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A B S T R A C T

Green synthesis of catalyst and catalyst supporting material with the utilization of agricultural wastes is a quite
cost-effective and environmentalist approach for the removal of toxic organic compounds such as azo dyes from
water sources. In this study, lemon (Citrus limon (L.) Burm. f.) by-products such as pomace and leaves, which are
remained as waste after especially juice production and domestic consumption, were used for developing bio-
mass-derived activated carbon (AC) supported heterogeneous Fenton-like catalyst. In the scope of this work,
firstly; the activated carbon (Lp-AC) from lemon (Citrus limon (L.) Burm. f.) pomace was prepared, and then, it
was combined with the biosynthesized Fe-Zn bimetallic nanoparticles using aqueous lemon leaves extract as a
reducing agent. The final material was named as activated carbon/Fe-Zn bimetallic nanoparticles (Lp-AC/Fe-Zn
NPs). The characterization of Lp-AC and Lp-AC/Fe-Zn NPs materials was carried out by using FTIR, SEM, EDX,
BET and XRD methods. The biosynthesized Lp-AC/Fe-Zn NPs were utilized as a catalyst for the decolorization of
a toxic azo-dyestuff, Reactive Red 2 (RR 2), with heterogeneous Fenton-like reaction and the optimum deco-
lorization conditions were determined to be initial pH 3.0, H2O2 concentration 50mM, initial dye concentration
100mg L−1, catalyst concentration 0.1 g L−1, and temperature 25 °C. In the present work showed that activated
carbon and Fe-Zn bimetallic nanoparticles could be synthesized through an efficient biosynthesis method using
lemon waste materials which are pomace and leaves.

1. Introduction

At the present time, the contamination of water, soil, and air with
toxic chemicals have become a high priority environmental problem.
Rapid industrialization, harmful gases causing air pollution such as
sulfur dioxide, carbon dioxide, carbon monoxide, nitrous oxide, ni-
trogen dioxide, soil pollutants are heavy metals like lead and mercury,
extensive use of pesticides in agriculture, different harmful chemicals,
domestic, industrial and agricultural wastes have caused serious en-
vironmental pollution.

Water pollution has become one of the most intense environmental
issues among the kinds of environmental pollution since, in both de-
veloping and industrialized countries, human activities play an ever-
greater role in exacerbating water scarcity by contaminating natural
water sources. Only 2.5% of all the water on Earth is fresh water and
only 0.3% of all fresh water on the planet is readily available as surface
water in lakes, rivers, and streams. Therefore, water is a limited re-
source must be used in a sustainable way to avoid its exhaustion.

The textile industry is the notorious polluter for surface and un-
derground water followed by printing, paper, leather, cosmetic, food
industry, pharmaceutical, tannery, chemical, paint, and varnish in-
dustries [1,2]. The worldwide annual production of dyes is over
7× 105 tons and 10–15% of them have discharged the water sources
through industrial pollutants. Even at 1mg/L concentration of dyes
form major and most hazardous contaminants of textile industrial ef-
fluent. Azo dyes are assessed as mutagenic, and carcinogenic as well as
they are recalcitrant, non-biodegradable, resistant to aerobic digestion
and highly toxic towards humans and animals [3].

Nowadays, the recycle and reuse of waste materials that are locally
available, abundant and no cost, as precursor for the preparation of new
economically valuable materials has been quite popular. This approach
produces not only useful materials for the different research areas but
also contributes to minimizing the solid wastes. It is well known that
activated carbon has been commonly used adsorbent for wastewater
treatment applications, and supporting material for material synthesis,
owing to its high specific surface area and porous structure. In general,
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coal and agricultural by-products or lignocellulosic materials are the
main sources for activated carbon production [4]. Several carbonaceous
materials, such as petroleum residues, wood, coal, peat, and lignite are
used for activated carbon preparation. However; these kinds of pre-
cursors are expensive and non-renewable. Also, it is essential and ne-
cessary to find a cheap and available feedstock for the preparation of
activated carbon for use in industry, drinking water purification and
wastewater treatment. Therefore, in recent years, people have been
focusing on activated carbon preparation based on agricultural waste
and lignocelluloses materials. Several used suitable agricultural re-
sidues and lignocelluloses materials are hazelnut shell, olive stone, jo-
joba seed, coconut shell, bamboo, rice husk, sugarcane bagasse, and
many others. They are effective and very inexpensive sources although
the obtained activated carbon yield is lower due to their carbon content
is lower. However, lower production cost gives significant impact more
than lower yield [4].

The lemon, (Citrus limon (L.) Burm. f.) is a species of a small ever-
green tree in the flowering plant family Rutaceae, native to Asia.
Turkey is one of the important citrus, especially lemon manufacturer in
the world. According to Turkish Statistical Institute (TUIK) 2017 data,
Turkey is the 9th citrus manufacturer with approximately 4.29 million
tons of citrus production; oranges (1.85 million tons) and lemons (850
thousand tons) are among the most important ones. Also, Turkey is the
4th and the 5th lemon and orange manufacturer in the world respec-
tively, as well as; 2th country in the lemon production between the
Mediterranean countries. A large amount of production and consump-
tion of citrus such as lemon at industrial and domestic areas, especially
in juice production, leads to the considerable amount of by-products
such as pomace is referred to as citrus waste, which represents half of
the citrus mass which is estimated to be worldwide 15× 106 million
tons per year [5]. In this regard, lemon by-products such as pomace and
leaves could be entirely appropriate candidates for the synthesis of
biomass-derived activated carbon (AC), and green synthesis of metallic
nanoparticles, respectively for the removal of toxic pollutants from
water supplies [6].

The advanced oxidation processes (AOP) such as Fenton’s reagent
(H2O2, Fe2+), photocatalytic oxidation, photo-Fenton, electro-Fenton,
UV/H2O2, and ozonation processes which are based on the production
and the oxidative action of hydroxyl radicals have gained more atten-
tion compared to other techniques. One important AOP is the Fenton
reaction which is based on the decomposition of hydrogen peroxide
catalyzed by iron ion, in acidic medium. The homogeneous Fenton
process has several advantages such as low capital cost, simple appli-
cation, and ease of operation at room temperature and atmospheric
pressure. However, the method also has several disadvantages, namely
the need for a high amount of iron ions (about 50–80 ppm) in solution.
Therefore, it is necessary to remove and recover the catalyst at the end
of the process. This separation step is making the process more ex-
pensive and complicated. Besides, chemical sludge generated at the end
of the process also needs treatment. These drawbacks can be overcome
by using heterogeneous catalysts, i.e., the iron species (or transition
metals) supported on a porous solid matrix. This reaction was called a
heterogeneous Fenton-like process [7]. The zero valent iron, iron oxides
(e.g., α-Fe2O3, Fe3O4, α and γ-FeOOH), iron-containing bimetallic na-
noparticles (e.g., Fe/Pd–NPs, Fe/Ni-NPs, Fe/Zn-NPs) and iron-con-
taining porous catalysts such as zeolites, clays, resins, mesoporous
materials have been used as a heterogeneous Fenton-like catalyst [8].

Among them, loading iron nanoparticle species onto solid suppor-
ters is a promising way due to loading process could avoid any possible
iron leaching, improves the mechanical strength and removal efficiency
of the catalysts. Various organic, inorganic, and biological substances,
such as polyacrylic acid, activated carbon, multiwalled carbon nano-
tube, mesocellular carbon foam, zeolite, poly (3,4-ethylene dioxythio-
phene), alginate, chitosan, gum, hydroxyapatite, could be used as solid
supporters [9]. The use of plant leaves extracts as a reducing agent is a
promising approach for preparing metal/metal oxide nanoparticles as

compared to well-known methods such as chemical precipitation/co-
precipitation, hydrothermal synthesis, an electrochemical method, re-
verse micelles/micro emulsion method, and sol-gel. The using of plants
leaves extracts as a reducing agent has several advantages such as being
simple and efficient, low-cost, environmentally friendly, readily avail-
able. It is well-known that many plants of leaves have various valuable
substances, like aromatic and antioxidant components such as poly-
phenols and more specifically to flavonoids [10]. These unique com-
pounds act as a bioreduction agent for metallic ions.

In this work, it is objected to the synthesis of biomass-derived ac-
tivated carbon/iron-zinc bimetallic nanoparticles (Lp-AC/Fe-ZnNPs) as
a heterogeneous Fenton-like catalyst for decolorization of a toxic azo-
dye Reactive Red 2. For this purpose, lemon pomace was used as a
precursor for activated carbon synthesis and lemon leaves aqueous
extract was utilized as a reducing agent for green synthesis of Fe-Zn
bimetallic nanoparticles. Subsequently, the final material (Lp-AC/Fe-
ZnNPs) was characterized and tested a heterogeneous Fenton-like re-
action as a catalyst. The optimum decolorization conditions affecting
RR 2 decolorization were determined.

2. Materials and methods

2.1. Materials

Lemon pomaces composed of peel, albedo, and segment pulp re-
sidues were provided by AEP Anadolu Etap Penkon, Agriculture and
Food Products Ltd. Mersin Plant, Mersin, Turkey. Other all of the che-
micals were of analytical grade, and they were used without further
purification. FeSO4.7H2O was supplied from Carlo Erba, ZnCl2.4H2O
and H2O2 (30%) were provided from Merck. The azo dye Reactive Red
2 (RR 2) also called Procion Red MX-5B was supplied by Sigma-Aldrich,
RR 2 was of commercial purity (Type: Anionic, Mw: 615.33 g mol−1,
λmax: 538 nm). It has an elemental composition ofC19H10Cl2N6Na2O7S2.
The stock solution of 1000mg L−1 of RR 2 was prepared by dissolving
1 g of RR 2 dye in 1 L deionized water, and then the desired RR 2
concentrations were prepared by appropriate dilutions from stock dye
solution. The stock solution of 100mM of H2O2 was prepared from the
30.0% H2O2 solution (9.73M) by appropriate dilution with deionized
water, and the desired concentrations of H2O2 solutions were prepared
from the 100mM of H2O2 solution by dilution with deionized water,
again.

2.2. Preparing of activated carbon from lemon pomace

The pomaces were air-dried at ambient temperature away from
direct sunlight in the shade for 72 h. After drying, the samples were
ground using a laboratory type blender and sieved to obtain 500 μm
particle size range through a vibratory sieve shaker (Fritsch Analysette
3Spartan Model, Germany). Samples vacuum packed and stored at
ambient temperature in the dark and dry place until used. Chemical
activation of lemon pomace was carried out using H3PO4. 20 g of dried
lemon pomace was mixed with the 12M, 100mL of phosphoric acid
solution at approximately 24 h. Then, phosphoric acid impregnated
pomaces were washed by distilled water and dried 105 °C for 6 h. After
that, the samples were carbonized in a vertical furnace at 400 °C tem-
perature for 3 h. After the carbonization process, the resultant activated
carbons were washed by hot distilled water until the solution pH
reached neutral and dried in the oven at 105 °C for 12 h [11].

2.3. Synthesis of lemon pomace derived activated carbon/Fe-Zn bimetallic
nanoparticles

Lemon leaves were collected from lemon trees grown in Tece/
Mersin, Turkey. The leaves were firstly washed with distilled water and
then air-dried at ambient temperature. For the preparation of extract,
10 g of dried leaves were boiled in 500mL of distilled water in a beaker
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under continuously stirring for 60min.
For the synthesis of Lp-AC/Fe-ZnNPs, 0.2 g of activated carbon was

added to 75mL of 0.014M FeSO4.7H2O solution, and then, the formed
solution was stirred at 250 rpm for 30min at room temperature. After
that 0.2 g of ZnCl2.4H2O was added and stirred at 250 rpm for a further
30min at room temperature. Then, 150mL of aqueous leaves extract
was added to the resulting solution, and the solution was stirred at
250 rpm 3 h. The immediate changing of the color of the solution from
clear to intense black indicated the formation of Lp-AC/Fe-ZnNPs. The
formed Lp-AC/Fe-ZnNPs were separated from the solution by cen-
trifugation, and then collected nanoparticles, washed several times with
deionized water and dried in an oven at 105 °C overnight [12].

2.4. Characterization studies

The functional groups of Lp-AC and Lp-AC/Fe-Zn NPs before and
after decolorization were determined by Fourier Transform Infrared
Spectrometer (FTIR- Perkin Elmer, Shelton), in the range of 4000–
400 cm−1. The morphology of Lp-AC and Lp-AC/Fe-Zn NPs was per-
formed by Scanning Electron Microscope (SEM- Zeiss/Supra 55,
Germany) and, elemental identification of Lp-AC/Fe-Zn NPs was de-
termined by Zeiss/Supra 55 energy dispersive X-ray analyzer (EDX) pre-
and post decolorization. The crystal structure was determined by X-ray
Diffractometer (XRD- Philips XPert, Netherlands). Also, specific surface
area and average pore diameter of the commercial and lemon pomace
derived activated carbon were determined with nitrogen adsorption
technique at 76.256 K using Micromeritics ASAP 2020 V 3.00 G
Brunauer, Emmett, and Teller (BET) surface area analyzer. Before BET
measurement, the carbon was degassed at 200 °C under vacuum for 2 h.

2.5. Decolorization experiments

All the decolorization experiments were conducted in Erlenmeyer
flasks (250mL) containing 100mL of RR 2 dye solutions in a shaker
that was adjusted 25 °C of temperature and constant shaking rate. In the
decolorization experiments, 0.1 g of Lp-AC/Fe-ZnNPs, except for cata-
lyst concentration experiments, was added to solutions containing
5.0 mL of H2O2 and 100mL of RR 2 solution at known initial dye
concentrations and initial pHs, and they were agitated in the water bath
at the constant temperature. The samples were taken at pre-determined
time intervals. Subsequently, the UV–vis absorbance readings were
performed in a spectrophotometer (Specord 210 Plus, Analytic Jena,
Germany) The decolorization percentage for RR 2 was expressed in
terms of the decrease in UV–vis absorbance and calculated with Eq. (1)
as given following:

=D (%) A | – A |
A |

·100o 538 nm t 538 nm

o 538 nm (1)

Where D (%) represented the color removal efficiency of Lp-AC/Fe-Zn
NPs, Ao was the initial absorbance of RR 2 at t= 0min, and At was the
absorbance of RR 2 at t min. Moreover, to determine the decolorization
capacity of H2O2 for RR 2, the control experiments without catalyst
were carried out under the same experimental conditions. Experiments
were repeated to research the effects of different operation parameters
on the dye decolorization such as initial pH of the solution, H2O2

concentration, initial dye concentration, and catalyst concentration.

3. Results and discussion

3.1. Characterization studies

3.1.1. Characterization of lemon pomace derived activated carbon
The morphology of Lp-AC was characterized by SEM analysis, and

the SEM image was presented in Fig. 1. According to Fig. 1, Lp-AC has
an irregular and porous surface, which indicated a high surface area.

The specific surface area and pore diameters of Lp-AC were

determined by BET analysis and compared to commercial activated
carbon. The results obtained are presented in Table 1. As seen from
Table 1, the synthesized Lp-AC has a high specific surface area and pore
diameter close to the commercial activated carbon.

The functional groups of commercial activated carbon and Lp-AC
were determined by FT-IR analysis, and the obtained FT-IR spectrums
are shown in Fig. 2 (a) and (b).

According to Fig. 2 (a)-(b); the FTIR spectrum of the activated
carbon synthesized from lemon pomace overlaps the FT-IR spectrum of
the commercial activated carbon. In the FT-IR spectra of Lp-AC; the
characteristic peaks displayed the following bands; the broad band at
3659 cm−1: OeH stretching vibration, 2977.87 cm−1: CeH vibrations
in methyl and methylene groups; 2319.7 cm−1: C]C stretching vibra-
tions; 1551 cm−1: C]C stretching vibrations in aromatic rings; 1358.6
cm−1: C −CH3 deformation; 1153.09 cm−1, 1077.4 cm−1, 821 cm−1:
CeO – H stretching vibrations, CeO stretching, and CeH out-of-plane
deformation; 481 cm−1: symmetric bending of CeO and CeC [13].

3.1.2. Characterization of lemon pomace derived activated carbon
supported Fe-Zn bimetallic nanoparticles

The surface morphology of Lp-AC/Fe-ZnNPs before and after the
Fenton-like reaction was determined by SEM analysis, and SEM images
at different magnifications are presented in Fig. 3(a, b) and (c, d).

According to Fig. 3(a, b), it was seen that the spherical, agglomer-
ated and nanosized particles were formed which were dispersed into
the surface, and in the pores of activated carbon. The mean particle size
of the synthesized Lp-AC/Fe-ZnNPs was determined to be 126 nm by
the Image J program. The SEM images after Fenton like reaction
(Fig. 3(c, d)) showed that a non-porous and smooth surface might be
due to the RR 2 or degradation products were adsorbed to the surface
and closed the pores of Lp-AC/Fe-ZnNPs. This result indicated that the
morphology and structure of nanoparticles were changed after deco-
lorization experiments.

The elemental composition before and after the Fenton-like reaction
of Lp-AC/Fe-ZnNPs was determined by EDX analysis. The obtained EDX
spectra are shown in Fig. 4 (a) and (b).

According to EDX analysis results, the elemental and quantitative
weight composition of the Lp-AC/Fe-ZnNPs was composed of 26.92%
Fe, 32.81% O, 14.34% C, 12.92% S, 5.58% Zn, 4.091% Cl, 0.702% K,
0.617% Ca, 0.605% Na, and 0.133% Mg elements. Accordingly, the
signals in the Fe, O, C and Zn region confirmed the formation of Lp-AC/
Fe-Zn NPs whereas the elements of Na, a part of C and O, K, Ca, Na, Mg,
S could belong to lemon (Citrus limon (L.) Burm. f.) aqueous leaves
extract.

The FT-IR spectrums of Lp-AC/Fe-ZnNPs were presented in Fig. 5(a)
and (b) for before and after decolorization of RR 2.

As seen from Fig. 5, no significant changes were observed in the FT-
IR spectrums of Lp-AC/Fe-ZnNPS before and after the Fenton-like

Fig. 1. The SEM image of lemon pomace based activated carbon.
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reaction. In the FT-IR spectrum of synthesized Lp-AC/Fe-ZnNPS, the
functional groups belong to activated carbon, and the peak showed the
Fe-O vibration band was observed. In the FT-IR spectrum of Lp-AC/Fe-
Zn NPs the characteristic peaks which are derived from Lp-AC displayed
the following bands; 3657 cm−1: OeH stretching vibrations;
2977.87 cm−1: CeH vibrations in methyl and methylene groups;
2307.7 cm−1: C]C stretching vibrations; 1596.8 cm−1: C]C
stretching vibrations in aromatic rings; 1389.4 cm−1: C−CH3 de-
formation; 816 cm−1: CeH out-of-plane deformation. Also, the ab-
sorption bands at 516 cm−1 and 488 cm−1 are due to the Fe–O

functional group. [11,13]. Moreover, the band at 1089 cm−1 due to the
C–N amine tensile vibration resulting from the aqueous lemon extract
[14].

The crystal morphology and crystal structure of Lp-AC/Fe-ZnNPs
were determined by XRD analysis, and the XRD spectrum is presented
in Fig. 6.

According to Fig. 6, an amorphous structure was obtained due to the
activated carbon phase of the Lp-AC/Fe-ZnNPs structure. It was also
determined that the characteristic graphite phase belongs to activated
carbon at 2-theta= 26° and 27° and 2-theta= 41° [15].

3.2. Heterogeneous Fenton-like decolorization of Reactive Red 2 (RR 2)
with Lp-AC/Fe-ZnNPs

The synthesized Lp-AC/Fe-ZnNPs was evaluated as a heterogeneous
Fenton-like catalyst for the decolorization of RR 2. The principles of the
heterogeneous Fenton-like reaction are similar to the homogeneous
one, but due to the adsorption and catalysis phenomena, the process
becomes more complex [7]. The main mechanism of the heterogeneous
Fenton-like reaction is based on the formation of highly reactive hy-
droxyl radicals (OH%) by decomposition of H2O2 with Fe2+ ions, as in
the same homogenous Fenton reactions.

The generation cycle of hydroxyl radicals by heterogeneous Fenton-
like mechanism is shown in Eqs. (2)–(8);

S–Fe2+ + H2O2 → OH% + OH− + S–Fe3+ (2)

S–Fe3+ + H2O2 → S–Fe2+ + H+ + HO2
% (3)

S–Fe3+ + HO2
% → S–Fe2+ + H+ + O2 (4)

Table 1
BET specific surface area and pore diameters of Lp-AC and commercial activated carbon.

BET specific surface area (m2 g−1) Pore diameters (A°)

Commercial activated carbon 1500.26 ± 2.164 13.598
Lemon pomace derived activated carbon 1378.57 ± 1.506 11.1928

Fig. 2. The FT-IR spectrums of commercial (a) and lemon pomace based acti-
vated carbon (b).

Fig. 3. The SEM images of Lp-AC/Fe-ZnNPs before Fenton-like reaction a) 50.00 KX, b) 100.00 KX; after c) 50.00 KX, d) 100.00 KX.
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S–Fe2+ + OH% → S–Fe3+ + OH− (5)

OH% + OH% → H2O2 (6)

OH% + H2O2 → H2O + HO2
% (7)

OH% + organic molecules → CO2 + H2O (8)

Where S represents the porous solid matrix. According to Eqs.
(2)–(8), ferrous ions initiate the reaction and lead to the generation of

hydroxyl radicals, and subsequently, these hydroxyl radicals attack the
organic pollutants and cause their degradation [16].

In this study, the heterogeneous Fenton-like decolorization of RR 2
dye over time was monitored by UV–vis spectral analysis. The changes
in the absorption spectrum of RR 2 and also, the progress of the de-
colorization were given in Fig. 7.

As seen in Fig. 7, in the visible range, the absorption peaks at
510.97 nm and 538.04 nm which are responsible for the color of RR 2

Fig. 4. The EDX spectrums of Lp-AC/Fe-ZnNPs a) before b) after Fenton-like reaction.

Z. Oruç, et al. Journal of Environmental Chemical Engineering 7 (2019) 103231

5



dye. According to UV–vis spectral results, the absorption peaks started
to decline quickly fast and approximately disappeared in only 2min
reaction time. These absorption peaks at 510.97 nm and 538.04 nm
were likely induced by the π→π* electronic transition in a completely
conjugated system linked by azo groups. The results also indicated that
no new peaks were formed during the decolorization of the RR 2 so-
lution [17]. Consequently, with the increase of the reaction time, the
absorption peaks started to decline and approximately disappeared,
which suggested that the chromophoric group (N]N group) in the dye
molecular structure was broken as well as conjugated system and
eventually the RR 2 molecule was decolorized.

The effects of process parameters on Fenton-like decolorization has
also been investigated in a batch system as a function of contact time,
initial pH of the solution, H2O2 concentration, initial dye and catalyst
concentrations, and the results have been presented in details in the
following sub-sections.

3.2.1. Effect of hydrogen peroxide concentration
The hydrogen peroxide concentration plays a critical role in the

Fenton-like processes due to H2O2 is the main source of OH% during the
process. The insufficient H2O2 concentration causes a decrease in de-
gradation rate due to a deficiency of OH% generated by H2O2 decom-
position under catalysis. On the other hand, in the presence of a high
concentration of H2O2 more OH% radicals would be produced and the
degradation rates of organic compounds generally increase with the
H2O2 addition until a critical concentration value is reached. Above this
value, the degradation efficiencies decrease due to the radical scaven-
ging effect of H2O2 at high concentrations, and the auto-decomposition
of H2O2 to O2 and H2O. The scavenging effect (Eqs. 9 and 10), and auto-
decomposition of the H2O2 (Eq. 11) is expressed by the following
Equations [18].

H2O2 + HO% → HO2
% + H2O (9)

HO2
% + HO% → H2O+O2 (10)

2H2O2 → 2H2O+O2 (11)

Moreover, the excess using of hydrogen peroxide would increase the
treatment cost significantly, especially when the volume of the organic
contaminant is very high. Therefore, firstly the optimum hydrogen
peroxide concentration was determined to initiate the heterogeneous
Fenton-like reaction.

The effect of H2O2 concentration was investigated in the range of
10–75mM H2O2 concentration values. Moreover, in order to determine
the decolorization capacity of Lp-AC/Fe-ZnNPs for RR 2 alone, the
control experiments without H2O2 were carried out under the same
experimental conditions. The effect of H2O2 concentration on the RR 2
decolorization with time in the Fenton-like process was presented in
Fig. 8(a) and, the decolorization percentages obtained after 90min
reaction time were presented in Fig. 8(b).

According to Fig. 8(a) and (b), the highest color removal efficiency
was obtained when the H2O2 concentration was 50mM, and nearly
89% of color removal was obtained in this concentration value.
Therefore, the optimum H2O2 concentration was determined as 50mM,
and the 5mL of 50mM H2O2 solution was used in the rest of the ex-
periments to investigate the effect of other parameters. Also, the control

Fig. 5. The FT-IR spectrum of Lp-AC/Fe-ZnNPs a) before b) after Fenton-like
reaction.

Fig. 6. XRD spectrum of Lp-AC/Fe-ZnNPs.
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experiment showed that unless H2O2, Lp-AC/Fe-ZnNPs have only 5.65%
decolorization capacity for RR 2.

3.2.2. Effect of initial pH
The effect of initial pH on the catalytic Fenton-like decolorization of

RR 2, was investigated in the initial pH values of 3, 4, natural pH of the
solution (nearly 5.2) and 6, respectively. The effect of initial pH on the
RR 2 decolorization in the Fenton-like process was presented in
Fig. 9(a) and (b).

As shown in Fig. 9(a) and (b), the highest decolorization yield
≈86% is achieved at the initial pH of 3, at the reaction conditions of
50mM-5mLH2O2 concentration, 100mg L−1 of initial RR 2 con-
centration, 1 g L−1 of catalyst concentration and 298 K of temperature.
Moreover, nearly 72.5%, 70%, and 69%, decolorization yields were
obtained at the pH of 4, 5.2, and 6 respectively at the end of the 90min
reaction time. These results revealed that Lp-AC/Fe-ZnNPs-H2O2 cata-
lytic system is effective in the catalytic decolorization of RR 2 at the pH
of 3.0. It is generally reported that in the Fenton system, the hydroxyl
radicals are formed efficiently under acidic conditions and also, at

higher pH values the performance of the catalyst is reduced due to the
decomposition of H2O2 into less reactive hydroperoxyl radicals (HO2

%)
is favored [19].

In order to explain the effect of initial pH on the decolorization
efficiency of RR 2, the variation of initial pH during the process was
determined and shown in Fig. 10.

It can be seen that the initial pH values decreased gradually for
initial pH values of natural pH≈5.2 and 6.0 with reaction time. The
final pH reached 3.07, 4.01, 4.42 and 4.65, respectively when the initial
pH was 3.0, 4.0, 5.2 and 6.0, respectively. This result supported the
obtaining quite close decolorization percentages (Fig. 9(b)) in the initial
pH values of 4.0, 5.2 and 6.0 values due to the proximity of the last pH
values. The decrease in the initial pH values of 5.2 and 6.0 was at-
tributed to the formation of intermediate organic products of RR2 in the
reaction medium. Moreover, when the pH is acidic hydrogen peroxide
and iron ions more stable and they are unstable when pH is higher than
4 and they form iron ions which tend to produce iron hydroxo com-
plexes. The instability of iron ions and hydrogen peroxide affects the
redox system [20]. As seen from Fig. 10, the slight changes were

Fig. 7. The UV–vis spectrum of RR 2 after decolorization (100mg L−1 of initial RR 2 concentration; 50mM, 5mL of H2O2, 0.25 g L−1 of catalyst concentration, 298 K
of temperature and pH=3.0).

Fig. 8. Effect of H2O2 concentration on the RR
2 decolorization (100mg L−1 of initial RR2
concentration; 1 g L−1 of catalyst concentra-
tion, 298 K of temperature and pH of solution
3.0) a) Dye decolorization yields obtained at
different H2O2 concentrations with reaction
time b) Dye decolorization percentages at the
end of the 90min reaction time.
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obtained in pH 3.0 and 4.0 values with time, so the Fenton redox system
was stable in these pH values. Therefore, the obtained results in this
study demonstrated that Lp-AC/Fe-ZnNPs played a great catalytic role
in the decolorization of RR 2 in the initial pH value of 3.0.

3.2.3. Effect of catalyst concentration
The effect of catalyst concentration on the RR 2 decolorization was

studied by varying the catalyst concentration from 0.05 to 3 g L−1.
Also, the control experiment was performed only the H2O2 containing
dye solution without catalyst added. The obtained results for RR 2
decolorization as functions of various catalyst concentrations with time
and RR 2 decolorization percentages at the end of the 90min reaction
time were presented in Fig. 11(a) and (b), respectively. As seen from
Fig. 11(a) and (b), the control (in the absence of catalyst) showed
nearly 20% RR 2 dye decolorization efficiency at the end of the 90min.
Moreover, high and quite close decolorization percentage values were
obtained in the reasonable and low catalyst concentrations in the range
of 0.05 g L−1 to 0.25 g L−1. It was nearly 96% decolorization efficiency
was obtained in 0.1 g L−1 of Lp-AC/Fe-ZnNPs concentration. But, the
RR 2 decolorization efficiencies for Lp-AC/Fe-ZnNPs decreased when
the catalyst concentration was increased from 0.25 g L−1 to 3 g L−1.
Generally, it is expected that when the catalyst concentration is in-
creased, the decolorization efficiency increases due to increase in the
number of active sites of catalyst and improving H2O2 decomposition
and leads to the generation of more hydroxyl radicals

On the other hand, in literature it is reported that the excess amount
of catalyst leads to a decrease in the dye removal percentage due to the
agglomeration of catalyst and the scavenging of hydroxyl radicals by
excess iron ions which in the reaction medium, through an undesired

slow reaction was given in Eq. (12), [19].

S–Fe2+ + OH% → S–Fe3+ + OH− (12)

Therefore, in this study, the optimum Lp-AC/Fe-ZnNPs concentra-
tion was chosen as 0.1 g L−1.

3.2.4. Effect of initial dye concentration
The effect of initial RR 2 concentration was studied over the con-

centration range of 100–300mg L−1, at the experimental conditions of
0.25 g L−1 of catalyst concentration 5mL- 50mM of H2O2

Fig. 9. Effect of initial pH on the RR 2 deco-
lorization (100mg L−1 of initial RR 2 con-
centration; 1 g L−1 of catalyst concentration,
298 K of temperature and 50mM-5mLH2O2

concentration) a) RR 2 decolorization yields
obtained at different initial pH of dye solutions
with reaction time b) Dye decolorization per-
centages at the end of the 90min reaction time.

Fig. 10. The variation of initial pH values during heterogeneous Fenton-like
decolorization of RR 2.

Fig. 11. Effect of catalyst concentration on the RR 2 decolorization
(100mg L−1 of initial RR2 concentration; 298 K of temperature and 50mM-
5mLH2O2 concentration, initial pH=3.0) a) RR 2 decolorization yields ob-
tained at different catalyst concentrations with reaction time b) RR 2 decolor-
ization percentages at the end of the 90min reaction time.
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concentration, initial pH of 3.0 and 298 K of temperature. The effects of
initial dye concentrations on RR 2 decolorization with time and RR 2
decolorization percentages at the end of the 90min reaction time were
presented in Fig. 12(a) and (b), respectively.

As seen from Fig. 12(a) and (b), the high decolorization percentages
were obtained in low concentrations of RR 2, but; when the initial dye
concentrations were increased the decolorization percentages were
declined. This trend can be explained by the concentration of RR 2
influencing the formation of hydroxyl radical and their scavengers. Less
scavenging of hydroxyl radicals consisted of when the initial organic
substrate concentration is low. Therefore, 50mg L−1 and 100mg L−1 of
initial dye concentrations were selected optimum for this study, due to
avoiding the speed up the formation of radical OH% scavengers and over
the 96% decolorization yields were achieved in short reaction time as
90min.

Moreover, in order to show the practical usability of Lp-AC/Fe-
ZnNPs as a heterogeneous Fenton-like catalyst, the decolorization ca-
pacity of Lp-AC/Fe-ZnNPs for Fenton-like decolorization of RR 2, as
compared with the other materials and other used methods in the lit-
erature, and the comparison list was presented in Table 2. As seen from
Table 2, it can be seen that in this study, the high decolorization effi-
ciency (> 97%) could be achieved at reasonable H2O2 concentration
and a quite low catalyst concentration in the range of 50 – 300mg L−1

of initial dye concentration. As a result, Lp-AC/Fe-ZnNPs as a hetero-
geneous Fenton-like catalyst can provide effective treatment for the
wastewaters containing RR 2 at high concentrations, in a single step.

3.2.5. Effect of contact time
Reaction time is an important parameter for the removal of

pollutants since it is critical to obtain a contact time that is economical
and enough to remove pollutants. The contact time effect on hetero-
geneous Fenton-like decolorization of RR 2 with Lp-AC/Fe-ZnNPs was
investigated at specific time intervals of 90min reaction time at the
optimum experimental conditions of 100mg L−1 of initial RR 2 con-
centration; 50mM-5mL of H2O2 concentration, 0.25 g L−1 of catalyst
concentration, initial pH of solution is 3.0 and 298 K of temperature.
The effect of contact time on RR 2 decolorization was presented in
Fig. 13. As seen from Fig. 13, 88% decolorization efficiency was ob-
tained in only 2min reaction time and 96% dye decolorization effi-
ciency was observed at the end of the 90min reaction time. The reac-
tion time lapsed, RR 2 decolorization percentage was increased and
reached equilibrium after 45min reaction time.

3.2.6. Effect of temperature
The effect of temperature on the decolorization of RR 2 was studied

at between 25–55 °C temperatures and the results were presented in
Fig. 14. As can be seen from Fig. 14, increasing the temperature has no
significant impact on the decolorization of RR 2 removal. The deco-
lorization efficiency increased from 95% to ≈ 97% as an increasing the
temperature from 25 to 55 °C. The obtaining high color removal effi-
ciency at low operating temperatures provides an advantage in terms of
process economy.

4. Conclusions

The synthesis of biomass-derived activated carbon, instead of
commercially expensive activated carbon, and also green synthesis of a
catalytic nanomaterial by utilizing from a potential source that is

Fig. 12. Effect of initial dye concentration on
the RR 2 decolorization (0.25 g L−1 catalyst
concentration, 298 K of temperature and
50mM-5mLH2O2 concentration, initial
pH=3.0) a) RR 2 decolorization yields ob-
tained at different initial dye concentrations
with reaction time b) RR 2 decolorization per-
centages at the end of the 90min reaction time.

Table 2
Some of the studies in the literature for the removal of RR 2.

Catalyst/Sorbent/Oxidant Method C[RR 2] D (%) t (min) Ref.

Lp-AC/ Fe-ZnNPs Fenton-like process 100 –300 ppm 98–57 180 This study
Fe2(SO4)3 Fenton-like process 40 ppm 100 60 [21]
(Fe(NO3)3.9H2O) and

FeSO4.7H2O
Fenton (H2O2/Fe2+) and Fenton-like process
(H2O2/Fe3+)

0.1 mM >99 480 [22]

Fe/W-AC Photo Fenton-like oxidation 100 ppm 88.3 120 [23]
Aspergillus niger and Aspergillus terreus fungies Biosorption

and
biodegradation

200 ppm
200 ppm

30
100

90
336 h

[24]

TiO2 Degussa P-25 Photocatalytic decolorization 84.4 μM 100 240 [25]
Ozone Ozonation 250 ppm 97 30 [26]
Anodes:Boron-doped diamond (BDD) and dimensionally stable anodes

Cathode: Stainless steel
Conductive-diamond electrochemical oxidation 100 ppm 100 240 [27]

B. subtilis cells coated iron-oxide nanoparticles Biological degradation 100 ppm >25 24 h [28]

D(%): Dye decolorization(%).
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environmentally friendly, abundant, inexpensive, and can be evaluated
as waste, is significant important in terms of process economy for the
removal of many pollutants from wastewaters by a heterogeneous
Fenton-like processes.

The results of this study showed that various types of economically
valuable materials could be synthesized by effectively evaluating the
citrus wastes like lemon by-products and that this bio-waste derived
new materials can be used in different application areas such as waste-
water treatment like this study.
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