions
that generate additional costs, materials for PDS acti-
vation under visible light, such as organic promot-
ers, are currently being developed (Hu et al., 2021;
Zawadzki, 2022).

In general, in visible light—driven AOPs, the deg-
radation mechanism of emerging contaminants is
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Table 3 Degradation mechanism of selected target pollutants

Target pollutant Process

A brief description of the degradation mechanism

References

Methylene blue  Peroxymonosulfate (PMS) activated by surface-tailored
carbon quantum dots (CQDs)

Methylene blue  Degradation by sodium persulfate activated by glucose
(PS/G/Vis)

Methylene blue  Persulfate oxidation in the presence of photoexcited dye

In the presence of visible light, in the CQD/PMS system, the
primary reactive species for MB oxidation are O~ and h*
generated during PMS activation and excited CQDs. Under
visible light irradiation, photogenerated electrons can
activate PMS to generate highly reactive O;". CQDs can be
excited by Vis radiation, resulting in the simultaneous gen-
eration of holes and electrons. The PMS molecule decays
into a HO; radical and a sulfite ion. The HOJ radical breaks
into a proton and superoxide ion, causing MB to degrade.
The presence of MB causes the absorption of oxidation
holes and limits the recombination of hole-electron pairs
and further promotes the photocatalytic activation of PMS.
Alkaline environment may promote the generation of more
reactive species in the CQD/PMS system

Degradation mechanism caused by sulfate and hydroxyl
radicals

Glucose and sucrose are optically active substances; i.e.,
they tend to rotate the light plane and are active in visible
light. The activation mechanism of persulfate may be due
to the generation of Krebs cycle compounds during sucrose
hydrolysis. When glucose is used, persulfate activation
may result from the probable electron transfer from sugar
towards PS. Higher degradation efficiency is observed
while sucrose is used because sucrose is hydrolyzed into
glucose

The main mechanism is the radical reaction caused by the
reduction of PS by photogenerated electrons of the dye; the
second mechanism is a non-radical reaction involving the
transfer of electrons via the dye from the pollutant to the
oxidized dye

Han et al. (2020a)

Zawadzki (2019)

Cai et al. (2019)
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Table 3 (continued)

Target pollutant  Process

A brief description of the degradation mechanism

References

Methylene blue ~ Graphene-decorated titanium dioxide (TiO,) powders

Chlorfenvinphos Photocatalysis in the presence of pyruvic acid (PA)-doped
TiO, (TiO,/PA)

Chlorfenvinphos Visible light—driven photoelectrochemical degradation in the
presence of WO; nanorods

Graphene in the composite (TiO,/graphene) can reduce the
transfer between photogenerated electrons formed when
visible light reaches the surface of graphene and TiO,.
The photocatalytic activity of graphene-modified TiO, is
much higher than that of pure TiO,, confirming that there
is a synergistic effect of graphene and TiO,. Crystallite
growth due to nucleation and growth of seed crystals were
observed which may contribute to the above effect. The
mechanism of MB degradation may be due to the absorp-
tion of visible light by the graphene-TiO, composite and
to the generation of excited photoelectrons at the Fermi
level, which will tunnel into the conduction band of TiO,
to overcome the Schottky barrier formed by the contact
between graphene and TiO,. The presence of these injected
electrons will then interact with the dye to start its degrada-
tion

The photodegradation is mainly due to O} radicals, then h*
and least OH™. In the model solution at pH=3, due to the
change in hydrophobic properties of TiO, modified with
organic acids, the mechanism involves the adsorption of
CVFP on the catalyst surface, followed by cleavage of the
aromatic ring by oxidizing radicals, mainly O}

Degradation in the presence of WO; nanotubes occurs by
cleavage of the aromatic ring (n-n*). The time evolution
of the UV absorption spectra of CFVP took values greater
than 0, which means that the degradation of CFVP prob-
ably takes place by opening the aromatic ring and then
generating intermediate compounds

Degradation by hydroxyl radicals or directly with photo-
degenerated holes on the WO, surface in semiconductor/
electrolyte solution

Further analytical work is needed to propose the full mecha-
nism of chlorfenvinphos degradation in the presence of
‘WO; nanotubes

Acosta-Esparza et al. (2020)

Zawadzki (2020)

Fernandez-Domene et al. (2019)
Rosello-Marquez et al. (2019)
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Table 3 (continued)

Target pollutant  Process A brief description of the degradation mechanism References

Chlorfenvinphos Photodegradation by using WO; nanostructures *OH radicals are used as the main oxidizing agent for the Rosello-Marquez et al. (2021)
degradation of CFVP. The photodegradation pathway of
CFVP involves decomposition to a phosphate group, open-
ing of the aromatic ring, or decomposition of the CFVP
molecule by binding to phosphorus, with the formation
of compounds without chlorine atoms and with longer
aliphatic chains. The charge transfer mechanism for pho-
togenerated holes in WO; nanostructures occurs through
the valence band

Diclofenac Photocatalysis in the presence of tungsten trioxide—doped The TiO,-WOj; catalyst has a higher photodegradation Mugunthan et al. (2019)
TiO, (TiO,-WO;) efficiency compared to pure TiO,, which confirms that the
presence of WO; increases the degradation efficiency of
TiO, in the modified catalysts, since the addition of WO,
decreases the value of the bandgap of the catalyst. The DCF
degradation pathway mainly proceeds through dechlorina-
tion, decarboxylation, C—N cleavage, and hydroxylation
reaction. The DCF photodegradation step involves ring
opening of aromatic compounds, which are then mineral-

ized
Diclofenac Photocatalysis in the presence of CQD-modified BIOCOOH  The CQDs greatly improved the visible light absorption by Chen et al. (2018)
photocatalysts (CQDs/BiOCOOH) BiOCOOH, as well as interfacial charge transfer and sepa-

ration. The CQDs/BiOCOOH contained new groups, such
as CeN, NeH, and CeN/CeO, which enhanced the electron
transfer ability of the material. The removal mechanism of
DCEFs in the presence of CQDs/BiOCOOH was not mainly
related to adsorption due to the low surface area of the sam-
ples. It was found that *OH, 0'2‘, h*, and e~ radicals were
mainly involved in the degradation of DCFs during the
treatment process under visible light. The main degradation
pathway was via e~ reduction and O]” and *OH addition
reactions. The O} radical was the most important radical in
the photocatalytic degradation mechanism of DCF
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similar to the conventional process. An overview of
the visible light—driven AOP degradation mechanism
of selected target pollutants is presented in Table 3.
Free radicals, such as hydroxyl or sulfate radicals,
are responsible for degradation of pollutants. O, h*,
and OH™ radicals are also involved in photodegrada-
tion. Depending on the structure of the compound,
degradation may involve a number of intermediate
reactions, for example dechlorination, decarboxyla-
tion, C—N bond cleavage, and hydroxylation reaction.
Finally, cleavage of the aromatic ring takes place. In
dye degradation, N-deethylation, chromophore cleav-
age, and ring opening can take place, leading to a
series of oxidation products with smaller molecular
sizes (Diao et al., 2017; Lops et al., 2019). The degra-
dation of azo bonds has been suggested as a possible
mechanism for MB decolorization (Mahdavianpour
et al., 2020).

Han et al. (2020b)

References

, radical.

to Fe** and the formation of

5

a triple-bond Fe?* and the SO;’ radical; then, the reac-
tions that occur lead to the formation of the SO

4 Conclusions

The wide range of contaminants entering surface
waters with wastewater makes the application of
conventional wastewater treatment technologies
insufficient. Among the compounds found in water
streams, there are micropollutants and substances of
both natural (products of the metabolism of organ-
isms) and anthropogenic origin can be found. In the
second group, there are mainly compounds such as
pharmaceuticals, pesticides, dyes, disinfection by-
products (DBP), and polycyclic aromatic hydrocar-
bons (PAHs). Micropollutants belong to a group of
chemical substances posing a particular risk to human
health and life. They are the cause of the following,
inter alia: cancer, mutations, poisoning, endocrine
system disorders, defects in fetal development, and
damage or death of embryos. These compounds are
present in the environment in concentrations ranging
from ng/1 to pg/l.

Analysis of research in recent years has shown an
increased interest in modifications of advanced oxi-

S5 Fe* represents a site on the BFO surface;
radicals and supports the Fe(Ill)-Fe(II)-Fe(III) redox cycle.
Degradation of DCF may occur by decarboxylation, methyl
oxidation, hydroxylation, benzene ring cleavage, C—N bond
cleavage, and dechlorination (cleavage of the C—Cl bond

The SO; radical can also react with HyO or OH™ to form
by the SO}")

the *OH radical. Thus, DCF is degraded by both sulfate
an additional way of producing the hydroxyl and sulfate

of reactions where a complex is formed between Fe**
and hydroxyl radicals. Visible light irradiation provides

electron transfer from HSO

The mechanism of PMS activation by BFO involves a series
and HSO

A brief description of the degradation mechanism

Degradation by PMS activated by BiFeO; microspheres

2150 . . : . .

§ & dation processes, including those driven by visible
=l e light. As presented in this work, advanced oxidation
E = processes driven by visible light have great poten-
§ = tial to remove organic contaminants from water and
- | = Q . . . .

- | & % wastewater, including diclofenac, chlorfenvinphos,
2 3 |e and methylene blue. Undoubtedly, research into
Q . . . . .

& § A this purification technique has made considerable

P q

@ Springer



374 Page 280f38

Water Air Soil Pollut (2022) 233: 374

progress in recent years. Visible light—active cata-
lysts, stable over a wide pH range and capable of
simultaneous degradation of organic matter and, for
example, hydrogen production, have been devel-
oped. Methods for the activation of persulfates with
and without catalysts have been developed, and the
visible light activity of persulfates in the presence
of certain materials has been documented. A com-
bination of AOPs, e.g., photocatalysis and electro-
chemistry, has also been developed to immobilize
the catalyst on a solid substrate and use it as an
electrode, and to reduce the negative recombination
phenomenon of hole-electron pairs generated in the
photocatalysis.

The following specific research recommenda-
tions are suggested for the next few years:

e Further study on the degradation of chlorfenvin-
phos from the water and wastewater (the lowest
number of studies among the three CECs ana-
lyzed).

e More research into the influence of effective
electrode surface area should be performed.

e More exploration of catalyst modifications to
minimize defects in photoanode (cathode) mate-
rials and reduce energy consumption must be
performed.

e Focus on the development of materials that
ensure high stability and durability of catalysts
and photoelectrodes.

e Achieving materials capable of activating per-
sulfates or peroxymonosulfates without the use
of a catalyst (catalyst-free persulfate activation).

e Perform more studies on the removal of mixtures
of dyes, pesticides, and pharmaceutical sub-
stances.

e Enhance the toxicological study of advanced
oxidized solutions (e.g., MicroTox® analysis
Aliivibrio fischeri bacteria or toxicity analyses
with aquatic plant, e.g., Lemna minor).
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ABSTRACT

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 (Cy e = 5 PPV
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 R* = 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™ 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 (thodamine 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.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.
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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 (SO,*) [11]. The
radical precursor of SO, (persulfate (PS)) requires activation
to generate sulfate radicals. The chemical structure of PS is
[O,5-O-0O-SO,]*. The essence of the persulfate activation
mechanism is the excitation of PS, the break of the —-O-O-
bond and the production of SO, radical with a high oxida-
tive potential (E° = 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., Fe®,
Fe, Ag", Co*, Cu®). 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)].

5,07 +¢ —S0% +50; )

S,0:” +energy input — 250} )

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 m® of
wastewater. Then, glucose is an organic activator of PS, and
its price might be even twice lower compared, for exam-
ple, to FeSO,7H,O, 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 295.0% and methylene blue
with a purity 297.0% were provided by Sigma-Aldrich
(Poznan, 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 (Krakow,
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 A___= 554 nm. The MB absorp-
tion spectrum exhibits a maximum peak at A__ =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: C; — initial concen-
tration, C , — concentration at time .

Decolorization efficiency(%) = Cog < (3)
0
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
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Fig. 1. Structure of Rhodamine B (a) and structure of Methylene Blue (b).
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Fig. 2. Absorption spectrum of rhodamine B and methylene
blue mixtures.

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=, 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 (Commems) = 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: CO[RhB y
wp = 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= HCl or 0.1 mol dm= 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].

C
—1n[C0] =kt )

where C, — 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 (E_,). For the electro-
chemical degradation processes, the energy efficiency (E,),
expressed as kWh m™ of treated solution, was calculated
based on the anode surface area (S, cm™), the applied cur-
rent density (i, mA cm™), the applied average voltage (U, V),
and the reaction volume (V, dm™), as shown in Eq. (5) [27].

S-i-u

Ego(kWhm™) =F/v) 100

©)
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For the photochemical degradation, the E_, was calcu-
lated with the following equation [Eq. (6)] [28,29]:

_ P-£-1,000
~log[C,/C,]-V-60

Ego(kWhm™) (6)

where P — the electrical power consumed by lamp (kW);
t — the process time (h); C, — the initial concentration of the
dye (ppm); C, — the concentration of the dye after ¢ (ppm);
V - the reaction volume (dm®).

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 (k- = 1.5 x 10°) [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

0.a

06 | B\BW

024 -8-RhEinRhBME

i,

-=-MBin RhBMEB

on

140 170 200 230 260 290

Dose of glucose, mid

Fig. 3. The dyes mixtures decolorization effect at different
glucose dose. Experimental conditions: Cyppng = 1 ppmy;
pH = 6; reaction time = 70 min; PS concentration = 20 mM.

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™). 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™ (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] [Egs. (7) and (8)].

SOy +5,07 —SO> +5,0; )
HO" +5,07 - OH +5,0;" ®)

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™, 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

N &\B\E\B»’E/a
0a

04 -

CIC,

0.2 1 -5-RhBin RhEMB

-=-MB in RhBMB
0.0 T

16 W % a3 40
FS concentration, mid
Fig. 4. The dyes mixtures decolorization effect at different PS

concentration. Experimental conditions: Cyppve = 1 ppmy;
pH = 6; reaction time = 70 min; glucose dose =230 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 > 107). Thus,
the removal efficiency decreases due to the scavenging of
the SO, 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

1.0
N E/E;,E/B/E
08 4

04

T,

02 4 &FhEinRFhBMB

-&-ME in RhEMB
0o T

1 g 10 15 20
Concentration, ppm

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.
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Fig. 6. RhB and MB decolorization effect at different pH. Exper-

imental conditions: Cyp g = 1 ppmy reaction time = 70 min;

glucose dose =230 ppm; PS concentration = 30 mM.

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 SO,* radicals) dissociates to generate 5,0,> 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

o,

-&-MB in RhB/MB

04 4
—RhE in RhE/ME
0.2 4 -4-RhE alone
-&-MEB alone
0.0

0 5 10 15 20 25 30 45 =] 90 120
Time, min

Fig. 7. Decolorization effect (C/CO) of the RhB, MB and RhB/MB
mixture. Experimental conditions: C, =5 ppm; pH = 4;

O0[RhB/MB]
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.

S,0F + ReB glucose—"=—>¢™ +5,0"
MB

+1§A—’1BBL>50;- +S0% +CO, +H, )

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} +HO® (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™ vs RhB =10 g dm™).
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 ZnO,.
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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 5,0.* 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 R*> showed a very good fit
of experimental data (R* = 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
(4/2) 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.

Absatance (8. )

€O, H.0
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Cr CHy B

Fig. 8. Proposed summary of visible-light activation of persulfate for RhB/MB decolorization.
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Fig. 9. Kinetic constants of the RhB, MB and RhB/MB decol-

orization. Conditions: Cyppve = 5 Ppm; pH = 4; glucose

dose =230 mM; PS concentration = 30 mM.

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

Table 1

Efficiency of Rhodamine B and Methylene Blue degradation in different AOPs

Process Target pollutant

Conditions

Removal
efficiency [%]

EO

References

[kWhm™]

PS/Vis/Glucose Rhodamine B

PS/Vis/Glucose

Methylene Blue

PS/Vis/Glucose Methylene Blue

PS/Vis/Ultrasound Rhodamine B

Ti/SnO,-Sb electrode Rhodamine B

Cotrnpy = 1 ppm

Time =70 min

PS dose =30 mM

Glucose dose =230 ppm
Lamp power = 10W
Reaction volume = 0.2 dm=3
Cony =1 PPm

Time =70 min

PS dose =30 mM

Glucose dose =230 ppm
Lamp power = 10W
Reaction volume = 0.2 dm=3
Conpy =2 PPm

Time =90 min

PS dose = 0.065 mM
Glucose dose =100 ppm
Lamp power = 10W
Reaction volume = 0.1 dm3
Comng = 10 ppm

Time = 60 min

PS dose =20 mM

Glucose dose =200 ppm
Lamp power = 10W
pH=6.0

Reaction volume = 0.5 dm™
T=295K

Copny =50 PPm

pH=3.0

Time =20 min

Current density = 20 mA/cm?
Applied average voltage =8.9 V
Na,SO, = 10 mmol/L
Reaction volume = 0.03 dm™

64

83

65

85

97.8

2.1

1.2

4.8

0.4

80.1

This study

This study

(15]

(51]

(27]

Table 1 (Continued)
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Table 1
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Process Target pollutant Conditions

Removal E References

EO

efficiency [%] [kKWhm™]

CO[RhB] =5ppm
Peroxide assisted Time = 90 min
photocatalytic degradation =~ Rhodamine B

in the presence of ZnO

ZnO =500 ppm
Reaction volume = 0.05 dm™

60 326.7 [58]

Lamp power = 300W

CO[dyes] =1ppm
Time = 60 min
pH=3

Methylene Blue/ Fe = 4.5 ppm

Photo-Fenton processes Brilliant Green/

Eosin Yellow

H,0, = 13.06 mM

80 15,3 [53]

Lamp power =160 W

Reaction volume = 0.25 dm™

Temperature = 25°C

C =10 ppm

0[RhB]
pH=2

Electro-Fenton Rhodamine B

Electrode dose =

Voltage=8V

C =49 ppm

0[RhB]

Time = 180 min

pH=3.05

UV-LED/TiO, Rhodamine B

Time = 180 min

TiO,=1.6 g dm™
Lamp =5 x LED

97.7 n.d. [56]

15 ppm

51 n.d. [57]

Luminous intensity = 350 mcd
Radiant flux = 10-12 mW at 20 mA

CO[RhB] =49 mg/L

Time = 30 min
pH=4
Fe(0)=1g/L
H,O,=2mM
C =21 ppm

0[MB]

Fe(0)-based Fenton process

Rhodamine B
with F,O, odamine

Electrochemical degradation
in the presence of sulphate Methylene Blue

ions

Time =180 min
Room temperature

100 n.d. [59]

73 n.d. [60]

Sulphate ions concentration = 0.1 ppm

n.d. —no data

utilized the Fenton reagent. The main disadvantages of the
Fenton reagent are the relatively high cost of H,O, 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~ 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 (Cy e = 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 R*> = 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
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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
5,07 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.

6. Funding sources

The presented study was performed in the framework of
the research work in the Central Mining Institute in Poland,
financially supported by the Polish Ministry of Science
and Higher Education [No. 11131032-340].
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This paper presents an analysis of a treatment system selection for municipal wastewater stream based on the
DuPont Water Solutions WAVE software. The results obtained based on an analysis of 7 different processing cases
studies (ultrafiltration and reverse osmosis) confirmed that the application of 2-pass membrane systems enables
the reclamation of water from municipal wastewater that fulfills the requirements concerning the quality of
water intended as electrolyzer feedstock, as the obtained water exhibited a conductivity of < 5 uS/cm.

Depending on the analyzed case study, the attainable level of water reclamation ranged from 68.8 to 84.1 % at an
energy consumption of 606.1 — 2 694 kWh/d. The results of this work not only confirm that the selected pro-
cessing solutions make it possible to reclaim water from municipal wastewater, but also confirm the necessity of
using software to simulate the membrane system operation to select the most economic and cost-effective

solution.

1. Introduction

With the increasing global population, water resource management
should be approached unconventionally, and unused water resources
should be diversified to limit the problems of deteriorating water quality
and decreasing potable water reserves [1,2]. Unused water resources
include e.g. wastewater, which may constitute an interesting source of
drinking water as well as the water of a quality sufficient for processing
purposes (process water) [3-7]. To prevent water scarcity in the Euro-
pean Union, the European Parliament has adopted Regulation (EU)
2020/741 of 25 May 2020 on minimum requirements for water reuse
[8]. The purpose of this Regulation is to facilitate the uptake of water
reuse whenever it is appropriate and cost-efficient, thereby creating an
enabling framework for those member states who wish or need to
practice water reuse. As per the Regulation, it is considered that the
reuse of properly treated wastewater, for example from municipal
wastewater treatment plants (WWTP), has a lower environmental
impact than other alternative water supply methods, such as water
transfers or desalination. Therefore, the necessity to identify alternative
methods for water reuse or secondary wastewater treatment is justified.

The currently applied conventional methods of municipal waste-
water treatment are not designed for wastewater reuse [9,10]. Con-
ventional municipal wastewater treatment technologies include

* Corresponding author.
E-mail address: pzawadzki@gig.eu (P. Zawadzki).
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mechanical biological methods, such as slurry removal on sieves and in
settling tanks (mechanical methods) as well as through activated sludge
microorganisms or biofilms (biological methods) [10,11]. In recent
years, problems with access to clean and safe water as well as the global
water crisis and strict legal regulations in waste management have
forced municipal facilities to reconsider and implement third- and
fourth-degree wastewater treatment. Examples of interest in secondary
wastewater treatment processes include municipal facilities worldwide,
e.g. the Waldwick wastewater treatment plant (New Jersey, USA) [12]
or the Point Loma wastewater treatment plant (San Diego, USA) [13].
The Waldwick WWTP conducts secondary wastewater treatment using
processes involving ultraviolet lamps to achieve the ultimate wastewater
disinfection without the necessity of applying chlorine. By 2025, the
Point Loma WWTP plans to produce about 129 000 m>/d of potable
water from municipal waste by utilizing biological processes (biological
activated carbon), membrane processes (microfiltration, reverse
osmosis) and advanced oxidation (UV radiation, ozone, hydrogen
peroxide). The application of secondary treatment processes depends on
a WWTP’s location (e.g. recreational areas, housing infrastructure, in-
dustrial areas, protected land, agricultural areas), therefore the end
goals of secondary treatment may include e.g. agricultural irrigation,
street and square cleaning, process water production for equipment
cleaning, aquifer recharging by injection wells. The research work and
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new method investigation in this field led for example to the introduc-
tion of an installation for secondary wastewater treatment and phar-
maceutical substance elimination at the Neugut WWTP in Switzerland
[14,15]. The Neugut plant was the first wastewater treatment plant in
Switzerland to implement full-scale ozonation. The conventional
wastewater treatment system (primary settling tank, biological treat-
ment, sand filtration) was expanded by an additional ozonation stage,
which yielded a contaminant removal rate of about 80 %.

To fully close the water and wastewater circulation in a WWTP and
to ensure its independence from the power supply, seeing as the price of
electricity has increased drastically during the energy crisis [16], it is
crucial to undertake action to enable the recovery of organic substances
from wastewater and sewage sludge for energy purposes [17]. Hydrogen
can be produced by a variety of processes and energy sources. The types
of hydrogen depend on its production process and can be categorised as
follows [18]:

e Grey: Grey hydrogen is mainly produced by steam reforming of
natural gas or coal gasification. The use of grey hydrogen implies
significant CO3 emissions, which makes these hydrogen technologies
not part of a net zero CO; emissions policy [19].

Blue: Blue hydrogen is produced by combining natural gas steam
reforming technology with Carbon Capture Storage (CCS) or Carbon
Capture and Utilization (CCU) technology. In this variant, the
resulting CO, emissions are captured using CCS or CCU technology,
making the hydrogen produced nearly emission-free (emissions are
reduced by up to 95 %). In contrast to green hydrogen, blue
hydrogen is not a completely emission-free product, as harmful
methane enters the atmosphere during the extraction and trans-
portation of natural gas [20].

Green: Green hydrogen is produced using renewable energy. Green
hydrogen is part of the sustainable energy transition concept. This
form of hydrogen production is the most preferable in terms of zero-
emission energy and transportation [21,22].

Turquoise: Turquoise hydrogen is produced by the pyrolysis of
methane. The main substrate for production is natural gas. However,
the process is driven not by burning fossil fuels, but by electricity (the
vast majority should come from renewable energy sources to make
the process COz-neutral). With biomethane as the feedstock, the
process could be zero-emission [23].

The literature also highlights brown (or black) hydrogen. Brown
(black) hydrogen is hydrogen produced by coal gasification, where
during combustion, carbon dioxide is emitted into the atmosphere. Coal
gasification involves heating coal to temperatures reaching over 1273 K,
resulting in the release of coke gas [24].

On the other hand, the reclaimed water may be used to produce
hydrogen by electrolysis, as well as for practical purposes, such as
supplying technical processes, cleaning streets and equipment, watering
plants, or even as a source of potable water. When considering the
perspectives for technological development in the context of hydrogen
production, promising directions (in the coming few years) can include
anaerobic fermentation, biomass gasification, electrolysis (with renew-
able energy sources), and photobiological methods [25-28]. Some of
these processes are already used in the context of hydrogen (electrol-
ysis), while others still require an adjustment of the current technical
solutions (anaerobic fermentation). In the public utility sector, potential
can be found in biomass gasification, hydrogen recovery from biogas
generated by anaerobic sewage sludge processing, and electrolysis [29-
38]. Water electrolysis is the most promising direction, and in the future,
it will constitute the most widely supported method of hydrogen pro-
duction in the European Union. The electrolysis process consists in
separating hydrogen from water using electricity through electrolyzers.
The most widely recognized technical option for hydrogen production is
water electrolysis powered by electricity originating from renewable
sources. Hydrogen produced through systems powered by electricity
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obtained from renewable sources is defined as green hydrogen[39]. The
costs of green hydrogen production can be lowered by the low costs of
solar and wind power as well as technical enhancements [40,41]. For
these reasons, green hydrogen from water electrolysis is gaining
increasingly more interest. Furthermore, it is estimated that by 2030 it
will be possible to reduce green hydrogen production costs by about
60 % [18]. Currently, about 96 % of global hydrogen production orig-
inates from processes involving fossil fuels (primarily steam methane
reforming and coal gasification) [42-44]. Hydrogen production using
electricity (including electrolysis) constitutes about 4 % of the total
production. The most popular devices for hydrogen production by
electrolysis are alkaline electrolyzers. Polymer electrolyte membrane
(PEM) electrolyzers are also available on the market — compared to
alkaline electrolyzers, they have lower power (200-1150 kW) and
similar efficiency (65 % to 78 %). Meanwhile, solid oxide electrolyzers
utilizing steam at a temperature within 973 to 1173 K are currently
under development, which would be characterized by high efficiency (at
alevel of 85 %) [45,46]. The PEM electrolyzer technology constitutes an
alternative to the more conventional alkaline electrolyzers. This tech-
nology exhibits several advantages compared to the older solutions,
namely increased electrolyzer efficiency (56-73 %), the possibility of
obtaining ultra-pure hydrogen (purity class >=5.0, i.e. >=99.999 %),
and a more compact design [47].

In theory, 8.92 L of deionized water are required to produce 1 kg of
hydrogen and 8 kg of oxygen[48]. However, considering the potential
water losses and the use of water for cleaning the equipment, the actual
water required to produce 1 kg of hydrogen by electrolysis is estimated
at 13.5-15.0 kg H20, and may even reach up to about 22.4 kg/kg Ha
[49]. The cost of hydrogen production depends on the applied process
scale, equipment and substrates. The greater the efficiency of the
equipment, the lower the investment and operating costs [36]. For
example, over a short period of electrolyzer operation, the production
cost may amount to about US$10.5/kg Ha. At longer periods of equip-
ment operation, the production costs decrease to about US$2.05/kg H,
[38,50]. Generally, hydrogen production by electrolysis is competitive
relative to other methods, e.g. sewage sludge pyrolysis or steam
methane reforming [31]. For comparison, the estimated cost of
hydrogen production by sewage sludge pyrolysis may amount to about
US$1.2-2.2/kg Hy [51]. The cost of hydrogen production by steam
methane reforming ranges from about US$1.14/kg H; in the case of
large systems to about US$3.19/kg Hp for smaller systems [31,52].

Regardless of the feedstock, the water supplying an electrolyzer must
first be purified and demineralized. Current research [49] indicates that
water from the public water network is the most appropriate source of
water for electrolysis due to the lower supply risk, lower costs, and the
lack of complex processes for obtaining legal permissions. However,
given the global water crisis and the dynamically changing formal and
legal conditions related to the necessity for obtaining the relevant hy-
drological legal permits to draw water from the public water network,
and considering Regulation 2020/741 of the European Parliament [8],
alternative opportunities and sources of water for electrolysis should be
investigated. Therefore the economic, environmental, and social factors
should be considered before any final decisions are taken. Literature
data indicate that treated municipal wastewater may constitute an
alternative source of water for supplying electrolysis [49,53]. An
advantage of the water reclaimed from municipal waste is its low
hardness compared to the water drawn from the public water network
(potable water quality).

The water supplying an electrolyzer should meet the requirements
for deionized water and exhibit a conductivity of < 5 pS/cm; therefore
depending on the quality of the treated wastewater, the following
treatment processes may be necessary: accelerated filtration, chemical
treatment (pre-treatment before membrane processes), ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO), ion exchange (IE),
electrodeionization (EDI). Treatment by reverse osmosis and ion ex-
change is commonly applied before electrolysis to produce water with a
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sufficiently low conductivity.

The decision to select a technology for water production from
municipal wastewater must be preceded by the appropriate physico-
chemical and biological analyses of the wastewater and by determining
the available volume of waste as well as the water demand, and not
exclusively for water production by hydrolysis. Commercial software for
selecting membrane modules, provided by their producers, such as e.g.
Winflows (Suez), IMSDesign (Hydranautics), or WAVE (DuPont Water
Solutions), is very useful in the process of designing the appropriate
membrane system for water reclamation from municipal waste for the
production of water intended as an electrolyzer feedstock. This work
presents the process of separation system selection for water reclama-
tion from municipal wastewater, comprising pre-filtration, ultrafiltra-
tion, and reverse osmosis, utilizing the WAVE software by DuPont Water
Solutions. This work aims to select a municipal wastewater pre-
treatment technology for producing water of the quality required in
the process of electrolysis using the WAVE software. Various membrane
process systems (ultrafiltration, reverse osmosis) for producing water of
a purity class of at least 3, i.e. with a conductivity of under 5 ps/cm, were
evaluated. The WAVE software has thus far not been applied for mem-
brane process modeling in terms of producing water from municipal
waste that would fulfill the requirements for electrolysis. The primary
advantage of the selected software is the user-friendly interface and the
possibility of robust user panel management. Furthermore, membranes
available on the market can be modeled in the WAVE software, which is
unique compared to other programs.

The purpose of this paper is to present the practical aspects of
applying membrane process modeling software. The demand for the
results of this work arises e.g. from the Communication from the Com-
mission to the European Parliament, the Council, the European Eco-
nomic and Social Committee, and the Committee of the Regions, “A
Hydrogen Strategy for a Climate-Neutral Europe” [39]. For the
hydrogen economy to be implemented effectively, it is necessary to
enhance the capacity for conducting and advancing research, and
consequently to introduce the developed solutions and technologies for
utilizing hydrogen in power generation, transport, and industry,
including the conduction of research on methods for obtaining and
processing water for electrolysis. The tests performed as part of this
work will allow water supply and sewerage companies to implement
similar technologies in municipal and industrial sites within the scope of
processes enabling secondary wastewater treatment for processing
purposes (water reclaimed from waste as a source for producing
hydrogen by electrolysis).

2. Materials and methods
2.1. Wastewater samples

The treated wastewater was sampled in 2022 from a wastewater
treatment plant located in one of the cities comprising the Silesian
agglomeration (Silesian Voivodeship, Poland). The wastewater treat-
ment plant is continuously modernized to fulfill the requirements of
local law and European Union Directives for WWTP with an efficiency
of > 100,000 population equivalent (PE). The last major modernization
took place in 2012 and resulted in an increase in nutrient reduction by
optimizing the biological wastewater treatment process. The WWTP
operates in a mechanical biological system. The mechanical part com-
prises bar screens, sand traps, and primary settling tanks, while the
biological part consists of biological reactors. The tests were carried out
in 2022 at the certified laboratories of the Central Mining Institute. To
inhibit any biological activity in the sample and eliminate the adsorp-
tion of compounds on the glass vessel walls, the samples were stored at a
temperature of 277,15 K until the time of analysis (for no longer than
48 h), in compliance with the standard [54]. The analyses were based on
composite samples (three samples mixed together, from which the
average value has been obtained), as per [55]. The physicochemical
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parameters of the treated municipal wastewater are presented in
Table 1.

2.2. Water requirements for electrolysis

The requirements concerning water (wastewater) quality vary
depending on the electrolyzer manufacturer, but typically the produc-
tion of very pure hydrogen requires deionized water [49], i.e. water free
of all solutes and pollutants, as pollutants may influence the reaction by
deposition in the electrolyzers, on the electrode surfaces and/or in the
membrane. The electrolyzer feedstock conductivity recommended by
the American Society for Testing and Materials (ASTM) should amount
up to about 5 pS/cm, or equal to the parameters for type I or II water per
the requirements of standard D1193-06 [56], which corresponds to a
conductivity of up to about 0.056 pS/cm and 1 pS/cm respectively. It
was assumed that an optimal processing system should enable the pro-
duction of water with a conductivity no>5 pS/cm, therefore according
to ASTM’s specification.

2.3. Modeling in the WAVE software

2.3.1. Design parameters of the tested wastewater

The treated wastewater parameters adopted for the modeling in
WAVE are presented in Table 2. The treated wastewater was charac-
terized by increased turbidity (>10 NTU), total suspended solids (TDS),
manganese, and iron. The pollutant content in the wastewater exceeded
the recommended maximum pre-RO pollutant index values. The final
permissible pollutant index values depend on the manufacturer’s in-
structions and the applied membrane types. Wastewater treated by
mechanical biological processes constituted the source for producing
deionized water with a conductivity no>5 pS/cm. The wastewater
treated before the membrane filtration process was characterized by
turbidity lower than 20 NTU, total suspended solids under 30 mg/dm?,
and a total organic carbon content under 20 mg/dm°®. The adopted
design temperature was 19 °C. The treated wastewater was pre-treated
by pre-filtration processes on a sieve with a mesh of 100 pm and by
ultrafiltration to an SDI of < 2.5. The application of an antiscalant was
adopted to limit scaling — sodium hexametaphosphate (NagPgO1g). The
efficiency of a single production process was adopted at a level of
100 m®/h of water reclaimed from wastewater. For the analyzed pro-
cessing systems, at an average water recovery of 76.3 %, the municipal
wastewater flow was about 133-145 m®/h, depending on the processing
system (with or without concentrate recycling).

2.3.2. Selection of wastewater treatment processes for reclaimed water
The technology selection was based on the instructions of membrane
manufacturers, including Lenntech [57,58]. The average conductivity of

Table 1
Characteristics of tested wastewater.

Parameter Unit Treated municipal wastewater
pH - 7.8+£0.2
Temperature °C 19.1 £ 0.1
Conductivity us/cm 848 + 42
Turbidity NTU 16.8 £ 0.12
Absorbance (A = 254 nm) nm 0.196 + 0.02
COD* mg O0y/1 32+4
TOC** mg C/1 5.2+0.8
Free chlorine mg Cly/1 <0.1+0.03
Iron mg/1 241 +0.2
Manganese mg/1 0.59 + 0.09
Chloride mg/1 132+ 13
Sulfate mg/1 103 + 10

* Chemical Oxygen Demand.

** Total Organic Carbon.

Number of samples: three samples mixed together, from which the average value
has been obtained, according to [56].
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Table 2
Design parameters of the tested wastewater for the modeling process.

Parameter Unit Design value
pH - 7.8
Temperature K 292.25 + 273.15
Turbidity NTU 16.8
Total Suspended Solids mg/dm?® 25

TOC mg/dm® 5.2+ 0.8
NH; mg/dm® 0.020

K’ mg/dm® 14.9

Na™ mg/dm® 120
Mgt mg/dm® 10

Ca?* mg/dm?® 55.1

St mg/dm® 0.019
Ba%* mg/dm® 0.019
Cco3% mg/dm?® 0.630
HCO3 mg/dm® 123

NO3 mg/dm® 13

ar mg/dm® 132

F mg/dm? 0.13
S0% mg/dm® 103

Br mg/dm® 0.020
POS mg/dm? 2.5

CO, mg/dm® 2.573
Conductivity * uS/cm 968.93

* value corrected and calculated in the WAVE software.

the tested treated municipal wastewater samples was 848 pS/cm,
therefore reverse osmosis was selected as the final process for water
production for electrolysis (Table 3). Both 1- and 2-pass processes were
analyzed among the selected processing systems. Pre-treatment of the
wastewater is required to prepare it for deionization. The membrane
filters for RO are exposed to contamination by numerous substances,
including natural organic matter, solids, colloids, bacteria, viruses, etc.
The above pollutants can be removed by conventional treatment pro-
cesses consisting of coagulation followed by filtration (for media with
low turbidity and total suspended solids — coagulants are added before
filter bed entry). In the case of media with high turbidity and total
suspended solids, additional stages of sedimentation are carried out
before filtering the water/waste. Ultrafiltration is used with alternative
pre-treatment methods (primarily for removing turbidity, suspended
solids, and bacteria). In the case of membranes for reverse osmosis,
antiscalant is dosed in as an addition to minimize the content of calcium
carbonate and sulfates to prevent scale sedimentation (membrane
fouling). Additional operations may include e.g. water chlorination or
UV sterilization (eliminating bacterial flora responsible for biofouling),
pH correction, free chlorine reduction, and degassing (CO, removal).

It was assumed that the municipal wastewater pre-treatment instal-
lation would comprise the following elements: sieve filter, ultrafiltra-
tion, and reverse osmosis.

The sieve filter is a pipeline filtering equipment element that can be
applied in various branches of industry to fulfill several filtration re-
quirements. The filter insert is located in a casing and is intended to
remove solids. The sieve filter’s primary purpose is the mechanical
protection of downstream devices. The sieve filter offers a filtration
accuracy of 100-150 pm. Using ultrafiltration in wastewater treatment
typically involves the removal of various suspended solids and dissolved

Table 3
Deionized water production methods.

Wastewater Required water Recommended technology
quality quality
< 500 pS/cm <5 pS/cm Ion exchange
<1 pS/cm Ion exchange and mixed bed
500-2000 pS/ 5-20 uS/cm Reverse osmosis
cm <5 pS/cm 2-pass reverse 0smosis
<1 pS/cm 2-pass reverse osmosis combined with ion

exchange and mixed bed
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organic matter with high molecular mass, usually > 5-10 nm [59], as a
result of separation by sieving. UF occurs at a pressure of 0.5 to 10 bar. A
standard UF installation is typically composed of several sections,
comprising: water intake and pressure pumps, initial water preparation,
ultrafiltration modules, backwashing, chemical treatment, and water
conditioning [60,61]. Reverse osmosis makes it possible to remove very
small pollutant molecules from a solution, which concerns particularly
monovalent ions. Reverse osmosis is used for water treatment and to
remove salts and other pollutants to improve the color, taste, and other
properties of liquids. The process makes it possible to remove bacteria,
salts, sugars, proteins, dyes, and micropollutants. The RO membrane
molecular weight cutoff is < 200 Da. The applied pressure ranges from
3.4 bar to 100 bar. The separation mechanism in reverse osmosis is
described by the solution-diffusion model. The model assumes that the
flow of specific components through the compact polymer membranes is
determined by their solution in the polymer and by diffusion. The model
omits the interactions between the membrane polymer and the diffusing
component. The components undergo diffusion through the membrane
under the influence of a thermodynamic impulse, i.e. the negative
gradient of that component’s chemical potential. However, reverse
osmosis is significantly different from other techniques of this type, such
as ultra- and microfiltration. In RO processes, solution and diffusion
constitute the basic separation mechanism, whereas the sieving effect
does not occur at all [62,63].

2.3.3. Modeling a membrane filtration process

The membrane filtration process modeling was conducted using the
WAVE (Water Application Value Engine) software by DuPont (version
1.82.824). The WAVE software is intended for designing and simulating
the operation of treatment systems involving membrane filtration.
WAVE is an integrated software for expert modeling, developed for
designing treatment plants, including wastewater treatment plants. The
program combines leading membrane technologies: ultrafiltration (UF),
reverse osmosis (RO), and ion exchange (IE), into a single, compre-
hensive platform. The WAVE software is based on the diffusion model
and integrates the model’s equations to simulate the flow of molecules
through a semi-permeable membrane, and it is used to design and
simulate the operation of water treatment systems involving UF, RO,
and IE as constituent processes [64,65]. An attempt was undertaken to
design a reverse osmosis installation for treated municipal wastewater
deionization to use the wastewater as a feedstock for electrolysis. A
computer simulation was carried out to verify the desired conductivity
of < 5uS/cm. Seven processing cases were subjected to analysis
(Table 4).

The conductivity of the filtrate after UF/RO, which determines the
applicability of the reclaimed water in the electrolysis process (max. 5
pS/cm), was the most crucial parameter on which modeling was
focused. This work also involves the study of the factors determining: (a)
operating costs (electricity consumption); (b) operating costs and in-
jection of reagents (pH of the filtrate); and (c) operating costs and the
negative phenomenon of limescale deposition on equipment and thus
reducing the efficiency of hydrogen production (cation and anion con-
centration, including calcium, magnesium, and sulphate). The ultrafil-
tration process in all case studies was adopted to remove suspended
solids and microorganisms. The elimination of suspended solids is
designed to reduce the phenomenon of membrane fouling (membrane
blockage due to the accumulation of contaminants on the membrane
surface and inside the pores) and to protect the equipment from me-
chanical damage. The elimination of microorganisms is designed to
reduce biofouling, i.e. biofilm growth over the membranes, which also
reduces membrane permeability. For a flow rate of 133-145 m®/h, the
use of 4 working UF trains and two redundant trains was adopted. UF
and RO design parameters are derived from membrane suppliers’
guidelines and literature data [66-70]. The 1-pass RO was adopted to
test the efficiency of ion removal on a simplified technology scheme, as
well as the possibility of reducing the investment and operating costs of
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Table 4
Types of technological variants for membrane filtration.
Parameter Unit Case I Case II Case III Case IV Case V Case VI Case VII
Pass 1 Pass 2 Pass 1 Pass 2
ULTRAFILTRATION
Feed (Wastewater) flow to UF m>/h 133.3 137 137 133.3 133.3 145.4 145.4
Permeate (product) flow m3/h 100
Type of membranes - Ultrafiltration SFP-2880
Number of trains (working) - 4
Redundant trains 2
Recovery % 98
TOC rejection % 10
REVERSE OSMOSIS
Feed (Wastewater) flow to RO m3/h 133.3 137 137 133.3 133.3 145.4 109 145.4 109
Number of passes - 1 1 1 1 1 2 2
Number of stages - 1 2 1 2 2 1 1 2 2
Recovery % 75 81.1 75 81.3 84.1 68.8 68.8
Type of membranes - SW30XLE-400i
Active area m? 37.2
Pressure bar 55.2
Flow m®/d 34.1
Rejection % NaCl 99.8
Pressure vessel per stage (stage 1 / stage 2) - 36/0 36/1 36/0 36/1 50 /10 26 26 26/1 26/1
Elements per pressure vessel - 6/0 6/6 6/0 6/6 6/6 6 6 6/6 6/6
Total elements - 216 /0 216 /6 216 /0 216 /6 300 / 60 156 156 156 / 6 156 / 6
Flux dm®/m® x h 12.5 12.1 12.5 12.1 8.8 18.1 16.6 18.1 16.6
Concentrate recycle % 0 10 10 0 0 0 0 0 0

the technology. However, since the demineralization technology
guidelines show that a 2-pass RO system is recommended to achieve
conductivity < 5 us/cm, for this purpose this system was used to validate
the data reported in the literature. The number of pressure vessels and
elements per vessel was derived from the minimum and maximum
recommended values of concentrate flow and recovery per element for a
given membrane type, as determined by the WAVE program (based on
the supplier’s guidelines). The concentrate recirculation was assumed at
a maximum of 10 % in order to adjust the minimum or maximum flow
rate according to the membrane manufacturer’s instructions. The se-
lection of power was based on the assumed capacity, flow and heading
head (geometric height, losses). In all cases, it was determined that the
treated wastewater would be taken from an intermediate tank located at
a distance of up to max. 10 m from the membrane installation. The
parameters given in the Table 4, such as feed flow, flux, recovery rate,
active area, TOC and salts rejection, etc., result from the assumed initial
parameters and parameters determined by the membrane properties.

The data presented in this article is important because it allows
verification and validation of the performance of the designed treatment
system. The data presented is also significant because it allows to verify
the assumed requirements for the quality of reclaimed water, the
adopted design or operational parameters. With a very large number of
parameters that can affect the final efficiency of the electrolyzer, the
proper selection of a technological system for the recovery of water from
municipal wastewater, which is a mix of different substances, it is often
necessary to adapt a specific solution to a particular wastewater stream,
which makes it very difficult to develop a uniform technological system
for the water recovery as an input for the electrolyzer. To simplify the
problem, the data presented in this article take into account the most
important requirements for the quality of the electrolyzer feedwater to
provide sufficiently low conductivity of reclaimed water and make the
concentrations of problematic ions certainly lower than the re-
quirements of electrolyzer manufacturers. To provide design support for
this framework, the data presented allows for the modeling and
computational analysis of membrane systems through their unique
features and parameters, based on actual input data from a real
municipal wastewater effluent.

3. Results and discussion

As part of the first case, the analysis involved a process comprising
membrane filtration on membranes for ultrafiltration and reverse
osmosis (Fig. 1). The processing system included 1-pass RO with 1-stage
membrane filtration. The 1-stage filtration involved 36 pressure vessels,
with 6 elements per vessel. The calculated flux was 12.5 dm®/m? x h
(flow per unit of membrane surface). A pump with a power of 38.7 kW
was proposed. The theoretical total energy consumption was about
929.5 kWh/d. The total water recovery was 75 %.

Fig. 2 presents the proposed design solution of the case Il membrane
filtration system, i.e. a processing system composed of 1-pass RO with 2-
stage membrane filtration. The 1-stage filtration involved 36 pressure
vessels, with 6 elements per vessel. The 2-stage filtration involved 1
pressure vessel, with 6 elements in the vessel. The calculated flux was
12.1 dm®/m? x h. A pump with a power of 36.2 kW was proposed. The
theoretical total energy consumption was about 867.7 kWh/d. The total
water recovery was 81.3 %.

Case III involved a membrane filtration system comprising UF and
RO as part of a 1-pass RO system with 1-stage membrane filtration
(Fig. 3). This case included a concentrate recycle to the membrane
system entry to an amount of 3.7 m>/h (10 % of feed flow). Depending
on the applied membrane types, concentrate flow modeling enables the
adjustment of the minimum or maximum flow as per the membrane
manufacturer’s instructions. However, due to concentration, the water
recovery decreases over subsequent passes (to about 73 %), and the net
recovery equals 75 %. As a result of concentration, the water reclaimed
from wastewater is also characterized by higher conductivity. In the first
stage, the reclaimed water conductivity was 9 uS/cm, while in the sec-
ond it was 48 uS/cm. The final calculated concentrate conductivity was
10 pS/cm. A pump with a power of 38.7 kW was proposed. The theo-
retical total energy consumption was about 929.5 kWh/d.

Case studies IV and V involved the analysis of two processing systems
comprising 1-pass RO with 1-stage membrane filtration. The differences
between the two analyzed cases consisted of the different total number
of applied pressure vessels. A total of 212 vessels and 360 vessels was
proposed for case study IV and V respectively (Fig. 4). The number of
pressure vessels reduces the permeate flux — the greater it is, the lower
the flux and the greater the recovery, with the simultaneous minor
deterioration of the water quality. For case study IV, the recovery was
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Fig. 1. Process flow - Case I 1 - Ultrafiltration unit; 2 — Antiscalant dosing; 3 — Pressure pump; 4 — 1-pass, 1-stage RO unit; 5 — Final concentrate; 6 — Permeate.
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Fig. 2. Process flow — Case II 1 — Ultrafiltration unit; 2 — Antiscalant dosing; 3 — Pressure pump; 4a — 1-pass, 1-stage RO unit; 4b — 1-pass, 2-stage RO unit, 5 —
Concentrate from 1-stage RO unit; 6 — Concentrate recycle; 7 — Final concentrate; 8 — Permeate.

Antiscalant

Treated municipal
wastewater 2

——— Feed water (wastewater)
Permeate

Concentrate
Chemical dosing

Fig. 3. Process flow — Case III 1 — Ultrafiltration unit; 2 — Antiscalant dosing; 3 — Pressure pump; 4 — 1-pass, 1-stage RO unit; 5 — Concentrate recycle; 6 — Permeate; 7
- Final concentrate.

81.3 % at a final calculated average conductivity of 10 uS/cm, whereas However, considering the unsatisfactory quality of the permeate, this
for case study V the values were 84.2 % and 13 uS/cm respectively. The processing system is not recommended.

installation proposed as part of case study V was characterized by the For cases VI and VII, the proposed processing system comprised 2-
lowest energy consumption (about 606.1 kWh/d) due to the application pass membrane filtration. Case VI encompassed the application of 1-
of pumps with lower power and a higher number of pressure vessels. stage reverse osmosis as part of each pass (Fig. 5). Case VII was
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Fig. 4. Process flow — Case IV and Case V 1 - Ultrafiltration unit; 2 — Antiscalant dosing; 3 — Pressure pump; 4a — 1-pass, 1-stage RO unit; 4b — 1-pass, 2-stage RO

unit, 5 — Concentrate from 1-stage RO unit; 6 — Final concentrate; 7 — Permeate.
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Fig. 5. Process flow — Case VI 1 — Ultrafiltration unit; 2 — Antiscalant dosing; 3, 7 — Pressure pump; 4 — Concentrate from 1-pass, 1-stage RO unit; 5 — 1-pass, 1-stage
RO unit; 6 — Permeate from 1-pass, 1-stage RO unit; 8 — 2-pass, 1-stage RO unit; 9 — Concentrate from 2-pass, 1-stage RO unit; 10 — Final permeate.

expanded by 2-stage membrane filtration as part of each 2-pass process
(Fig. 6). The net water recovery was similar in both cases and amounted
to 68.8-71.8 %. In both cases, the application of 2-pass reverse osmosis
made it possible to recover water with an average calculated conduc-
tivity of 2 uS/cm. Taking into account the conformity with the design
assumptions, cases VI and VII are the recommended systems for water
recovery from the analyzed municipal wastewater.

Fig. 7 shows a compilation of the conductivity of water reclaimed
from municipal wastewater treated as part of the analyzed processing
systems. The conductivity (an electrical conductivity of water) is defined
as the capacity of the water to transmit a flow of electricity (to carry an

electrical current) [71]. The electrical conductivity of water is affected
by the presence of ions that carry a negative and positive charge such as
chlorides, sulphates, calcium, and magnesium [72]. As can be observed
from the presented data, case VI and case VII make it possible to obtain
deionized water with parameters fulfilling the requirements for elec-
trolyzer feedstock (water conductivity < 5 uS/cm). The proposed solu-
tions can yield about 100 m®/h of deionized water with a conductivity of
about 2 uS/cm over 1 h of operation. Obtaining the intended product
efficiency requires about 133 to 145 m®>/h of treated municipal waste-
water. Low conductivity is important for several reasons. First, the
higher the content of undesirable ions, the more the composition of the
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Fig. 6. Process flow — Case VII 1 - Ultrafiltration unit; 2 — Antiscalant dosing; 3, 8 — Pressure pump; 4a — 1-pass, 1-stage RO unit; 4b — 1-pass, 2-stage RO unit; 5 —
Concentrate from 1-pass, 1-stage RO unit; 6 — Concentrate from 1-pass, 2-stage RO unit; 7 — Permeate from 1-pass RO units; 9a — 2-pass, 1-stage RO unit; 9b — 2-pass,
2-stage RO unit; 10 — Concentrate from 2-pass, 1-stage RO unit; 11 — Concentrate from 2-pass, 2-stage RO unit; 12 — Final permeate.
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Fig. 7. Summary of conductivity values for each case study.

extracted gas changes. Due to the undesirable components contained in
poorly treated water, the composition of the gas is changing. This low
conductivity avoids interference of signals by ions in the water. Ions in
the feed water can also interact with the electrolyzer material, which can
lead to changes in electrical properties and affect results. Since munic-
ipal wastewater (even treated wastewater) is a mix of different types of
substances, municipal wastewater presents technical and technological

challenges to make it possible to produce ultra-pure hydrogen (purity of
>=99.999 %). Furthermore, maintaining a low conductivity (and thus a
low content of undesirable ions) is expected to prevent equipment
corrosion and biofouling of the electrolyzer. High water conductivity
also has a major impact on the lifetime of the electrolyzer, which can in
turn affect hydrogen cost by increasing the annuity of the electrolyser in
the cost of hydrogen [73-77].

Table 5 presents a compilation of the analyzed case studies with the
most important membrane filtration modeling results obtained. The
output filtrate production (water after UF/RO) was set at 100 m>/h for
all cases. The water recovery rate ranged from about 69 % to up to 81 %
at an effluent inflow rate of about 133 m®/h to 145 m®/h, depending on
concentrate recirculation. The results obtained based on an analysis of 7
different processing cases studies (ultrafiltration and reverse osmosis)
confirmed that the application of 2-pass membrane systems enables the
reclamation of water from municipal wastewater that fulfills the re-
quirements concerning the quality of water intended as electrolyzer
feedstock, as the obtained water exhibited a conductivity of < 5 uS/cm.
Depending on the analyzed case study, the attainable level of water
reclamation ranged from 68.8 to 84.1 % at an energy consumption of
606.1 — 2 694 kWh/d. The results of this work not only confirm that the
selected processing solutions make it possible to reclaim water from
municipal wastewater, but also confirm the necessity of using software

Table 5

Specific parameters for the analyzed case studies.
Parameter Unit Case I Case II Case III Case IV Case V Case VI Case VII
Feed wastewater m>/h 133.3 137 137 133.3 133.3 145.4 145.4
Produced water m®/h 100 100 100 100 100 100 100
Recovery % 75 81.1 75 81.3 84.1 68.8 68.8
Conductivity puS/cm 8 10 9 10 13 2 2
Permeate TDS mg/dm3 4.97 6.34 4.97 5.84 7.77 3.33 3.70
Mgt mg/dm® 0.02 0.02 0.02 0.02 0.02 0.01 0.01
Ca?" mg/dm? 0.08 0.10 0.08 0.10 0.12 0.05 0.06
clr mg/dm3 0.82 1.06 0.82 0.97 1.33 0.53 0.60
S0% mg/dm> 0.08 0.10 0.08 0.09 0.12 0.05 0.06
pH - 5.8 5.9 5.8 5.9 6.0 5.7 5.7
Energy consumption kWh/d 929.5 867.7 929.5 858.4 606.1 2694 2569
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to simulate the membrane system operation to select the most economic
and cost-effective solution. The pH of the demineralized water would
also need to be factored in when selecting the appropriate processing
system. The reaction of the obtained water did not exceed pH = 6 for all
the analyzed cases. After demineralization, the process water should be
conditioned according to the electrolyzer manufacturer’s specifications
and the process water requirements. For example, the pH of the feed
water to the HySTAT electrolysers [78] should be between 5.0 and 7.0
(information obtained from the electrolysers’ supplier), so each of the
streams recovered from the wastewater meets this parameter.

Furthermore, defining the optimal processing system should also
factor in the risk of membrane scaling. WAVE does not provide a
mechanism for estimating the antiscalant efficiency, therefore the
choice of both the antiscalant and its dosage as well as its efficiency
should be investigated accordingly and determined at the stage of
technology selection. As presented above, among the 7 analyzed pro-
cessing systems, only cases VI and VII exhibit a quality of the reclaimed
water compliant with ASTM’s requirements. Considering the high effi-
ciency and the expanded processing system structure, energy con-
sumption in these cases is higher compared to the others, but these cases
exhibit the best water quality. Both the analyzed cases are characterized
by similar power demands, but the energy consumption for case VII is
nearly 5 % lower relative to the energy consumption for case VI at
almost equivalent reclaimed water quality, therefore case VII appears to
be the optimal solution from this perspective. Assuming a water con-
sumption of 15 kg H20/ 1 kg Hj, for electrolysis (factoring in water loss
for rinsing and cleaning as well as an electrolyzer efficiency of about
60 % [48]), at the adopted installation efficiency, the hydrogen yield
over 1 h would equal about 6666 kg Ha.

In the study case appearing as the optimal (case VII), the doubtless
advantages of the process include the lack of chemical dosing, since the
operation of the system relies only on pressure as the driving force, and
the separation takes place at room temperature, with no phase change.
The proposed technology can even function as a stand-alone process
system, compared, for example, to distillation which is currently not
cost-effective due to high energy consumption, when used as a single
reclaiming technology. Compared to distillation or evaporation pro-
cesses, as the methods for wastewater treatment and water reclamation,
the proposed technology is highly competitive in terms of electrical
consumption (1.07 kWh/m?®). Classical distillation or evaporation
technologies, in addition to the electrical energy requirements (approx.
0.5 to 5.0 kWh/m®), also involve a thermal energy consumption
(approx. 27-83 kWh/m®) [79-81]. Although 2-pass RO is an effective
method for water reclamation, as all membrane processes has certain
limitations, such as the phenomenon of membrane fouling, which forces
the need for frequent membrane flushing or dosing of cleaning chem-
icals. The RO process also produces an additional stream of waste liquid
(concentrate), which must be eliminated. Due to the recovery rate
(68-84 %) of water, the RO process also produces an additional stream
of waste liquid (concentrate), which must be eliminated.

Compilations of the estimated investment and operating costs are
presented in Table 6 and Table 7 respectively. The appropriate indices
recommended for flow processes were applied to evaluate the invest-
ment and operating costs [82-84]. The data pertains to a processing
system with an efficiency of 100 m3/h of the product (water reclaimed
from municipal wastewater). Direct costs (D) include the costs of pur-
chasing equipment and machinery (E), as well as instrumentation,
control systems, pipelines, electric systems, land improvement, waste-
water treatment plant operation adjustments, buildings, maintenance
equipment (D1), etc. The costs of equipment and machinery were
adopted based on information obtained from suppliers, analyses, and
own experience. Indirect costs (I) include aspects such as technical
design costs and legal expenses. The economic analysis also encom-
passes certain risk factors and the costs of unforeseen events. The annual
operating costs encompass chemicals, media, manpower, maintenance,
and insurance. To calculate the annual costs, the analysis assumed the
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Table 6
Estimated capital costs.

Parameter Factor Estimated Cost [ US$ ]
Equipment and devices (E) ¥ 650,000
Other capital cost (D1)

-Electrical 25% x E 162,500
-Piping 10% xE 65,000
-Installation 35%xE 227,500
-Instrumentation and control 15%xE 97,500
-Land improvement 1%xE 6,500
-WWTP improvement 50 % xE 325,000
-Building cost 15%xE 97,500
Other capital cost (D1) 981,500
Total direct cost (D) 1,631,500
Technical design 15%xD 244,725
Engineering 20%xD 326,300
Legal expenses 4%xD 65,260
Total indirect cost (I) 636,285
Direct and indirect cost (D + I) 2,267,785
Contractor fees 5%xD+1D 113,389
Unforeseen expenses 10%x(D+ D 226,779
Total investment cost 2,607,953

* Based on suppliers’ information, own analyses and experience from similar
implementations.

Table 7
Estimated annual operating costs.

Parameter Factor Estimated Cost [ US$/year ]
Concentrate disposal ¥ 131,900
Electricity * 177,217
Chemical dosing 26,285
Workers (W) 2 x 1100 US$/month 26,400
Insurance 2 % x E (Table 6) 13,000
Maintenance (M)

-Mechanical 7 % x E (Table 6) 81,575
-Civil 3%xD 48,945
Supervisor 25% x W 6,600
Laboratory 10 % x W 2,640
Repairs 40 % x M 52,208
TOTAL OPERATING COSTS 566,769

* Based on WAVE calculations.

employment of 2 workers and an installation operation of about
363 days per year, factoring in technical pauses of about 4 h a month.
The total investment costs for an installation with an efficiency of
100 m®/h may amount to an average of about US$2,206,729. Mean-
while, the costs of operation and maintenance may amount to an
average of about US$536,657, factoring in the costs of concentrate
management and disposal after RO.

4. Conclusions

e The paper presented an analysis of selected processing systems
comprised of 1- or 2-pass membrane processes (ultrafiltration and
reverse osmosis).

e Commercial software for selecting membrane modules, provided by

their producers, is very useful in the process of designing the

appropriate membrane system. Modeling the membrane filtration
process for water reclamation from municipal wastewater to produce
water intended as a feedstock for electrolyzers was conducted using
the DuPont Water Solutions WAVE software for the actual conditions
and parameters of a functioning public utility facility — a wastewater

treatment plant with a population equivalent (PE) of > 100,000.

7 processing cases for treated municipal wastewater deionization

were proposed to use the water as a feedstock for electrolysis, and a

computer simulation was carried out to determine the desired con-

ductivity of < 5uS/cm. It was assumed that the municipal
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wastewater pre-treatment installation would comprise the following
elements: sieve filtration, ultrafiltration, and reverse osmosis.

Two of the 7 processing cases made it possible to recover water of the
expected quality (case VI and case VII). The obtained data also
confirms that the instructions of membrane manufacturers in terms
of technology selection were fulfilled. The analyzed 1-pass systems
failed to yield water with parameters enabling its use as an electro-
lyzer feedstock. On the other hand, the analyzed 2-pass systems
made it possible to recover water exhibiting a conductivity fulfilling
the requirements of ASTM, i.e. water with a conductivity of < 5 puS/
cm.

Both the analyzed cases were characterized by nearly identical
compositions of the permeate (water reclaimed from wastewater)
and similar demands for electric power, though case VII exhibited a
lower energy consumption. From this perspective, case VII was
proposed as the recommended solution, though the final choice be-
tween cases VI and VII require more in-depth consideration, as the
membrane with the highest efficiency also exhibited the highest
power demand. In this regard, cost factors play a greater role.

The work conducted as part of this paper confirmed the possibility of
reclaiming water from municipal wastewater. The recovery of water
with parameters fulfilling the requirements for electrolyzer feedstock
was confirmed based on the modeling results.

This work confirmed the necessity of utilizing software to simulate
the operation of membrane systems to select the most economic and
cost-effective solution.
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