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Abstract: Starting from the assumption that wastewater treatments can have a significant impact on the
interactions between microplastics (MPs) and various pollutants in different matrices, a focus must be
directed on examination of classic and redesigned treatments to remove synthetic dyes in the presence of
MPs from wastewater. This paper investigates the potential application of Fenton-like process for the
removal of water-based printing dye (Cyan) from aqueous solution containing MPs in a form of granulated
polyethylene (PEg). The influence of five quantitative parameters on decolorization efficiency was
investigated: initial dye concentration (20-180 mglL™), nano zero valent iron (nZVIl) dosage (0.75-60 mglL™),
PEg concentration (1-10 gL™), hydrogen-peroxide concentration (1-11 mM) and pH value (2-10). A novel
statistical approach, definitive screening design, resulted with the optimization process which yielded
highest removal efficiency of 92% under following conditions: initial dye concentration of 155 mgL™, nzVi
dosage of 55 mglL, PEg concentration of 2.35 gL™1, H;0, concentration of 2 mM and pH value 2.5. Available
data indicate that in the future, wastewater containing MPs will dictate ways to reuse this water in terms
of closing the water material cycle and reducing environmental pollution. Therefore, the industrial
wastewater reuse is an important component of sustainable wastewater management practices, namely,
water resource augmentation and pollutant reduction.
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1. INTRODUCTION

Microplastics (MPs) pollution is raising environmental concern in recent years due to its global distribution.
MPs are plastic particles smaller than 5 mm in size, which can be classified as primary and secondary MPs,
according to the source. Primary MPs are produced in a small size on purpose (toothpastes, facial cleaners,
cosmetic products, resin balls, drug carriers, etc.), whereas secondary MPs are formed by degradation of
larger plastic waste via physical, chemical and biological processes. Because of their low density and small
particle size, they are easily discharged into the wastewater drainage systems. Therefore, the municipal
wastewater treatment plants are indicated to be the main recipients of MPs before getting discharged into
the natural waterbodies (Gulliver, 2017).

Printing inks and varnishes are industrial mixtures. In the manufacture process of certain printing dyes,
polymers as resins and waxes are an essential ingredient, used in order to provide superior adhesion of
dyes to non-porous surfaces. These polymers may fall under the proposed definition of MPs: solid non-
biodegradable polymeric particle with physical dimensions between 1 pum - 5 mm originating from
anthropogenic sources. Additionally, MPs and dyes can be found in wastewater after the printing process
on the polymer packaging material, or screens that are usually made of polyethylene or polypropylene,
mainly in flexo and screen-printing process (Somalu et al, 2017; Pekarovicova and Huskova, 2016). In that
way, MPs can act as a carrier of synthetic dyes, heavy metals and other toxic contaminants. Printing
wastewater due to the presence of non-biodegradable compounds, high concentrations of chemical
oxygen demand (COD), trace amounts of toxic metals, persistent colors, adhesives, pigments and etc. must
be treated before discharging to water streams (Collivignarelli et al, 2019). The presence of synthetic water-
based dyes and MPs in industrial wastewater poses a threat to aquatic ecosystems, as well as a source of
indirect negative effects on human health. Commonly applied method for COD and dye removal from
industrial wastewaters are: electrocoagulation (Hendaoui et al, 2020), flocculation (Feng et al, 2021),
adsorption (Atrous et al, 2019), biological methods (Mojtabavi et al, 2020), advanced oxidation processes
(Kecic et al, 2018a), either individually or combined with other physicochemical methods, as well as nano-
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technology (Papadopoulos et al, 2019). However, classical wastewater treatments are not designed for the
removal of synthetic dyes in the presence of MPs. That is why the improvement of technologies for the
removal of various pollutants in the presence of MPs is an extremely important field of research.

The aim of this study is directed on examination of advanced oxidation treatment based on the Fenton-like
process to remove synthetic water-based Cyan dye in the presence of MPs, polyethylene. Nano zero valent
iron (nZVI) particles were synthesized by using green-tea leaves and utilized as a catalyst in Fenton-like
process.

2. MATERIALS AND METHODS

2.1 Materials and chemicals

Water-based printing dye, Cyan, was produced from Flint group and obtained from one printing facility in
Novi Sad, Serbia. Structure and properties of Cyan dye are presented in Table 1. Hydrogen peroxide, 30%
(NRK Engineering, Serbia), sodium hydroxide, >98.8% (POCH), ccH2S04, >96% (J.T. Baker) were of analytical
grade and used without any further purification.

Table 1: Structure and properties of Cyan dye

Structure HoL o v
& R N P as
b, *\\<N‘C:u7 _N>, L= S//O

D§SH

HG/ o
Molecular formula Cs32H16CuNg
Molar mass 576.07 gmol?
}\max 636 nm
Color index PB15:3
CAS number 147-14-8
Type phthalocyanine dye

In this study, granulated polyethylene (PEg) microplastic particles were added to synthetic dye solution in
order to investigate Fenton-like process efficiency for the removal of printing dye in the presence of MPs.
MPs particles were purchased from Sigma Aldrich and basic physico-chemical properties of PEg are
presented in Table 2.

Table 2: Physico-chemical properties of PEg (Loncarski, 2020; Tubic et al, 2019)

PEg appearance

Particle size (mm) 3.0

Density (gcm3) 0.918
Crystallinity (%) 44.0
Melting Temperature (°C) 114
Glass Transition Temp. (°C) -120
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2.2 Synthesis of Fenton catalyst

"Green” synthesis method of nZVI particles was conducted by using green-tea leaves combined with iron
chloride. Extraction procedure was carried out as described by Machado et al (2013). Extraction of 60 g
green-tea leaves was performed with 1000 ml of deionized water on a magnetic stirrer at temperature of
80 °C for 60 min. After extraction, the resulting mixture was filtered with Blichner Vacuum Filtration Funnel
and mixed with 0.1 M Fe3* solution in a volume ratio of 1:3. Mixture color turned from yellow to dark brown,
indicating the formation of nanoparticles.

2.3 Experimental procedure

The lab scale of Fenton-like process was performed by a series of 15 experiments on a JAR test apparatus
(FC6S Velp scientific, Italy) in a glass beaker containing 250 mL of Cyan dye solution at desired concentration
(20-180 mgL™). After the addition of nZVI in different concentrations (0.75-60 mgL™?) and MPs particles (1-
10glL1), the pH adjustment (2-10) was conducted with 0.1 M ccH2S04 and 0.1 M NaOH solution. The Fenton
reaction was initiated by adding the hydrogen peroxide in various concentrations (1-11 mM). The mixture
was kept at a constant stirring of 120 rpm at the temperature of 23 °C for 60 min (Keci¢ et al, 2018a). The
initial, as well as residual dye concentrations in the reaction mixture were determined by measuring the
absorbance of the aqueous solutions at 636 nm by using UV/VIS spectrophotometer (UV 1800, Shimadzu,
Japan). The decolorization efficiency was calculated according to equation (1):

E (%) = AOA;O“”* 100 (1)

where: Ao is the initial dye absorbance of Cyan dye aqueous solution; At is absorbance of Cyan dye aqueous
solution after Fenton-like process.

2.4 Statistical analysis

In this study, a novel three-level definitive screening design (DSD) approach was employed to investigate
the printing dye removal in the presence of MPs particles by Fenton-like process. Five operating variables
were included in one single experimental design: initial dye concentration, nZVI dosage, MPs concentration,
pH and H202 concentration. Each factor had three levels representing the low (-), central (0), and high (+),
presented in Table 3. JIMP 13 (SAS Institute, USA) software was used for the statistical analysis. What makes
DSD a new class three-level screening design is a fact that it requires only one more experiment than twice
the number of factors under analysis, which is of significant interest to practitioners. Still, it allows to
estimate the main effects without any aliasing with each other or with two-factor interactions (Pereira et
al, 2018).

Table 3: Process variables with experimental levels

Variables | Unit Levels

-1 0 +1
Dye concentration (mglL?) 20 100 180
nZVl dosage (mglL?) 0.75 30 60
PEg concentration (gL 1 5.5 10
pH - 2 6 10
H,0, concentration (mM) 1 6 11

3. RESULTS AND DISCUSSIONS

Table 4 shows the 5-variable DSD matrix designed with JMP 13 program and obtained Fenton process
efficiencies (%) for 15 experimental runs. It is observed that the maximum and minimum decolorization
efficiencies during Fenton-like process are achieved under different sets of process conditions, which
confirms the assumption that dye removal process mostly depends on the applied experimental conditions.
When compared with classical fractional factorial designs, DSD's have the advantage of estimating
independently the main and the quadratic effect, as well as of being unaliased with two-factors interactions
(Pereira et al, 2018).
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Table 4: Experimental design layout and observed response

Dye . nZVI dosage PEg . H20: . Fenton process
No. concentration ) concentration pH concentration .
) (mgL?) ) efficiency (%)
(mgl™) (gL (mM)
1 100 60 10 10 11 141
2 100 0.75 1 2 1 81.54
3 180 30 1 10 11 0.74
4 20 30 10 2 1 18.99
5 180 0.75 5.5 2 11 69.41
6 20 60 5.5 10 1 1.73
7 180 60 1 5,5 1 84.76
8 20 0.75 10 5,5 11 0.68
9 180 60 10 2 6 91.67
10 20 0.75 1 10 6 1.58
11 180 0.75 10 10 1 1.70
12 20 60 1 2 11 0.15
13 100 30 5.5 5,5 6 30.54
14 100 30 5.5 5,5 6 33.43
15 100 30 5.5 5,5 6 29.94

The adopted regression model contained eleven terms. As shown in Table 5, the adopted regression model
explains approximately 99.9% of variance in the observed Fenton efficiency values. The value of adjusted
R%is 99.8%, which reveals good relationship between the expected values and the actual values. Compared
to mean of response, root mean square error is small, indicating good fit and accuracy of model prediction.
Results of ANOVA test shown in Table 6 confirmed the significance of the adopted regression model (the
value of the parameter F <0.0001).

Table 5: Summary of fit

Source Value
R2 0.999
R2 Adj 0.998
Root Mean Square Error 1.361
Mean of Response 29.885

Table 6: ANOVA

Source Degrees of freedom Sum of Squares Mean Square F parameter
Model 10 16969.039 1696.900 916.245
Error 4 7.408 1.850 Prob>F
C. Total 14 16976.447 - <0.0001

Based on the estimated parameter and standard error values, the statistically significant factors that
contribute the most to the efficiency of Cyan dye removal in Fenton-like process were determined (Table
7 —bolded values). Statistical analysis revealed that all main process parameters are statistically significant
and contribute to the decolorization efficiency. The results demonstrated that dye concentration, nZVI
dosage and interaction effect between PEg concentration and H202 concentration, dye concentration and
nZVI dosage as well as pH and H202 concentration have a positive influence on the Fenton process
efficiency, while other variables have a negative effect. Furthermore, all single terms are a part of four
significant two-way interactions, whereby dye concentration, pH and H,02 concentrations are involved in
two significant interactions.

Based on Table 7, a surface response plots of significant two-way interactions in the model are shown in
Figure 1. From the surface plot diagram (Figure 1a) it follows that maximal Fenton process efficiency is
reached when nZV| dosage is kept at its high level (60 mgL?), while dye concentration increases from 20 to
180 mglLt. However, maintained at low level (1 mM), H202 concentration exhibits the most pronounced
influence on the impact of PEg concentration on dye removal (Figure 1c). The phenomenon can be ascribed
to the fact that dye removal can be achieved with both advanced oxidation process and adsorption process
of dye on MPs surface.

246



Table 7: Parameter estimates sorted by statistical significance

Term Estimate Std Error t Ratio Prob>|t|
pH -25.460 0430 | -59.160 [ ¢ 1 1 | <0.0001*
Dye conc. 22.515 0.430 52320 || ¢ ¢ ¢ P i1 | <0.0001*
H,0; conc. -11.633 0430 | -27030 || ¢ [l ¢ ¢ ¢ | <0.0001*
Dye conc. *pH -12.210 0.717 | -17.020 || Sl s o r | <0.0001*
PEg conc. * H,0; conc. 9.874 0.717 13770 || 0 P 0.0002*
PEg conc. -5.432 0430 |-12620 | ¢ ¢ ¢ HHl oo 0.0002*
nzVl dosage 2.481 0.430 s770 | Pl o 0.0045*
Dye conc. * nzVI dosage 3.461 0.717 4820 || Wi @ 0.0085*
pH*H,0, conc. 2.565 0.642 4.000 || m: ::: 0.0162*
H,0; conc. * H,0, conc. -1.918 0.962 -1.990 || ir: i 0.1170
v dosage (mgL--.) Dye concentraioy, (mgL) Dye concentration (mglL") pH

Fenton process efficiency (%)
Fenton process efficiency (%)
Fenton process efficiency (%)

Fenton process efficiency (%)
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Figure 1: Surface response plots illustrating two significant interactions between: a) dye concentration and nZV|
dosage; b) dye concentration and pH; c) PEg concentration and H,O, concentration; d) pH and H02 concentration

Prediction profiler with optimal settings is shown in Figure 2. The optimization plot graphically illustrates
how the Fenton process efficiency changes as a function of one of the variables, while all other variables
remain constant. According to optimization results, maximum Fenton process efficiency of 92% is obtained
for the following settings: 155 mglL! of Cyan dye concentration, 55 mglL? of nZV| dosage, 2.35 gL * of PEg

concentration, 2 mM of H0, concentration and pH 2.5. This confirms that the process efficiency increases
with H202 and pH decreasing.
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Figure 2: Optimization diagram for Fenton-like process

In the study conducted by Kecic¢ et al (2018b), Cyan dye removal with nZVI-induced Fenton process without
MPs particles resulted with 87%. The obtained higher Fenton process efficiency in this experiment is
probably due to the partial dye adsorption on MPs surface, indicating that the presence of MPs particles in
wastewater may contribute to higher Fenton process efficiency than actually obtained. Certainly, future
studies must include printing wastewater treatments containing dyes and MPs of various types and
concentrations.

4. CONCLUSIONS

In this study, Fenton-like treatment of Cyan water-based printing dye with the addition of microplasticin a
form of granulated polyethylene was investigated. A novel statistical method, definitive screening design,
was used in order to allow screening and preliminary optimization in a single experiment. The method
proposed enables efficient treatment of synthetic aqueous solutions in the presence of microplastics,
optimized for maximum decolorization efficiency of 92% by the adopted statistical model. The results
confirmed the significant influence of all main process parameters on decolorization efficiency, as well as
four significant two-way interaction. Furthermore, higher decolorization efficiency was obtained in
comparison to Fenton-like process without the addition of microplastic, indicating a possible adsorption
dye mechanism with the simultaneous Fenton process conduction. Nevertheless, further investigation
should be directed towards the evaluation efficiency of various treatments for the synthetic dye removal
in the presence of microplastic in wastewater treatments, while focusing on possible influence of
microplastic on desorption of synthetic dyes into the aquatic environment and assessment of effluent
toxicity before and after treatment.
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