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Abstract: In the framework of wastewater treatment plants, sewage sludge can be directed to biochar
production, which when coupled with an external iron source has the potential to be used as a carbon–
iron composite material for treating various organic pollutants in advanced oxidation processes.
In this research, “green” synthesized nano zero-valent iron (nZVI) supported on sewage sludge-
based biochar (BC)–nZVI-BC was used in the Fenton process for the degradation of the recalcitrant
organic molecule. In this way, the circular economy principles were supported within wastewater
treatment with immediate loop closing; unlike previous papers, where only the water treatment was
assessed, the authors proposed a new approach to wastewater treatment, combining solutions for
both water and sludge. The following phases were implemented: synthesis and characterization
of nano zero-valent iron supported on sewage sludge-based biochar (nZVI-BC); optimization of
organic pollutant removal (Reactive Blue 4 as the model pollutant) by nZVI-BC in the Fenton
process, using a Definitive Screening Design (DSD) model; reuse of the obtained Fenton sludge,
as an additional catalytic material, under previously optimized conditions; and assessment of the
exhausted Fenton sludge’s ability to be used as a source of nutrients. nZVI-BC was used in the Fenton
treatment for the degradation of Reactive Blue 4—a model substance containing a complex and stable
anthraquinone structure. The DSD model proposes a high dye-removal efficiency of 95.02% under
the following optimal conditions: [RB4] = 50 mg/L, [nZVI] = 200 mg/L, [H2O2] = 10 mM. pH
correction was not performed (pH = 3.2). Afterwards, the remaining Fenton sludge, which was
thermally treated (named FStreated), was applied as a heterogeneous catalyst under the same optimal
conditions with a near-complete organic molecule degradation (99.56% ± 0.15). It could be clearly
noticed that the cumulative amount of released nutrients significantly increased with the number
of leaching experiments. The highest cumulative amounts of released K, Ca, Mg, Na, and P were
therefore observed at the fifth leaching cycle (6.40, 1.66, 1.12, 0.62, 0.48 and 58.2 mg/g, respectively).
According to the nutrient release and toxic metal content, FStreated proved to be viable for agricultural
applications; these findings illustrated that the “green” synthesis of nZVI-BC not only provides
innovative and efficient Fenton catalysts, but also constitutes a novel approach for the utilization of
sewage sludge, supporting overall process sustainability.

Keywords: nano zero-valent iron; biochar; sewage sludge; catalyst; nutrient release; circular economy

1. Introduction

Wastewaters are becoming an emerging threat because of the continuous release of
various pollutants such as heavy metals, polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, and pharmaceuticals, etc. [1]. Water treatment resolves one issue, but it also
produces sewage sludge (SS), which necessitates a distinct disposal and management
strategy [2,3]. The annual production of sewage sludge in the 32 member countries of
the European Environment Agency (EEA-32) is about 11.1 million in recent years, which
equates to about 17 kg per person. Based on data reported in 2022, 34% of the sewage
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sludge was used in agriculture, 31% was incinerated, 12% was used in compost and other
applications, 12% went to landfills, and 10% was used in other ways. Some countries
predominantly send treated sewage sludge to land, while others incinerate it. The cost of
the treatment plus disposal of sludge in European countries has been estimated to reach, on
average, approximately EUR 200 per tonne of dry mass, according to the type of treatment
and disposal [4]. Significant differences between the member states in sewage sludge
management are reported; while the reuse of nutrients in agriculture (land spreading or
composting) is the most common practice in Spain, Ireland, Finland, Hungary, and Cyprus,
incineration is mainly applied in the Netherlands, Belgium, Germany, and Austria [5].
Around 35% of SS is used as a fertilizer in the United States. In Japan, 70% of SS is managed
by incineration. More than half of the SS in South Korea is dumped into the sea [6].
Worldwide sludge production will continue to grow due to increasing urbanization and
industrialization. Additionally, more strict environmental protection policies will influence
upgrading old and building new wastewater treatment plants.

Until now, the focus of most research in the field of wastewater has been on technical
aspects and improvements in water quality while minimizing the impact on the environ-
ment and human health. However, recent studies have shown that excluding broader social
issues that affect the adoption of sustainable solutions prolongs the resolution of global
environmental problems, as well as unjust health and social conditions in certain parts of
the world. Therefore, increasing attention is paid to the social aspects of wastewater man-
agement strategies. This primarily refers to the wider public’s acceptance of the possibility
of using purified wastewater and sludge generated during the application of the treatment
process for various useful purposes.

Wastewater treatment plants (WWTPs) need to become one of the crucial elements of
the regional bioeconomy, mainly through energy (waste to energy) and matter (nutrients-
energy-water) recovery as an element of sustainable development. Today, in terms of
circularity, both wastewater and the obtained wastewater sludge are concerned as resources.
Currently, WWTPs should be an area where these assumptions can be successively imple-
mented through closed water and wastewater cycles, the recovery of valuable substances
(nitrogen, phosphorous, cellulose, humic acids, fatty acids, enzymes, and polysaccharides),
the recovery of products generated in technological processes (fertilizers and biochar), and
the recovery of energy and heat [7].

Sewage sludge consists of a heterogeneous mixture of useful and harmful substances
such as heavy metals, persistent organic pollutants, pathogens, organic matter, and macro-
and micro-nutrients [8,9]. Conventional methods used for SS management are no longer
viable because of strict regulations, the lack of available space, and the increasing environ-
mental and health problems caused by the presence of pathogenic agents, pharmaceutical
substances, hormones, heavy metals, and persistent organic pollutants. Sewage sludge
pyrolysis is considered an acceptable method from economic and ecological perspectives
for the beneficial reuse of sewage sludge. This method has many advantages such as
reducing sludge volume by 80%, the removal of pathogenic agents and hazardous com-
pounds from SS, metals being immobilized in a solid residue, thus reducing their leaching,
and organic and inorganic fractions being immobilized in a stabilized form of pyrolytic
residues (biochar) [10]. There are many benefits of biochar (BC) production: energy produc-
tion, sustainable waste recycling, carbon sequestration, improvement in soil quality, plant
development, and mitigating greenhouse gas (GHG) emissions [6,11,12]. Many studies
have proven that the pyrolysis of sewage sludge to biochar can be more effective than the
application of raw sewage sludge in reducing the environmental risks of the potentially
toxic metals involved in land application [13,14].

Besides the above-mentioned uses, considerable research attention is attributed to
biochar as a carbon-based catalyst for different environmental applications. It can func-
tion as a catalyst in advanced oxidation processes to facilitate the generation of sulfate
radicals, superoxide radicals, and hydroxyl radicals with low energy requirements and
transition metals for degrading refractory pollutants. This may be attributed to the large
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amount of nutrients (N and P), metals (Ni, Zn, Mg, Ca, Ti, Cu, Fe and Al), O, S, Si, and
C, which are always involved in the preparation of different heterogeneous carbonaceous
catalysts. To date, the application of modified sewage sludge biochars as catalysts has been
investigated in catalytic reactions (e.g., photocatalysis, H2O2/persulfate activation, and
Fenton-like/ozonation reaction) for the removal of organic contaminants [12].

Owing to a large pore volume, specific surface area, and various active functional
groups, minerals with aromatizing structures, and not being biodegradable by microbes,
BC possesses high chemical and biological stability compared with other carbon sources.
These adjectives indicate its application as a waste-derived low-cost BC catalyst for the
abatement of recalcitrant organic pollutants from wastewater. However, in general, the
removal ability of raw biochar to pollutants is still limited.

Furthermore, biochar could be sustainably used to form carbon–iron composite ma-
terials, using external iron sources, for treating various recalcitrant organic pollutants in
advanced oxidation processes.

Nanoscale zero-valent iron (nZVI), as a potential alternative source of Fe2+, has been
successfully used to activate hydrogen peroxide for the degradation of various pollu-
tants [15–17]. Green synthesis of nZVI, using plant extract, attributes high activity, energy
saving, and lower cost for large-scale implementation [15]. However, nZVI tends to aggre-
gate into forming microscale particles, resulting in diminished reactivity. Considering its
large surface area, porous structure, and cost effectiveness, biochar can represent a great
supporting material to stabilize nZVI and enhance its catalytic ability [18].

The objective of this study was to examine the degradation performance of a biochar–
iron composite material synthesized using sewage sludge from wastewater treatment,
which would otherwise be land filled. The work intended to assess an alternative approach
that may utilize the large volumes of sewage sludge from wastewater treatment for ben-
eficial use in environmental remediation, having significance in the reuse of resources.
The circular economy concept is gaining traction due to its capacity for environmental
sustainability, which includes resource utilization efficiency, nutrient recycling, and cascade
use, in which all materials at each stage of the process are recognized as valuable resources
instead of wastes. Unlike previous papers, where the water treatment was only assessed,
the authors proposed a new approach to wastewater treatment, combining solutions for
both water and sludge.

In this research, one possible sewage sludge valorization pathway was proposed,
relying on circular economy principles.

The work included several consecutive steps towards exploring the possibility of
closing-the-loop in wastewater treatment and sludge management (Figure 1):

(1) Sewage sludge conversion to biochar (BC) through pyrolysis;
(2) ‘Green’ synthesis of nZVI supported on BC;
(3) Evaluating the nZVI-BC, as a catalyst in the Fenton process, for wastewater treat-

ment containing Reactive Blue 4 (RB4) as a model substance due to its complex and hardly
degradable anthraquinone structure. The use of nZVI-BC promotes environmental friendli-
ness, wide applicability, and simple, rapid degradation of organic compounds;

(4) Remained Fenton sludge (FS) was subjected to ignition, forming FStreated. The
characteristics of this newly produced material were assessed to investigate the degree of
retained catalytic properties (mainly iron form and content);

(5) FStreated was returned to the Fenton process to examine its efficiency as a recycled
catalytic material. In this way, sustainability of the entire treatment could be achieved;

(6) Assessing the potential of FSexhausted as soil amendment/conditioner in comparison
to BC, through elemental analysis and nutrient-release experiment, as a potential method
to close the loop of the exhausted catalyst stream.
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Figure 1. Schematic presentation of the phases of the conducted experiments (1. Pyrolysis, 2. Syn-
thesis of nZVI-BC; 3. nZVI-BC application as Fenton catalyst; 4. ignition of Fenton sludge (FS) to 
form FStreated; 5. FStreated application as Fenton catalyst; 6. FS application in nutrient release experi-
ments after ignition). 

2. Results and Discussion 
2.1. Characterization of Raw and Modified BC-Based Materials 

The morphologies of BC, nZVI-BC, and FStreated were analyzed by SEM and are pre-
sented in Figure 2. BC was characterized by a smooth surface and porous structure (Figure 
2a). There were many tiny pores in the interior and on the surface of the original biochar, 
which provide sites for the adsorption of nZVI particles. The particle size of BC was dif-
ferentiated ranging from 600 nm to 2.15 μm. In the absence of BC, the “green” synthesized 
nZVI particles were spherical and sized from 30 to 825 nm (published in [19]). When in-
troduced to BC, the nZVI particles were randomly located and roughened the BC surface. 
nZVI-BC particles were twisted and serpentine and abundant pores could be observed 
(Figure 2b). The particle size ranged from 68 to 521 nm. The initial Fe3+ concentration, ini-
tial substrate concentration, temperature, pH, and stirring rate of the reaction medium 
were dependent on the factor for controlling the nanoparticle size and size distributions 
according to Turabik and Simsek, 2017 [20]. They established that Fe3+ concentrations 
lower than the stoichiometric requirement contribute to the synthesis of larger nanoparti-
cles. The temperature increase showed similar effects, as well as the increase of the stirring 
rate over 400 rpm. The surface of FStreated was coarser with rough aggregates on the surface, 
which could be related to the corrosion of nZVI particles and dye/Fe-oxides via redox 
reactions (Figure 2c). 

  

Figure 1. Schematic presentation of the phases of the conducted experiments (1. Pyrolysis, 2. Synthesis
of nZVI-BC; 3. nZVI-BC application as Fenton catalyst; 4. ignition of Fenton sludge (FS) to form
FStreated; 5. FStreated application as Fenton catalyst; 6. FS application in nutrient release experiments
after ignition).

2. Results and Discussion
2.1. Characterization of Raw and Modified BC-Based Materials

The morphologies of BC, nZVI-BC, and FStreated were analyzed by SEM and are
presented in Figure 2. BC was characterized by a smooth surface and porous structure
(Figure 2a). There were many tiny pores in the interior and on the surface of the original
biochar, which provide sites for the adsorption of nZVI particles. The particle size of BC
was differentiated ranging from 600 nm to 2.15 µm. In the absence of BC, the “green”
synthesized nZVI particles were spherical and sized from 30 to 825 nm (published in [19]).
When introduced to BC, the nZVI particles were randomly located and roughened the
BC surface. nZVI-BC particles were twisted and serpentine and abundant pores could
be observed (Figure 2b). The particle size ranged from 68 to 521 nm. The initial Fe3+

concentration, initial substrate concentration, temperature, pH, and stirring rate of the
reaction medium were dependent on the factor for controlling the nanoparticle size and
size distributions according to Turabik and Simsek, 2017 [20]. They established that Fe3+

concentrations lower than the stoichiometric requirement contribute to the synthesis of
larger nanoparticles. The temperature increase showed similar effects, as well as the
increase of the stirring rate over 400 rpm. The surface of FStreated was coarser with rough
aggregates on the surface, which could be related to the corrosion of nZVI particles and
dye/Fe-oxides via redox reactions (Figure 2c).

The EDS results (Table 1) of the elemental qualitative chemical analysis confirmed
the presence of carbon, oxygen, chlorine, calcium, and phosphorous atoms, in addition to
iron, on the surface of the synthesized nanomaterial based on the obtained intense peaks
of detected atoms. The C signals, as well as macronutrient content, originate from the
biochar itself and from polyphenol groups and other C-containing molecules in the oak
extract. Moreover, FeCl3 utilized in the synthesis of oak-nZVI must be accountable for the
appearance of the Cl element. The Ca element is attributed to the oak extracts because Ca
is indispensable for plant growth and exists in every living plant cell. The Fe peak in the
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EDS spectra (Figure not shown in the paper) and the uniform Fe distribution in the SEM
element mapping (Figure 2b) further verified the nZVI synthesis on BC.
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Figure 2. SEM images of bare (a) BC, (b) nZVI-BC, and (c) FStreated.

Table 1. Results of EDS analysis for BC, nZVI-BC, and FStreated.

Element, % BC nZVI-BC FStreated

C 37.43 27.61 19.84
O 28.83 22.17 31.40
Si 9.05 8.27 7.25
Ca 6.83 2.88 2.63
P 5.79 2.76 3.85
Fe 3.83 24.97 22.69
Al 3.33 3.17 2.94
K 2.89 3.75 3.62

Mg 1.27 1.37 1.34
Na 0.75 1.14 1.15
Cl - 1.90 3.25

Concerning the EDS analysis of FStreated, it can be concluded that combustion processes
influenced the carbon, which decreased to 19.84%, in favor of other elements contributing
to the formation of minerals. Regarding Fe and O content, their uniform compositions
did not change significantly, which led us to the conclusion that FStreated still can be used
as a catalyst. The K and P contents in FStreated were assessed to be 3.62% and 3.85%,
respectively. These values are in accordance with other authors who dealt with sewage
sludge biochar [21].

Dynamic light scattering (DLS) is one of the most popular methods for particle size
determination, especially for nanoparticles. According to the particle size distribution
curve, relative to the total number, most of the nZVI-BC particles were about 65 nm, and for
FStreated most particles were in the range between 100–200 in size (Figure 3). These changes
in particles size could be the consequence of combustion processes under oxide conditions,
where the formation of various Fe-oxides was observed. Newly formed particles were
larger in diameter and shifted from the nanoparticle to microparticle region [22–25]. Peak
intensity was higher for the nZVI-BC sample as these particles were more uniform in size
and were in a narrower range upon controlled synthesis. After combustion (FStreated), more
size-diverse particles were present with the main range between 125–250 nm (68%), but
also with a significant portion of particles all through the range of 250–2500 nm (32%).

During pyrolysis, chemical conversion takes place. At low temperatures (up to 400 ◦C),
cellulose, hemicellulose, and lignin decompose. At 300–400 ◦C, which was the preferred
temperature in this experiment, volatile components in sludge were lost due to their
conversion into tars or gaseous contents. Further carbon loss occurred due to the loss
of carboxyl C and O-alkyl C groups. Other non-metals (O, N, S) had similar decreasing
trends. The biochar produced in this temperature range showed more aliphatic functional
groups on the surface and less aromatic structures because aromatization is expected at
higher temperatures. The Fe species in the sludge biochar, at lower temperatures, remained
almost unchanged with no crystallinity present. Fe reduction and crystals formation were
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favored at higher pyrolysis temperatures. Fe3O4 phase structure is expected to form in BC
at moderate heating temperatures (≥400 ◦C), which was achieved in this research.

Molecules 2023, 28, x FOR PEER REVIEW 6 of 25 
 

 

nm (68%), but also with a significant portion of particles all through the range of 250–2500 
nm (32%). 

 
Figure 3. Particle size distribution curve for nZVI-BC and FStreated. 

During pyrolysis, chemical conversion takes place. At low temperatures (up to 400 
°C), cellulose, hemicellulose, and lignin decompose. At 300–400 °C, which was the pre-
ferred temperature in this experiment, volatile components in sludge were lost due to 
their conversion into tars or gaseous contents. Further carbon loss occurred due to the loss 
of carboxyl C and O-alkyl C groups. Other non-metals (O, N, S) had similar decreasing 
trends. The biochar produced in this temperature range showed more aliphatic functional 
groups on the surface and less aromatic structures because aromatization is expected at 
higher temperatures. The Fe species in the sludge biochar, at lower temperatures, re-
mained almost unchanged with no crystallinity present. Fe reduction and crystals for-
mation were favored at higher pyrolysis temperatures. Fe3O4 phase structure is expected 
to form in BC at moderate heating temperatures (≥400 °C), which was achieved in this 
research. 

The outcome of XRD analysis is provided in Figure 4 to reveal the possible crystal 
structures of the pristine BC and nZVI-BC and FStreated. It is observed that α-Fe0 was con-
firmed based on a broad peak centered at 44–45° 2θ [26] and an XRD peak at 2θ = 20–25° 
was assigned to the amorphous structure of graphite of biochar [27]. Both characteristic 
diffraction peaks of Fe0 in the XRD spectrogram of nZVI-BC indicated successful synthesis 
of the composites. For both nZVI (previously published in [19]) and nZVI-BC, the appear-
ance of a characteristic diffraction peak of Fe0 at 2θ of 44.8° illustrated the successful load-
ing of Fe0 on BC [16]. However, this diffraction peak on nZVI-BC was much broader than 
that on nZVI, suggesting the decrease of crystal size and the intensified dispersion of nZVI 
after loading. Many researchers indicated [27,28] that nZVI can be transformed into Fe2O3, 
FeO, or Fe3O4 during combustion processes, which was confirmed by XRD analysis (Fig-
ure 4). The carbon sheets (2θ = 20–25°) could efficiently prevent the iron oxide nanoparti-
cles from aggregating. After regeneration, the nZVI immobilized on BC was oxidized to 
Fe3O4 or γ-Fe2O3, evidenced by the disappearance of the diffraction peak for Fe0 and the 
emergence of diffraction peaks for magnetite at 2θ of 35.4° and 62.5°  

Figure 3. Particle size distribution curve for nZVI-BC and FStreated.

The outcome of XRD analysis is provided in Figure 4 to reveal the possible crystal
structures of the pristine BC and nZVI-BC and FStreated. It is observed that α-Fe0 was con-
firmed based on a broad peak centered at 44–45◦ 2θ [26] and an XRD peak at 2θ = 20–25◦

was assigned to the amorphous structure of graphite of biochar [27]. Both characteristic
diffraction peaks of Fe0 in the XRD spectrogram of nZVI-BC indicated successful synthesis
of the composites. For both nZVI (previously published in [19]) and nZVI-BC, the ap-
pearance of a characteristic diffraction peak of Fe0 at 2θ of 44.8◦ illustrated the successful
loading of Fe0 on BC [16]. However, this diffraction peak on nZVI-BC was much broader
than that on nZVI, suggesting the decrease of crystal size and the intensified dispersion
of nZVI after loading. Many researchers indicated [27,28] that nZVI can be transformed
into Fe2O3, FeO, or Fe3O4 during combustion processes, which was confirmed by XRD
analysis (Figure 4). The carbon sheets (2θ = 20–25◦) could efficiently prevent the iron oxide
nanoparticles from aggregating. After regeneration, the nZVI immobilized on BC was
oxidized to Fe3O4 or γ-Fe2O3, evidenced by the disappearance of the diffraction peak for
Fe0 and the emergence of diffraction peaks for magnetite at 2θ of 35.4◦ and 62.5◦.

2.2. DSD Model Evaluation and Fenton Process Optimization

To characterize the system under the influence of different process conditions, initial
dye concentrations, initial catalyst concentrations, and initial hydrogen peroxide concen-
trations on the decolorization efficiency of Reactive Blue 4 synthetic dye solution, DSD
statistical analysis was applied. As explained in Section 3.6, the basic scheme of the DSD
experiment with three numerical factors consists of 13 experiments, in duplicate and two
central points. The total number of experiments was 28 (Table 2). The results of removal
efficiencies of RB4 are shown in Table 2, where the range of decolorization efficiency of
5.03%–92.96% was established.
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Achieving maximum and minimum decolorization efficiency in the Fenton process
was observed in a distinct set of process conditions, confirming the assumption that the
RB4 removal process itself depends on the applied experimental conditions. To select the
regression model that best approximates the obtained results, JMP stepwise regression
analysis was applied, which generates many regression models with different numbers
of parameters, considering the main factors and their two-factor interactions. From a
large set of regression models, a small set of candidate models with different numbers of
members was selected, all of which provide good data approximation. The final selection
of the final model was based on the standard selection criteria: BIC (Bayesian Information
Criterion), AIC (Akaike Information Criterion), and RMSE (Root Mean Square Error)
indicators (Table 3) [29]. AIC and BIC indicators are very similar in form, but derive from
different assumptions. The AIC indicator is presented as an indicator of the relative quality
of statistical models for a given data set and its role is to select the model that produces
the probability distribution with the smallest deviation from the true distribution. In other
words, AIC evaluates the quality of an individual model in relation to all observed models,
relying on good approximation and the simplicity of the model. On the other hand, the
role of the BIC parameter is to remove inadequate data fitting. Lower values of BIC and
AIC indicators indicate a better ability to predict the regression model. RMSE represents
the standard deviation of residuals (prediction errors) and provides insight into how much
data are concentrated around the line of best fit [30].
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Table 2. Matrix of the experiment with the achieved decolorization efficiencies.

Sample c(H2O2)
(mM)

c(nZVI-BC)
(mg/L)

c(RB4)
(mg/L)

Removal Efficiency
(%)

1 5.5 200 150 75.77

2 5.5 5 50 18.28

3 10 102.5 50 64.64

4 1 102.5 150 39.37

5 10 5 100 21.62

6 1 200 100 73.97

7 10 200 50 90.05

8 1 5 150 14.77

9 10 200 150 85.35

10 1 5 50 15.78

11 10 5 150 20.47

12 1 200 50 77.81

13 5.5 102.5 100 52.58

14 5.5 200 150 77.9

15 5.5 5 50 14.62

16 10 102.5 50 66.12

17 1 102.5 150 39.74

18 10 5 100 17.05

19 1 200 100 72.01

20 10 200 50 92.96

21 1 5 150 6.00

22 10 200 150 88.06

23 1 5 50 5.03

24 10 5 150 19.35

25 1 200 50 69.86

26 5.5 102.5 100 50.97

27 5.5 102.5 100 47.91

28 5.5 102.5 100 53.45

Table 3. The selected regression model (all interactions included).

Descriptive Factor Value

R2 0.986522

R2
adj 0.982671

AIC 170.1597

BIC 173.2384

RMSE (Root Mean Square Error) 3.828282

In addition to the standard selection criteria for the appropriate model, an additional
technological criterion is that the models must contain a dye concentration factor, but also
all other tested input parameters, which is extremely important from an engineering point
of view in solving the observed problem. Therefore, the final model selection was based on
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the lowest values of BIC, AIC, and RMSE indicators, respecting the simplicity of the model
as an additional criterion. High values of the coefficient of determination (R2) and the
adjusted coefficient of determination (R2

adj) were observed in all applied Fenton processes
(Table 3), which implies a good approximation of the experimental data with the selected
model, i.e., indicates the absence of over-adaptation of the model to the data. The obtained
values of descriptive factors R2 and R2

adj represent the percentage of data closest to the
best-fit line, and indicate the fact that 98–99% of the variance for RB4 dye removal efficiency
is explained by an independent variable, while the remaining 1–2% of the total variance is
not covered by the model.

Figure 5 shows the 3D plots of the response surfaces of the examined two-factor
interactions. In the first place, it is important to note that reaction medium was acidic
(pH = 3.45), which positively affected the Fenton reaction, resulting in the formation of
highly reactive hydroxyl radicals [17]. It should be noted that no pH correction was per-
formed. Comparing the effect of variation in the initial concentration of hydrogen peroxide
and catalyst (x and y axes), in terms of the response–removal efficiency (z axis; Figure 5a),
an increase in decolorization efficiency was observed with an increase in both factors.
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It is considered that the highest concentration of nZVI-BC catalysts provides sufficient
active sites for hydrogen peroxide decomposition and the production of the desired radi-
cals [31], as indicated by the results of tests 7 and 20 (Table 2) with achieved efficiencies of
90.05% and 92.96%, respectively. When observing the influence of the initial concentration
of hydrogen peroxide and pollutant (x and y axes; Figure 5b), a difference between the
upper and lower tested dose of oxidant was noticed. Namely, at 10 mM H2O2, a significant
decolorization of the aqueous solution was achieved with a decrease in the concentration
of RB4 dye. This trend of declining efficiency of the Fenton process has been observed in
other studies [32,33], and this phenomenon is due to the possible competitive adsorption
of dye molecules on the surface of the solid catalyst, thus occupying available sites for
reaction with hydrogen peroxide [34]. Figure 5c shows the influence of the initial concen-
tration of the catalyst and RB4 dye, where a significant increase in treatment efficiency was
observed, which is assisted by the development of reactions between RB4 dye molecules
and nZVI-BC. However, as previous tests on the efficiency of RB4 dye removal by sorption
(35% and 70% for 20 mg/L and 100 mg/L, respectively) have shown, it can be concluded
that both processes (oxidation and sorption) can take place simultaneously, which, in
optimal conditions, leads to high treatment efficiency. The statistical model within the
Fenton process proposes a high dye-removal efficiency of 95.02% under the following
optimal conditions: dye concentration of 50 mg/L, catalyst concentration of 200 mg/L, and
hydrogen peroxide concentration of 10 mM. The mean value of the efficiencies obtained
was 98.48%, with a standard deviation of 0.24. The obtained results are promising from the
aspect of overcoming the limiting factors of the homogeneous Fenton process, such as the
need to maintain the operating pH value within the narrow range of 2.8–3.5 to achieve the
maximum catalytic activity of iron as a catalyst and prevent its deposition as hydroxide.

Fenton sludge can be further utilized to synthesize heterogeneous catalysts/biochar
via pyrolysis and hydrothermal carbonization [35–38].

To examine the performance of the new catalyst, decolorization of RB4 dye at optimized
conditions was performed once more. The five replicates’ efficiencies were 99.56% ± 0.15.
This small set of experiments represents the proof of successful utilization of Fenton sludge
as a new iron-based heterogeneous catalyst. It is one of the potential options to address
sustainability issues. In this way, the reuse routines have a direct influence on minimizing
the yield of Fenton sludge. The contribution to circular economy aims was achieved by the
reuse of recycled waste material as a new product, as opposed to discarding it.

2.3. Treatment and Characterization of Real Effluent of RB4 Dye under Optimal Conditions of
Fenton Process Catalyzed with nZVI-BC

After the treatments, the characterization of the treated effluent was performed. The
results of the physico-chemical characterization of the effluent before and after treatment
are shown in Table 4.

Table 4. The Results of the physico-chemical characterization of the effluent before and after treatment.

Parameter Before Treatment After Treatment Mineralization, %

pH 6.4 3.4 -
Conductivity (µS/cm) 72 280.6 -
BOD (mgO2/L) 0 16 -
COD (mgO2/L) 280 105 62.5%
TOC (mgC/L) 16 10.15 36.6%

Increased conductivity after the treatment indicates the formation of degradation
products and the release of certain inorganic ions, which can originate from the dye
molecule itself. These inorganic ions compete with Fenton catalysts, since they can act as
traps for hydroxyl radicals and thus contribute to the reduced efficiency of the applied
Fenton treatment.
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The BOD value of real effluent was below the detection limit, which confirmed the fact
that real effluent is non-biodegradable, and it is not possible to apply biological treatment
to achieve high efficiency of dye degradation. The increased value of BOD after treatment
in the treated samples indicated the fact that several degradation products were formed,
which confirms the assumption that removing dye from the solution and decomposition
of the chromophore group do not necessarily mean its complete oxidation to CO2 and
H2O. The derived conclusion is in accordance with the results of determining the TOC and
COD values. Namely, the degree of mineralization of RB4 after the homogeneous Fenton
process was determined by measuring the degree of removal of the TOC value (93.7%) and
the degree of reduction of the COD value (62.5%) under optimal process conditions of the
decolorization reaction. For a set of five samples under optimal conditions, the spectra
of the final effluents after decolorization were recorded (Figure 6). Spectrum analysis
concludes that converging the conditions to the optimal ones reduces the absorbance not
only in the selected visible region, but also in the UV region. This indicates that not only the
chromophore group is destroyed, but also the degradation of aromatic structures, which
are dye molecules.
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Figure 6. Spectra of the final effluent after decolorization under optimal conditions (performed in
five replicates).

There was a noticeable decrease in the absorption at wavelengths in the range of
250–300 nm, which corresponds to the absorption maxima of the components containing
the benzene ring, aromatic and dichlorotriazine groups, and naphthalene compounds [26].
However, below 250 nm, the appearance of new degradation products was observed, which
was indicated by the increase in conductivity after paint treatment in optimal conditions.

2.4. FTIR Analysis of Effluents

The results of the FTIR analysis are shown in Figure 7. This analysis was performed
for the synthetic dye solution before treatment as well as for the effluent after treatment.
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For the dye RB4, the initial effluent indicated the presence of the expected groups,
such as groups with double bonds, primarily carbonyl groups with oscillation at 1720 cm−1

with oscillation type ν (C=O), and different aromatic structures with halogen atoms (in
this case it is Cl) with the frequency of the absorption band at 680–725 and 750–810 cm−1

δ (CH) out of the plane, such as the aromatic ring frequency at 1450 ± 10 cm−1 with the
ν (C=C) and ν (C-C) skeletal types of oscillations. Amino groups with aryl residues in
the frequency range 1280–1350 cm−1, ν (C-N), as well as aromatics containing nitrogen
in the structure (pyridine-type structure) with a frequency of 1200–1300 cm−1 ν (N-O)
were also identified [39]. After the treatment, the recorded spectra showed significantly
lower frequency maxima, which indicated the mineralization of the solution as well as the
degradation that took place in the direction of creating smaller molecules and reducing
aromatic structures. Peaks in the range of 1000–3300 cm−1 are attributed to vibrations of
O-H bond stretching in carboxylic acid molecules. The second maximum at 1617 cm−1

corresponds to the tensile vibrations of the C=C bond of the polyphenolic components.
The maximum at 1031 cm−1 indicated the presence of C-C tensile vibrations, as well as
C=C, C-O-C, and O-H vibrations. The maximum at 441 cm−1 is attributed to -S-S- tensile
vibrations. The identified peaks of characteristic functional groups were been confirmed by
the author in [40].
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2.5. Mechanism of RB4 Removal by nZVI-BC

Qualitative gas chromatographic/mass spectrometric analysis was used to identify
the nature of the degradation products of the treated effluents. The identified compounds,
which showed the strongest intensity on the chromatogram, are shown in Table 5. After
treatment, a small number of compounds were identified, indicating an almost complete
mineralization by this enhanced oxidation process. The results confirmed that at the very
beginning of the degradation process, the chromophoric groups of the corresponding dye
were broken. On the chromatogram of the effluent after the treatment of the RB4 dye
solution, only one peak of significant intensity was obtained, for which three degradation
compounds were proposed based on the analysis of the results. The proposed compounds
unequivocally indicated that cleavage of the anthraquinone part of the molecule certainly
occurred in the later stage of the reaction. Namely, it is assumed that due to its complexity
and the difficulty of finding the place of “attack” by hydroxyl radicals, this structure is
the most difficult to cleave, and its residues were the only ones identified after 60 min of
treatment under optimal conditions. Since nZVI particles are good electron donors and
dye molecules are excellent electron acceptors, Fe0 nanoparticles were reduced to Fe2+

and Fe3+ ions in the aqueous medium and the hydroxyl and/or hydrogen ions generated
during the reduction process reacted with dye molecules to induce the breaking of the
chromophore. The initial oxidation product of the RB4 dye (1-amino-9,10-anthracenedione)
as well as triazine compounds were not identified by mass spectrogram, indicating the
dye’s degradation to phthalates, phenols, and organic acids [41]. Further decomposition
of the dye molecules proceeded towards the creation of simpler aromatic and aliphatic
intermediates, as well as products created by the “opening” of aromatic rings, leading to
oxidation of the final products CO2, H2O, and inorganic salts. As analysis was performed
for the sample under optimal conditions and after one hour of reaction, the obtained
results clearly indicated that advanced degradation phase did actually occur, and that
most of the dye molecules were transferred to end products, with some remains of the
organic structures.

Table 5. Compounds identified by GC/MS analysis after the applied Fenton treatment.

Compounds Retention Time Structure

Dibutyl phtalate 18.0703
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2.6. Stability of nZVI-BC

To confirm the stability of nZVI-BC, iron leaching as well as the aging effect were
investigated. After the application of optimal conditions ([H2O2] = 10 mM, [RB4] = 50 mg/L
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and [nZVI-BC] = 200 mg/L, pH = 3.2.) on RB4 decolorization, the concentration of leached
Fe was measured within 60 min. The obtained leached concentrations of iron are presented
in Figure 8. All the leached iron concentration were ≤5.5 mg/L. The exhibited low iron
leaching, no more than 2.5%, indicated the good structural stability of the catalyst. The
leached iron concentration of the ZVI-based catalysts was reported to vary from 0.01 mg/L
to 240 mg/L, depending on catalyst properties, pH, H2O2 concentration, reaction time, and
catalyst dosage [42].
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To investigate the aging effect of nZVI-BC, we let the prepared material age one
month in a closed vial at 4 ◦C. Then, it was used again for the decolorization experiment
under optimal conditions (Figure 9). The efficiency of freshly prepared nZVI-BC on dye
degradation during optimized conditions was 98.48 ± 0.24. The oxygen could convert Fe0

to ferrous or ferric oxide, leading to a passivation layer forming on the nZVI surface. To
study the mentioned effect, the same experiment was performed after a month with the
same synthesized material. The removal efficiency of the so-called aged nZVI-BC decreased
insignificantly by 4.8%, after one month, in comparison with the freshly prepared catalyst. It
could be concluded that the aging of nZVI-supported on biochar insignificantly contributed
to the delay of the formation of the passivity layer. The phenomenon could be explained
by the fact that nZVI particles were synthesized in the pores of BC, or in the inner surface,
thus preventing iron nanoparticles from interacting with air and delaying the formation
of iron oxides. Comparable results were confirmed by other researchers using biochar as
supports [43,44].
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2.7. Fenton Sludge as a Nutrient Resource

The results of the chemical analysis of FStreated determined by ICP-MS, as well as the
comparison with emission limit values for biosolids from municipal wastewater treatment
according to the regulation of the Republic of Serbia (“Official Gazette of the RS” No. 67/11,
48/12 and 01/16) and EU Directive 86/278/EEC) [45,46] on sewage sludge application in
agriculture, are shown in Table 6. It can be observed that the FStreated is rich in different
minerals. Mineral content is an important parameter for biochar that is produced for land
applications. This implies the potential for the recovery of plant minerals.

According to the results of chemical analysis, FStreated contained various amounts
of different kinds of elements. Even though some of the concentrations had excessive
concentrations, if the biomass was mixed with something else (for instance carbon reach
biomass), it was possible to reach permissible element concentrations.

One can conclude that biochar originated from sewage sludge generally contains high
concentrations of metals, which remain in the final biochar product following pyrolysis.
Many of the identified elements are not regulated if the biochar is applied on land but
increasing concerns might lead to the formation of new regulations. The currently regulated
heavy metals only include Cd, Cr, Cu, Hg, Ni, Pb, Zn, and As. For the comparison of results
with permissible concentrations of regulated elements in Serbia, 86/278/EEC Directive [46]
values were chosen as well. The heavy metal content of the FStreated met the requirements
of emission limit values for biosolids from municipal wastewater treatment according to
regulation of the Republic of Serbia [45] for use in agriculture and other uses such as landfill
covering, greening of parks, as soil conditioner/amendments on which agricultural crops
and livestock will not be grazed for at least one year, and for filling depressions (landscape
improvement) etc. Additionally, the biochar’s heavy metal content fulfills the conditions for
the maximum permissible concentrations of Directive 86/278/EEC for land applications.

Since Directive 89/278/EEC is outdated, each country develops and implements its
own regulations. However, those regulations vary to a great extent. This makes it difficult
for the international biochar market (to sell or buy biochar abroad). Therefore, the develop-
ment of international regulations would benefit all countries. There are multiple initiatives
for regulation development including European Biochar Certificate (EBC) developed by
Ithaka Institute in Switzerland, International Biochar Initiative (IBI) standards, Australia
and New Zealand Biochar Standard, and Korea Biochar [47].

However, most recently the European Biochar Certificate (EBC, 2021) [48] defined
four application classes as EBC-Feed (Class I), EBC-AgroBio (Class II for organic products,
EU regulations for organic compost), EBC-Agro (Class III, based on the German Federal
Soil Protection Ordinance (BBodSchV)), and EBC-Material (Class IV, based on the Swiss
Ordinance on Waste for the Production of Cement and Concrete) that meet the requirements
for biochar’s application as a feed and feed additive in animal husbandry, for agricultural
use as a fertilizer, and in industrial applications. Based on these values, one can conclude
that FStreated’s heavy metal content does not meet the requirements for Classes I–III. An
exception exists in the case of EBC Class IV, where the biochar’s heavy metal content
overcomes 1.4 times the permissible concentration only for Zn, indicating its possible
usage for industrial application. At the same time, if compared with requirements of IBI
standards, characterized waste sludge biochar does not meet the requirements in terms of
Cr, Ni, Cu, Zn, and Cd.

For healthy plant growth, 16 essential elements are necessary and include primary
(needed in a large amount), secondary, and micronutrients [49]. All the elements, however,
should correspond to the plant need as both deficiency and excessive amounts can cause
serious damage to plant development.
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Table 6. Chemical analysis of the FStreated material.

Element
Concentration,

mg/kg

Directive
86/278/EEC

[46]

Regulation on Emission Limit
Values for Pollutants in Waters

and the Deadlines for Their
Reaching (“Official Gazette of the
RS” No67/11, 48/12 and 01/16) [45]

EBC [48]

IBIEBC-
Feed
Clas I

EBC-
AgroBio,
Class II

EBC-
Agro,
Class

III

EBC-
Material,

Class
IV

Cr 95 - 100–1000 70 70 90 250 93
Ni 55.01 300–400 60–400 25 25 50 250 47
Cu 197.49 1000–1750 700–1750 70 70 100 250 143
Zn 1045 2500–4000 1500–4000 200 200 400 750 416
As 4.71 - 15–75 2 13 13 15 13
Cd 1.89 20–40 2.5–40 0.8 0.7 1.5 5 1.4
Pb 16.90 750–1200 120–1200 10 45 150 250 121

When it comes to nutrient-release assays, the leaching experiments of K, Ca, Mg, Na,
and P from regenerated biochar were carried out with the same biochar for five cycles with
a total duration of 10 days under the experimental conditions given in Section 3.7.2. The
cumulated amounts and release kinetics of K, Ca, Mg, Na, and P from the regenerated
biochar are illustrated in Figure 10. It can be clearly noticed that the cumulative amount of
released nutrients significantly increased with the number of leaching experiments. The
highest cumulative amounts of released K, Ca, Mg, Na, and P were therefore observed at
the fifth leaching cycle (6.40, 1.66, 1.12, 0.62, 0.48, and 58.2 mg/g, respectively) as shown in
Table 7. These contents were, respectively, 58%, 90%, 93%, 63%, 129%, and 271% higher
than the ones determined at the first cycle.
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Table 7. Nutrient release efficiency after 1 and 5 leaching cycles from FStreated.

Element Main Function of Nutrient for
Plant Growth [49]

Released
Amount at the
First Leaching
Assay (mg/g)

Percentage from
the Contained
Fraction in the

Biochar (%)

Cumulative
Released Amount at
the Fifth Leaching

Assay (mg/g)

Percentage from
the Contained
Fraction in the

Biochar (%)

K
Primary—Resistance to diseases,

fruit ripening, overall development,
water regulation

4.03 76.9 6.40 89

P

Primary—Healthy vegetation
growth, chlorophyll, formation of

cells, basis for amino acids
and proteins.

15.7 2.9 58.2 10.9

Ca Secondary—Plant structure, growth
and strength, resistance to diseases 0.87 53.1 1.66 100

Mg

Secondary—Vegetation
development and growth, sugar

formation, chlorophyll, fat
formation, metabolism

0.58 11.6 1.12 22.4

Na

Micro- or trace nutrient—Plant
growth, leaf color, formation of
starch, enzyme development,

and activity

0.38 21.4 0.62 35

However, the release kinetics of nutrients from the biochar decreased rapidly over time.
For example, the calculated rates for Na, Mg, P, K, and Ca decreased by 94.5%, 89.7%,

64.8%, 96%, and 90%, respectively, between the first and the third cycle (Figure 10). The
released rates of nutrients remained important even after five leaching cycles with values
of 0.72, 0.03, and 0.03 mg/g/day for K, Ca, P, and Mg, respectively (Figure 10). Similar
trends were reported by Ferjani et al., 2020 [50] when studying K, Ca, P, and Mg release
from exhausted grape marc (EGM) biochar; Mukherjee and Zimmerman (2013) [51] when
studying dissolved organic carbon and N and P release from five successive leaching
assays of various biochars generated from lignocellulosic biomasses, and by Hadroug
et al. (2019) [52] during their investigation related to P and K release from raw poultry
manure (RPM) and RPM-derived biochars at temperatures of 400 and 600 ◦C. However,
the nutrient-release kinetics of regenerated biochar from this study were much lower than
those observed for EGM and RPM biochars. These inquiries display a beneficial strong
point in biochar’s agricultural applicability, enabling slow nutrient release to crops, and at
the same time disallowing groundwater pollution. The explanation for the higher kinetic
rates of K and P compared with other macronutrients could be attributed to their higher
concentrations, as well as the transformation of those elements into a more water-soluble
form through dissociation mechanisms. For this reason, the biochar-borne K was more
easily leached by distilled water. The biochar in this work was prepared at 400 ◦C and Li
et al., 2018 [53] pointed out that pyrolysis temperatures above 450 ◦C form less-available
P-forms such as hydroxyapatite and oxyapatite.

Accordingly, the leached K percentage (calculated by Equation (3)) increased signifi-
cantly with the increase in the number of leaching assays. Indeed, it increased from about
77% at the first assay to more than 84% at the third cycle and reached 89% at the fifth one.
However, the maximal leached percentage of P (see Equation (3)) observed at the fifth cycle
was only 11% of its total content in the biochar. Comparable results were found in the paper
of Hadroug et al. (2019) [52] regarding P and K release from raw poultry manure-based
biochar. This result implies that P is found in the form of less-available phosphorous such
as apatite, hydroxyapatite, tricalcium phosphate, and calcium–iron phosphate precipitates
such as whitlockite and phosphate adsorbed onto the calcium carbonate surface [54,55].
Concerning Ca, which showed a significant cumulative leached percentage (from 53% to
100%, for first and fifth cycle, respectively), this finding indicated the transformation of the
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possible existing CaCO3 into more water-soluble Ca(HCO3)2 [56], which can be quickly
absorbed by the crop. It prevents the overgrowth of crops, hardens the fruit, prolongs the
storage period, promotes the absorption of phosphoric acid, and helps the crops to accumu-
late nutrients. Calcium in its water-soluble form is efficient and effective in natural farming.
The Mg’s cumulative leached percentage from 11% to 22% demonstrated the existence of
slightly water-soluble MgO, whose attraction forces are strong enough to be disassembled
when reacted with water. The same could be concluded for Na. Based on the discussions
presented in this section, it can be concluded that the use of exhausted biosorbents loaded
with metal ions as soil fertilizers has several advantages, such as (i) simultaneously solv-
ing two environmental problems: the removal of recalcitrant organic compounds from
industrial effluents and the enrichment of soil with essential microelements, (ii) leading to
an added-value product from a waste resulting from wastewater treatment, in agreement
with the principles of circular economy, and can therefore be considered as a low-cost
process. In support of that, Khan et al., 2020 [57] pointed out that biochar can be used as
an amendment for compost stabilization of divergent biowastes, improving the quality of
the final compost by increasing the concentration of plant-available nutrients, enhancing
maturity, decreasing composting duration, and reducing the toxicity of the compost.

3. Materials and Methods
3.1. Materials and Chemicals

All sample analyses were carried out directly, without pretreatment, and the chemicals
used during the laboratory tests were of analytical grade. Hydrogen peroxide (30%), NaOH
(>98.8%), FeCl3 was obtained from Sigma Aldrich, while cc H2SO4 (>96%) was produced
by J.T. Baker. Deionized water was used for the preparation of all working solutions within
the desired concentrations. Commercial anthraquinone dye reactive Blue 4 (RB4) (CAS
no. 13324-20-4, molecular weight, MW = 697.43 g/mol), was obtained from Sigma-Aldrich.
Figure 11 presents the structure of the investigated dye.
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3.2. Sludge Sampling and BC Synthesis

The sewage sludge originated from the wastewater treatment plant in a small settle-
ment Kovilj near city of Novi Sad, Autonomous Province of Vojvodina, Serbia, (3.500 EC-
equivalent per capita). The GPS coordinates are N 45.24355, E 20.01587. The procedure of
biochar preparation was performed according to the work of Chen et al., 2020. [58]. Sludge
was delivered to the laboratory and dried in an oven at 105 ◦C and then combusted in a
furnace under an inert atmosphere (Nabertherm, Germany) at 400 ◦C. Biochar yield after
combustion the was 57.53%.
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3.3. Synthesis of nZVI-BC Catalyst

The ”Green” synthesis method of nZVI particles was conducted using fallen leaves
from oak trees (Quercus Peatrea) growing in the National Park of Fruska Gora in Vojvodina,
Serbia. The leaves were milled by using a kitchen chopper, then sieved by using a 2 mm
sieve and pre-dried at 50 ◦C in an oven for 48 h. The amount of 3.7 g of the oak leaves was
measured and carried to a 300 mL Erlenmeyer flask, to which 100 mL of water was added.
Then the flask was put in a shaker bath at 80 ◦C for 20 min. The extraction procedure
was performed according to Machado et al., 2013 [59]. Further preparation of nZVI-BC
was carried out according to Mortazavian et al., 2019 [60]. The oak leaf extract was mixed
with 0.1 M Fe (III) and biochar in a ratio of 3:1:1. The material thus prepared was stirred
for 60 min at ambient temperature in an ultrasonic bath. The material was stored in the
refrigerator until further use.

3.4. Characterization of BC, nZVI-BC, and FStreated

The morphology of the synthesized materials was examined by using scanning elec-
tron microscopy (SEM) (TM3030 (Hitachi High-Technologies, S-4700 Type II, Tokyo, Japan))
followed with energy-dispersive X-ray spectroscopy (EDS). EDS mapped the present ele-
ments on the nanomaterial surface at 15 kV acceleration (Brucker Quantax 70 X-ray detector
system, Brucker Nano, Berlin, Germany, GmbH Germany, Berlin, Germany). XRD analysis
was performed with Rigaku MiniFlex II desktop X-ray diffractometer with Cu Ka radiation,
in the 2θ◦ angle range 0–90◦. Particle size was obtained by dynamic light scattering (DLS)
on Dynamic Anton Paar Litesizer™500. Parameters that were followed to analyze the
particle size of the nZVI-BC and FStreated were particle size distribution by intensity, volume,
and number.

3.5. Physico-Chemical Analysis of RB 4 before and after Treatment

pH value, conductivity, and temperature were measured using SenTix®21 electrode.
Chemical Oxygen Demand (COD) was determined from the potassium dichromate volu-
metric method—SRPS ISO 6060: 1994 [61]. The determination of biological oxygen demand
(BOD) after 5 days at 20 ◦C was performed with the manometric method—H1.002, by
using the instrument Velp Scientifica Italia, Lowibond and WTW. The determination of
total organic carbon (TOC) in water was performed by LiquiTOC II (Elementar, Langensel-
bold, Germany), with the method SRPS ISO 8245:2007 [62]. The FTIR spectra of RB4 were
obtained with a Fourier transform infrared spectra Thermo-Nicolet Nexus 670. The spectra
were recorded in the range of 4000–6000 cm−1 in diffuse reflection mode, at a resolution of
4 cm−1. Gas chromatography–mass spectrometry (GC-MS, Agilent 7890A/5975C, Tokyo,
Japan) qualitative analysis was applied in terms of intermediate identification according to
the EPA 3510C method.

3.6. Definitive Screening Design

The efficiency of the applied treatment depends on several process parameters, which
require the optimization of the entire process. To overcome the problem with a limited num-
ber of operational variables (caused by the fact that the number of experiments increases
sharply when more variables are included in the experimental design), it is necessary
to use statistical screening methods that will identify significant variables and eliminate
irrelevant ones. For this purpose, it is possible to use a set of empirical statistical methods
based on the application of quantitative data of appropriately designed experiments in
order to determine the optimal conditions. Accordingly, a new generation of experimental
design, Definitive Screening Design (DSD) was introduced in 2011 by Jones and Nacht-
sheim [63]. The principle of the DSD statistical method is based on the application of
a numerical algorithm that maximizes the matrix determinant of the main effect model.
The analysis conceived in this way is used to determine significant factors and to predict
their two-factor interactions, but also to estimate the model equation under which will be
determined predicted response values. This statistical method enables the application of
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a significantly reduced number of performed experiments with maximum precision [64].
The basic scheme of the DSD experiment with three numerical factors consists of 13 ex-
periments, which with replication and two additional central points makes a total of 28
experiments. Investigated parameters and their experimental levels (lower, central, and
upper) are presented in Table 8. JMP software (15.2.1. SAS Institute, Cary, NA, USA) was
applied to generate the experimental matrix and to statistically analyze the obtained data.

Table 8. The experimental levels of the three process parameters.

Variable Unit Encoded Value
Level

−1 0 +1

c (H2O2) mM X1 1 5.5 10

c (nZVI-BC) mg/L X3 5 102.5 200

c (RB4) mg/L X2 50 100 150

The tests were conducted by a series of experiments on a JAR test apparatus (FC6S Velp
scientific, Italy). Dye solutions with a volume of 0.25 L were mixed in laboratory beakers
at intervals of one hour, at 150 rpm. After mixing, the solutions were filtered through
a membrane filter. After filtration, the absorbance (A) was measured at the wavelength
for RB4 λmax = 595 nm. Determination of absorption maxima (λmax) by recording the
spectrum of the dye solution, as well as monitoring the change in absorbance during the
experiments was performed using a UV-VIS spectrophotometer. The series of experiments
included the examination of the following operational conditions on the efficiency of dye
degradation: nZVI concentrations, hydrogen peroxide concentrations, pH, as well as the
influence of the initial dye concentration in solutions.

Decolorization efficiency of the aqueous solution was obtained based on the following
Equation (1):

Removal efficiency [%] = ((A0 − At)/A0) × 100%, (1)

where A0 is the initial absorbance of the aqueous solution before the Fenton treatment,
whereas A represents the absorbance of the aqueous solution after treatment.

3.7. Fenton Sludge (FS) Reuse

After the applied homogenous Fenton treatment on dye decolorization, the obtained
Fenton sludge was exposed to a further combustion process in order to reuse as a potential
resource from two aspects. The reacted and used nZVI-BC was then collected, washed
with 1l od deionized water, dried at 105 ◦C, and combusted at 550 ◦C for 30 min. After
preparation, the obtained material was named Fenton-sludge treated (FStreated). The same
characterization was performed as in the case of nZVI-BC. The first aspect of its reuse was
the examination of its catalytic activity during heterogeneous Fenton. The second aspect
was to use as a resource in terms of macronutrient composition, towards nutrient source
usage as a soil amendment/conditioner.

3.7.1. Application of FStreated in RB4 Decolorization

The same dye decolorization experiments were performed, but this time using hetero-
geneous Fenton catalyst made from Fenton sludge (from the previous experiment, Section 3.6)
as the iron source, and at the optimized conditions [H2O2] = 10 mM, [FStreated] = 200 mg/L
and [RB4] = 50 mg/L. Importantly, the pH correction did not have to be performed, because
the experiments were carried out at pH = 3.75.

3.7.2. Nutrient-Release Experiments

The examination of the release kinetics of macronutrients (P, K, Ca, Mg, Na) from the
treated Fenton sludge, FStreated was performed through successive batch experiments for an
overall duration of 10 days. The procedure was followed by shaking (at 400 rpm) FStreated
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at concentration of 10 g/L, in distilled water for two days. At the end of each two-day assay,
the biochar was recovered using vacuum filtration with 0.45 µm filter papers, followed
with drying at 40 ◦C for 16 h. The dried sample was reused again for the subsequent
leaching procedure. The concentrations of macronutrients in the liquid leaching samples
were analyzed by an inductively coupled plasma spectrometry with mass spectrometry
(Agilent ICP MS).

For each leaching experiment “n”, the released amounts of P, K, Ca, Mg, and Na per
gram of biochar “qn (mg/g)” were determined as follows:

qn =
Cn

D
(2)

where the Cn is concentration of investigated nutrients (mg/L) at each successive assay,
and D is used biochar dose (g/L).

Kinetic release rate of investigated nutrients Sn (mg/g/day) for a given leaching
experiments “n”, was determined as follows:

Sn =
qn

t
(3)

where t is the contact time or the leaching assay duration.
The cumulative leached percentages of investigated nutrients γn after leaching experi-

ments were calculated as follows:
γn =

∑ qn

MBC
(4)

where, MBC (mg/g) are nutrients’ contents in the used BC.

4. Conclusions and Outlook for Long-Term Sustainability

Conclusions retrieved from the experiments of this work are the following:

• The applied DSD methodology indicated very low concentrations of the obtained nZVI
and hydrogen peroxide were required for almost maximum decolorization efficiency.
The results are promising from the aspect of overcoming low operating pH value in
terms of its adjustment.

• The valorization of the obtained Fenton sludge was performed by reusing it as a
new heterogeneous Fenton catalyst (FStreated) at the same optimized conditions as for
homogenous nZVI-BC catalyst. The almost 100% degradation efficiency of RB4 was
obtained, with no pH correction, because the treatment took place at pH = 3.75.

• Nutrient-release experiments demonstrated the nanomaterial’s high capability to
supplement agricultural fields with macronutrients (K, Mg, Ca, P, Na) through their
release over excessive periods with slow rates. This is the principal key for optimal
agricultural plant growth and soil maturing as well as for reduced environmental
pollution risks by these elements.

The novelty of this paper is reflected by attempt to close the loop in wastewater
treatment, by recycling its own sludge (trough generated catalyst) in the wastewater line,
polluted with recalcitrant organic compounds. Additionally, wastewater treatment process
residues were further characterized in terms of elucidating nutrient-release content and the
potential to act as soil amendments enforcing a zero-waste principle.

Future research must concentrate on the implementation of biochar-based catalysts
in both simulated and real effluents in order to extend the life span of the catalysts and
broaden their applications; establishing the nexus between soil properties and produced
organic soil amendments; and enforcing science for a policy approach to develop the market
potential of generated soil amendments.
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19. Slijepčević, N.; Pilipović, D.T.; Kerkez, D.J.; Krčmar, D.; Bečelić-Tomin, M.; Beljin, J.; Dalmacija, B. A cost effective method for
immobilization of Cu and Ni polluted river sediment with nZVI synthesized from leaf extract. Chemosphere 2021, 263, 127816.
[CrossRef] [PubMed]

20. Turabik, M.; Simsek, U.T. Effect of synthesis parameters on the particle size of the zero valent iron particles. Inorg. Nano Met.
Chem. 2017, 47, 1033–1043. [CrossRef]

21. Liu, H.; Hu, G.; Basar, I.A.; Li, J.; Lyczko, N.; Nzihou, A.; Eskicioglu, C. Phosphorus recovery from municipal sludge-derived
ash and hydrochar through wet-chemical technology: A review towards sustainable waste management. Chem. Eng. J. 2021,
417, 129300. [CrossRef]

22. He, Y.; Li, J.; Zhao, Y.; Yang, C.; Xu, C.; Liu, X.; Xing, X.; Tie, J.; Li, R.; Zheng, J. Sewage-sludge derived activated carbon impreg-
nated with polysulfide-sulfidated nZVI: A promising material for Cr(VI) reductive stabilization. Colloids Surf. A Physicochem. Eng.
Asp. 2022, 642, 128614. [CrossRef]

23. Wang, M.; Zhao, M.; Zhou, Y.C.; Li, J.; Wang, B.; Gao, S.; Sato, K.; Feng, W.; Yin, A.D.; Igalavithana, P.; et al. Biochar-supported
nZVI (nZVI/ BC) for contaminant removal from soil and water: A critical review. J. Hazard. Mater. 2019, 373, 820–834. [CrossRef]
[PubMed]

24. Yang, S.C.; Paik, S.Y.; Ryu, J.; Choi, K.O.; Kang, T.S.; Lee, J.K.; Song, C.W.; Ko, S. Dynamic light scattering-based method to
determine primary particle size of iron oxide nanoparticles in simulated gastrointestinal fluid. Food Chem. 2014, 161, 185–191.
[CrossRef] [PubMed]

25. Chandrasekar, N.; Kumar, K.M.M.; Balasubramnian, K.S.; Karunamurthy, K.; Varadharajan, R. Facile Synthesis of Iron Oxide,
Iron-Cobalt and Zero Valent Iron Nanoparticles and Evaluation of Their Anti Microbial Activity, Free Radicle Scavenginging
Activity and Antioxidant Assay. Dig. J. Nanomater. Biostructures 2013, 8, 765–775.

26. Chen, Z.; Xiao, X.; Chen, B.; Zhu, L. Quantification of chemical states, dissociation constants and contents of oxygen-containing
groups on the surface of biochars produced at different temperatures. Environ. Sci. Technol. 2014, 49, 309–317. [CrossRef]
[PubMed]

27. Wu, H.W.; Feng, Q.Y.; Yang, H.; Alam, E.; Gao, B.; Gu, D.M. Modified biochar supported Ag/Fe nanoparticles used for removal
of cephalexin in solution: Characterization, kinetics and mechanisms. Colloids Surf. A Physicochem. Eng. Asp. 2017, 517, 63–71.
[CrossRef]

28. Zhang, M.; Gao, B. Removal of arsenic, methylene blue, and phosphate by biochar/alooh nanocomposite. Chem. Eng. J. 2013, 226,
286–292. [CrossRef]

29. Lužanin, O.; Gudurić, V.; Ristić, I.; Muhič, S. Investigating impact of five build parameters on the maximum flexural force in FDM
specimens—A definitive screening design approach. Rapid Prototyp. J. 2017, 23, 1088–1098. [CrossRef]

30. Mohammed, E.; Naugler, C.; Far, B. Chapter 32—Emerging business intelligence framework for a clinical laboratory through big
data analytics. In Emerging Trends in Computational Biology, Bioinformatics, and Systems Biology; Elsevier: New York, NY, USA, 2015;
pp. 577–602.

31. Babuponnusami, A.; Muthukumar, K. A review on Fenton and improvements to the Fenton process for wastewater treatment.
J. Environ. Chem. Eng. 2014, 2, 557–572. [CrossRef]

32. Matavos-Aramyan, S.; Moussavi, M. Advances in Fenton and Fenton based oxidation processes for industrial effluent contami-
nants control-A review. Int. J. Environ. Sci. Nat. Resour. 2017, 2, 1–18. [CrossRef]

33. Zhang, M.; Dong, H.; Zhao, L.; Wang, D.; Meng, D. A review on Fenton process for organic wastewater treatment based on
optimization perspective. Sci. Total Environ. 2019, 670, 110–121. [CrossRef]

34. Becelic-Tomin, M.; Dalmacija, B.; Rajic, L.J.; Tomasevic, D.; Kerkez, D.J.; Watson, M.; Prica, M. Degradation of anthraquinone dye
Reactive Blue 4 in pyrite ash catalyzed Fenton reaction. Sci. World J. 2014, 2014, 234654. [CrossRef] [PubMed]

35. Demarchis, L.; Minella, M.; Nisticò, R.; Maurino, V.; Minero, C.; Vione, D. Photo-Fenton reaction in the presence of morphologically
controlled hematite as iron source. J. Photochem. Photobiol. A Chem. 2015, 307, 99–107. [CrossRef]

36. Zhang, H.; Liu, J.; Ou, C.; Faheem, J.S.; Yu, H.; Jiao, Z.; Han, W.; Sun, X.; Li, J.; Wang, L. Reuse of Fenton sludge as an iron source
for NiFe2O4 synthesis and its application in the Fenton-based process. J. Environ. Sci. China 2017, 53, 1–8. [CrossRef] [PubMed]

37. Belete, Y.Z.; Ziemann, E.; Gross, A.; Bernstein, R. Facile activation of sludge-based hydrochar by Fenton oxidation for ammonium
adsorption in aqueous media. Chemosphere 2021, 273, 128526. [CrossRef]

38. Gao, L.; Cao, Y.; Wang, L.; Li, S. A review on sustainable reuse applications of Fenton sludge during wastewater treatment. Front.
Environ. Sci. Eng. 2022, 16, 77. [CrossRef]

39. Pachhade, K.; Sandhya, S.; Swaminathan, K. Ozonation of reactive dye, Procion red MX-5B catalyzed by metal ions. J. Hazard.
Mater. 2009, 167, 313–318. [CrossRef]

http://doi.org/10.1016/j.seppur.2018.03.048
http://doi.org/10.1016/j.jclepro.2018.08.117
http://doi.org/10.1016/j.cej.2019.04.071
http://doi.org/10.1016/j.chemosphere.2020.127816
http://www.ncbi.nlm.nih.gov/pubmed/32835965
http://doi.org/10.1080/15533174.2016.1219869
http://doi.org/10.1016/j.cej.2021.129300
http://doi.org/10.1016/j.colsurfa.2022.128614
http://doi.org/10.1016/j.jhazmat.2019.03.080
http://www.ncbi.nlm.nih.gov/pubmed/30981127
http://doi.org/10.1016/j.foodchem.2014.04.022
http://www.ncbi.nlm.nih.gov/pubmed/24837939
http://doi.org/10.1021/es5043468
http://www.ncbi.nlm.nih.gov/pubmed/25453912
http://doi.org/10.1016/j.colsurfa.2017.01.005
http://doi.org/10.1016/j.cej.2013.04.077
http://doi.org/10.1108/RPJ-09-2015-0116
http://doi.org/10.1016/j.jece.2013.10.011
http://doi.org/10.19080/IJESNR.2017.02.555594
http://doi.org/10.1016/j.scitotenv.2019.03.180
http://doi.org/10.1155/2014/234654
http://www.ncbi.nlm.nih.gov/pubmed/24526885
http://doi.org/10.1016/j.jphotochem.2015.04.009
http://doi.org/10.1016/j.jes.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28372733
http://doi.org/10.1016/j.chemosphere.2020.128526
http://doi.org/10.1007/s11783-021-1511-6
http://doi.org/10.1016/j.jhazmat.2008.12.126


Molecules 2023, 28, 1425 24 of 25

40. Wang, S.; Gao, B.; Zimmerman, A.R.; Li, Y.; Ma, L.; Harris, W.G.; Migliaccio, K.W. Removal of arsenic by magnetic biochar
prepared from pinewood and natural hematite. Bioresour. Technol. 2014, 175, 391–395. [CrossRef]

41. Mandic, A.K.; Becelic-Tomin, M.; Milidrag, G.P.; Raseta, M.; Kerkez, D.J. Application of impregnated biocarbon produced from
soybean hulls in dye decolorization. Hem. Ind. 2021, 75, 307–320. [CrossRef]

42. Xia, J.; Shen, Y.; Zhang, H.; Hu, X.; Mian, M.M.; Zhang, W.-H. Synthesis of magnetic nZVI@biochar catalyst from acid precipitated
black liquor and Fenton sludge and its application for Fenton-like removal of rhodamine B dye. Ind. Crops Prod. 2022, 187, 11544.
[CrossRef]

43. Wang, T.; Su, J.; Jin, X.Y.; Chen, Z.L.; Megharaj, M.; Naidu, R. Functional clay supported bimetallic nZVI/Pd nanoparticles used
for removal of methyl orange from aqueous solution. J. Hazard. Mater. 2013, 262, 819–825. [CrossRef]

44. Han, L.; Xue, S.; Zhao, S.; Yan, J.; Qian, L.; Chen, M. Biochar Supported Nanoscale Iron Particles for the Efficient Removal of
Methyl Orange Dye in Aqueous Solutions. PLoS ONE 2015, 10, e0132067. [CrossRef] [PubMed]

45. Regulation on Emission Limit Values for Pollutants in Waters and the Deadlines for Their Reaching. Official Gazette of the
Republic of Serbia No 67 (13.09.2011), 48 (10.05.2012) and 01 (06.01.2016). Available online: https://leap.unep.org/countries/rs/
national-legislation/regulation-emission-limit-values-pollutants-water-and-deadlines (accessed on 13 December 2022).

46. European Commission. Protection of the Environment, and in particular of the soil, when sewage sludge is used in agriculture.
Official J. Eur. Communities 1986, 4, 6–12. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
31986L0278&from=EN (accessed on 11 November 2022).

47. Hu, Q.; Jung, J.; Chen, D.; Leong, K.; Song, S.; Li, F.; Mohan, B.C.; Yao, Z.; Prabhakar, A.K.; Lin, X.H.; et al. Biochar industry to the
circular economy. Sci. Total Environ. 2021, 757, 143820. [CrossRef] [PubMed]

48. European Biochar Certificate (EBC). Guidelines for a Sustainable Production of Biochar; Version 6.1 of 19th June; European Biochar
Foundation (EBC): Arbaz, Switzerland, 2021; Available online: https://www.european-biochar.org/media/doc/2/version_en_
9_2e.pdf (accessed on 11 November 2022).

49. McFarland, M.; Provin, T. Essential Nutrients for Plants—How Do Nutrients Affect Plant Growth? 2014. Available online:
https://agrilife.org/texaslocalproduce-2/files/2018/07/Essential-Nutrients-for-Plants.pdf (accessed on 15 November 2022).

50. Ferjani, A.I.; Jellali, S.; Akrout, H.; Limousy, L.; Hamdi, H.; Thevenin, N.; Jeguirim, M. Nutrient retention and release from raw
exhausted grape marc biochars and an amended agricultural soil: Static and dynamic investigation. Environ. Technol. Innov. 2020,
19, 100885. [CrossRef]

51. Mukherjee, A.; Zimmerman, A.R. Organic carbon and nutrient release from a range of laboratory-produced biochars and
biochar-soil mixtures. Geoderma 2013, 193, 122–130. [CrossRef]

52. Hadroug, S.; Jellali, S.; Leahy, J.J.; Kwapinska, M.; Jeguirim, M.; Hamdi, H.; Kwapinski, W. Pyrolysis process as a sustainable
management option of poultry manure: Characterization of the derived biochars and assessment of their nutrient release
capacities. Water 2019, 11, 2271. [CrossRef]

53. Li, W.; Feng, X.; Song, W.; Guo, M. Transformation of Phosphorus in Speciation and Bioavailability During Converting Poultry
Litter to Biochar. Front. Sustain. Food Syst. 2018, 2, 20. [CrossRef]

54. Sun, H.; Lu, H.; Chu, L.; Shao, H.; Shi, W. Biochar applied with appropriate rates can reduce N leaching, keep N retention and not
increase NH3 volatilization in a coastal saline soil. Sci. Total Environ. 2017, 575, 820–825. [CrossRef]

55. Wang, Y.; Lin, Y.; Chiu, P.C.; Imhoff, P.T.; Guo, M. Phosphorus release behaviors of poultry litter biochar as a soil amendment. Sci.
Total Environ. 2015, 512-513, 454–463. [CrossRef]

56. Wojas, N.A.; Swerin, A.; Wallqvist, V.; Järn, M.; Schoelkopf, J.; Gane, P.A.C.; Claesson, P.M. Surface-Modified and Unmodified
Calcite: Effects of Water and Saturated Aqueous Octanoic Acid Droplets on Stability and Saturated Fatty Acid Layer Organization.
Langmuir 2021, 37, 14135–14146. [CrossRef]

57. Khan, M.B.; Cui, X.; Jilani, G.; Tang, L.; Lu, M.; Cao, X.; Sahito, Z.A.; Hamid, Y.; Hussain, B.; Yang, X.; et al. New insight into the
impact of biochar during vermi-stabilization of divergent biowastes: Literature synthesis and research pursuits. Chemosphere
2020, 238, 124679. [CrossRef] [PubMed]

58. Chen, Y.; Duan, X.; Zhang, C.; Wang, S.; Ren, N.; Ho, S.H. Graphitic biochar catalysts from anaerobic digestion sludge for
nonradical degradation of micropollutants and disinfection. Chem. Eng. J. 2020, 384, 123244. [CrossRef]

59. Machado, S.; Pinto, S.L.; Grosso, J.P.; Nouws, H.P.A.; Albergaria, J.T.; Delerue-Matos, C. Green production of zero-valent iron
nanoparticles using tree leaf extracts. Sci. Total Environ. 2013, 445, 1–8. [CrossRef]

60. Mortazavian, S.; Jones-Lepp, T.; Bae, J.-H.; Chun, D.; Bandala, E.R.; Moon, J. Heat-treated biochar impregnated with zero-valent
iron nanoparticles for organic contaminants removal from aqueous phase: Material characterizations and kinetic studies. J. Ind.
Eng. Chem. 2019, 76, 197–214. [CrossRef]

61. SRPS ISO 6060; Water Quality—Determination of the Chemical Oxygen Demand. International Organization for Standardization:
Geneve, Switzerland, 1994.

62. SRPS ISO 8245; Water Quality—Guidelines for the Determination of Total Organic Carbon (TOC). International Organization for
Standardization: Geneve, Switzerland, 2007.

http://doi.org/10.1016/j.biortech.2014.10.104
http://doi.org/10.2298/HEMIND210427023K
http://doi.org/10.1016/j.indcrop.2022.115449
http://doi.org/10.1016/j.jhazmat.2013.09.028
http://doi.org/10.1371/journal.pone.0132067
http://www.ncbi.nlm.nih.gov/pubmed/26204523
https://leap.unep.org/countries/rs/national-legislation/regulation-emission-limit-values-pollutants-water-and-deadlines
https://leap.unep.org/countries/rs/national-legislation/regulation-emission-limit-values-pollutants-water-and-deadlines
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31986L0278&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31986L0278&from=EN
http://doi.org/10.1016/j.scitotenv.2020.143820
http://www.ncbi.nlm.nih.gov/pubmed/33248779
https://www.european-biochar.org/media/doc/2/version_en_9_2e.pdf
https://www.european-biochar.org/media/doc/2/version_en_9_2e.pdf
https://agrilife.org/texaslocalproduce-2/files/2018/07/Essential-Nutrients-for-Plants.pdf
http://doi.org/10.1016/j.eti.2020.100885
http://doi.org/10.1016/j.geoderma.2012.10.002
http://doi.org/10.3390/w11112271
http://doi.org/10.3389/fsufs.2018.00020
http://doi.org/10.1016/j.scitotenv.2016.09.137
http://doi.org/10.1016/j.scitotenv.2015.01.093
http://doi.org/10.1021/acs.langmuir.1c02387
http://doi.org/10.1016/j.chemosphere.2019.124679
http://www.ncbi.nlm.nih.gov/pubmed/31524617
http://doi.org/10.1016/j.cej.2019.123244
http://doi.org/10.1016/j.scitotenv.2012.12.033
http://doi.org/10.1016/j.jiec.2019.03.041


Molecules 2023, 28, 1425 25 of 25

63. Jones, B.; Nachtsheim, C.J. Definitive screening designs with added two-level categorical factors. J. Qual. Technol. 2013, 45,
121–129. [CrossRef]

64. Milidrag, G.P.; Nikić, J.; Gvoić, V.; Mandić, A.K.; Agbaba, J.; Bečelić-Tomin, M.; Kerkez, D. Photocatalytic Degradation of Magenta
Effluent Using Magnetite Doped TiO2 in Solar Parabolic Trough Concentrator. Catalysts 2022, 12, 986. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/00224065.2013.11917921
http://doi.org/10.3390/catal12090986

	Introduction 
	Results and Discussion 
	Characterization of Raw and Modified BC-Based Materials 
	DSD Model Evaluation and Fenton Process Optimization 
	Treatment and Characterization of Real Effluent of RB4 Dye under Optimal Conditions of Fenton Process Catalyzed with nZVI-BC 
	FTIR Analysis of Effluents 
	Mechanism of RB4 Removal by nZVI-BC 
	Stability of nZVI-BC 
	Fenton Sludge as a Nutrient Resource 

	Materials and Methods 
	Materials and Chemicals 
	Sludge Sampling and BC Synthesis 
	Synthesis of nZVI-BC Catalyst 
	Characterization of BC, nZVI-BC, and FStreated 
	Physico-Chemical Analysis of RB 4 before and after Treatment 
	Definitive Screening Design 
	Fenton Sludge (FS) Reuse 
	Application of FStreated in RB4 Decolorization 
	Nutrient-Release Experiments 


	Conclusions and Outlook for Long-Term Sustainability 
	References

