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Abstract
The conversion of agricultural biomass waste into value-added biochar (BC)-based catalysts is of great interest. Magnetic 
biochar is an excellent material that facilitates both solid–liquid separation and peroxymonosulfate (PMS) activation. In 
this study, magnetic biochar was produced from pea pod, an agricultural waste, by pyrolysis, hydrothermal methods, and 
precipitation. The structure, morphology, and magnetic separation properties of magnetic biochar produced from pea pod 
(MPPBC) were comprehensively analyzed by different characterization methods. Reactive blue 19 (RB19) was selected as 
a model pollutant to evaluate the performance of the MPPBC/PMS system. The effect of initial solution pH, MPPBC dos-
age, PMS concentration, initial RB19 concentration, reusability, and concentrations of anions and natural organic matter 
concentrations on the removal of RB19 in the MPPBC/PMS system was investigated. The results showed that MPPBC could 
effectively activate PMS, and RB19 removal reached 85% at an initial solution pH of 3, an MPPBC dosage of 0.20 g/L, a 
PMS concentration of 0.50 mM, an initial RB19 concentration of 25 mg/L, and an oxidation time of 60 min. The reusability 
of MPPBC showed an 8% decrease in the removal efficiency of RB19 after four uses. Anions and natural organic matter 
added to the solution were found to decrease the removal of RB19. The kinetics of RB19 removal in MPPBC/PMS system 
was determined using first order, second order, and Behnajady-Modirshahla-Ghanbery (BMG) models. As a result of kinetic 
calculations, the BMG kinetic model was found to be more effective for describing the removal efficiency of RB19.
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1  Introduction

The textile, printing and dyeing, paper, food, and leather 
industries have developed with the rapid urbanization and 
industrialization in recent years. As these industries grow, 
water consumption for producing and applying dyes is 
increasing [1]. A considerable amount of paint wastewa-
ter is produced globally, with over 700,000 tons of paint 
produced annually, and 5–10% of these dyes are mixed 
with industrial wastewater [2]. Chemically persistent and 
non-biodegradable dyes pose a serious threat to living 
organisms and the environment [3]. The discharge of dye-
containing water into receiving waters can cause health 
problems (e.g., carcinogenicity and toxicity) for living 
organisms by blocking the passage of sunlight, slowing 

the rate of photosynthesis and leading to a decrease in 
dissolved oxygen [4]. The molecular structures of strongly 
colored reactive dyes contain a chromophore group (azo, 
anthraquinone, phthalocyanine, and triarylmethane) and 
a functional group that can form covalent bonds with cel-
lulose fibers [5]. Reactive blue 19 (RB19) is an anthraqui-
none-based vinyl sulfone dye that has gained popularity 
due to its strong dyeing properties, high color value and 
remarkable dispersibility. With a half-life of 46 years, the 
RB19 molecule has exceptionally stable chemical proper-
ties due to its encapsulation with an anthraquinone ring 
[1]. Wastewater containing RB19 that is released into a 
receiving environment untreated or insufficiently treated 
poses a risk to human health as well as the ecosystem. 
The main amine groups in RB19’s chemical structure have 
the ability to interact with DNA, changing the genetic 
material in the process. Long-term carcinogenic effects 
can result from such genetic alterations that impair cells’ 
normal ability to function [2]. Treatment processes devel-
oped to reduce the environmental impact of wastewater 
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containing reactive dyes are of great importance. Adsorp-
tion and advanced oxidation processes are among the 
most effective methods for the treatment of reactive dyes, 
and extensive research has been carried out in this field 
Intensified degradation of reactive blue [6, 7]. However, 
adsorption can only transfer dye molecules from the liquid 
phase to the solid phase, which leads to secondary pollu-
tion problems. Furthermore, regenerating spent adsorbents 
requires costly recycling steps [8]. The most commonly 
used adsorbent worldwide in recent years is activated car-
bon/biochar, which has highly developed pore properties 
and functional surface groups. Biochar is a material that 
can be obtained by pyrolysis from biomass, a particularly 
sustainable resource. One advantage of biomass is its low 
carbon footprint. Carbon materials obtained from biomass 
can be easily modified by doping with various metal oxide 
[9].

Advanced oxidation processes (AOPs) conducted by 
metal oxides are widely used in the degradation of organic 
substances [10]. In these processes, the types of radicals 
generated or utilized determine the oxidation capacity. Sul-
fate radical systems have a longer half-life, a broader pH 
range of application, and a stronger oxidation ability than 
hydroxyl radical systems. Peroxymonosulfate (PMS) and 
peroxydisulfate (PDS) are the main sources of sulfate radi-
cals (SO4

·−). PMS has an asymmetric molecular structure 
and a stronger activation performance. Therefore, PMS is 
more common and popular in practical applications. PMS 
has an asymmetric molecular structure and oxidizing prop-
erties, which can generate reactive oxygen species (ROS) 
such as free radicals through the activation of electricity, 
heat, microwave, ultraviolet light, alkali, ultrasound, and 
transition metals [1, 11]. Iron-based catalysts (e.g., Fe2+, 
FeCN, Fe2O3, Fe3O4) are widely preferred in various water 
treatment processes for the degradation of resistant organic 
pollutants. These catalysts are preferred for their cost-
effectiveness and environmentally friendly properties [12]. 
Magnetite (Fe3O4) can be easily separated from wastewater 
by magnetic separation, which makes the separation and 
recycling of the catalyst simple and cost-effective [13]. 
However, these iron oxide nanoparticles have a problem 
of agglomeration due to their high gravitational force. In 
order to prevent this, synthetic materials are created by 
coating nanoparticles on biochar [14]. Effective solutions 
are presented in the literature for the removal of dyes using 
biochar with magnetic properties based on sulfate radical 
production. For example, Fe/Mn biochar composite pro-
duced from sugarcane waste was used for PMS activation 
to catalyze azo dye removal by oxidation [15]. Another 
study investigated the performance of nZVI/MoS2-BC as 
an activator for PMS to remove dyes, antibiotics and endo-
crine disruptors in water [16]. In another study, research 
was carried out on methylene blue removal by persulfate 

activation using magnetic biochar obtained with collagen 
fiber and iron addition [17].

The use of biochar and nanocomposites synthesized from 
pea pod as low-cost and environmentally friendly catalysts 
based on the reuse of agro-industrial waste can offer a sus-
tainable solution for the treatment of water contaminated 
with dyes. The aim of this study is to produce biochar from 
pea pod, an agricultural waste, and then to obtain magnetic 
biochar by hydrothermal and precipitation method with the 
addition of iron. When the produced magnetic biochar is 
used for PMS activation, it can enhance the oxidative deg-
radation of organic pollutants, providing high efficiency in 
water treatment. Additionally, its magnetic properties allow 
it to be easily separated and reused. In the literature, no stud-
ies have been found on the removal of RB19 through PMS 
activation using magnetic biochar. This gap highlights the 
need to explore the potential of magnetic biochar as an effec-
tive solution for the removal of harmful dyes like RB19. 
Therefore, in this study, the produced magnetic biochar was 
used for PMS activation, and its effectiveness in removing 
RB19 was investigated. In this context, the effects of initial 
pH, initial PMS concentration, catalyst amount, initial RB19 
concentration, inorganic anions, natural organic matter and 
catalyst reusability were investigated and kinetic studies 
were carried out.

Table 1   RB19 properties and chemical structure

Parameters Values

Generic 
name

Reactive Blue 19

Commercial 
name

Remazol Brilliant Blue R

Abbreviation RB19
Functional 

group
Anthraquinone

Molecular 
weight (g/
mol)

626.54

λmax (nm) 593
Chemical 

formula
C22H16O11N2S3Na2

Molecular 
formula
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2 � Materials and Methods

2.1 � Chemical Substances and Reagents

The dye RB19 was obtained from a textile factory in Bursa, 
Turkey. RB19 was selected because it is widely used in the 
textile industry, especially in the dyeing of cotton, silk, 
nylon, and wool. The properties and molecular structure of 
RB19 are listed in Table 1. All chemicals and reagents used 
in the study were of analytical purity. The sources for these 
chemicals were as follows: potassium peroxymonosulfate 
(Oxone) and FeSO4·7H2O were obtained from Acros Organ-
ics; ethanol and sodium carbonate were obtained from Carlo 
Erba; FeCl3·6H2O and NaOH were obtained from Merck 
and H2SO4 and HCl were obtained from Sigma. The stock 
solution of RB19 dye was prepared by dissolving 1000 mg 
of dye in 1 L of distilled water, and subsequent working 
concentrations were obtained by successive dilutions of the 
stock solution. The initial pH of each run was adjusted with 
0.1 M NaOH and H2SO4 solutions before mixing.

2.2 � Magnetic Biochar Preparation

The pea pods (PP) used in this study were obtained as a 
waste product from local producers in Kastamonu, Turkey. 
The samples were dried in an oven at 60 °C for 3 days. The 
dried samples were crushed and sieved to obtain a parti-
cle size between 250 and 500 μm. The pea pods were then 
stirred in a 20% Na2CO3 solution for 30 min, kept in this 
solution overnight, and dried to constant weight. The dried 
pea pods were carbonized in a muffle furnace at 500 °C for 
2 h at a heating rate of 27 °C/min in a nitrogen gas environ-
ment. After the carbonized sample reached room tempera-
ture, it was kept in 0.1 M HCl until no gas bubbles formed. 
It was then washed with distilled water to a neutral pH and 
dried at 105 °C. This sample was called pea pod biochar 
(PPBC). A series of treatments were carried out to impart 
magnetic properties to the PPBC. 3 g of FeCl3·6H2O and 3 g 
of FeSO4·7H2O were added to a solution containing 100 mL 
of distilled water and 50 mL of ethanol. After adding 1 g 
PPBC to the iron-containing synthetic solution, it was heated 
in a hydrothermal reactor for 12 h in an oven at 180 °C with 
a heating rate of 4 °C/min and cooled to room temperature. 
The pH was then raised to alkalinity by adding 1 M NaOH 
dropwise until a black precipitate formed and precipitation 
was carried out. The resulting black precipitate was washed 
with ethanol and then washed several times with distilled 
water. Finally, it was dried overnight in an oven at 105 °C 
and named magnetic pea pod biochar (MPPBC).

2.3 � Experimental Procedure

Oxidation experiments were carried out in a glass reactor 
containing RB19 in a solution volume of 100 mL. The tem-
perature and stirring speed of the solution containing dye 
were 25 ± 1 °C and 500 rpm, respectively. First of all, the 
initial pH value of the solution was adjusted, then PMS was 
added and stirred for 2 min and then MPPBC was added and 
oxidation experiments were started. Samples taken at certain 
time intervals were centrifuged at 3000 rpm for 2 min and 
then analyzed for RB19. RB19 concentration was measured 
using a UV–vis spectrophotometer (Hach Lange DR6000) at 
maximum wavelength (λ = 593 nm). The removal efficiency 
of RB19 was calculated according to Eq. (1):

Then, the effect of various experimental param-
eters on RB19 removal such as initial solution pH (3–9), 
MPPBC dosage (0.05–0.40  g/L), PMS concentration 
(0.10–1.00 mM), initial RB19 concentration (25–75 mg/L), 
and the effect of some ions that may be present in the water 
bodies were investigated.

2.4 � Kinetic Analysis

RB19 dye removal was modeled using first-order (Eq. (2)), 
second-order (Eq. (3)), and Behnajady-Modirshahla-Ghan-
bery (BMG) (Eq. (4)) kinetic models [18]. The coefficients 
of the models used were calculated using the nonlinear 
method with the help of Microsoft Excel Solver add-in.

where C0 and C (mg/L) are the initial RB19 concentration 
and the RB19 concentration at any time t  respectively; k1 
(min−1) and k2 (L/mg/min) are the first and second order rate 
constants, respectively; b and m (min) represent the theo-
retical oxidation and reaction kinetics for the BMG model, 
respectively. b and m parameters represent the initial degra-
dation rate (1/m ) and the maximum theoretical degradation 
fraction (1/b ) of pollutants in the process.

2.5 � Characterization of Catalyst

A scanning electron microscope (SEM, FEI Quanta FEG 
250) operated at 15 kV was used to study the morphological 
properties of MPPBC, while an X-ray diffractometer (XRD, 
Bruker D8 Advance) was used to study its crystallographic 

(1)Percentage removal(%) =
(

1 − C∕C0

)

× 100

(2)C = C0 × e
−k1×t

(3)C = C0∕
(

1 + C0 × k2 × t
)

(4)C = C0 ×
[

1 − t∕(m + b × t)
]
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properties. An Attenuated Total Reflectance Fourier Trans-
form Infrared (ATR-FTIR, Bruker Alpha II) in the spectral 
range 400–4000 cm−1 (resolution 4 cm−1, scans 24) was 
used to determine the functional groups. Specific surface 
area was estimated by Brunauer–Emmett–Teller (BET, 
Quantachrome Nova Touch LX4), while pore volume and 
size were measured using the Barrett-Joyner-Halenda (BJH) 
formula. The magnetic properties of MPPBC were measured 
at room temperature with a Vibrating Sample Magnetometer 
(VSM, Lake shore 7407).

3 � Results and Discussion

3.1 � Characterization of MPPBC

The morphological structure and the distribution of the sur-
face elements of MPPBC are shown in Fig. 1. Figure 1a 
shows that MPPBC has a porous structure and a rough sur-
face. It can be seen that the surface of the biochar is suc-
cessfully coated with iron oxide nanoparticles. However, at 
higher magnification (Fig. 1b), it can be seen that the iron 
oxide nanoparticles have a regular spherical morphology 
and a particle size in the range of about 28–46 nm. BET 
surface area analysis shows that the surface area of the pre-
pared MPPBC is 64.62 m2/g, the average pore diameter is 
8.532 nm, and the pore volume determined by the Barrett-
Joyner-Halenda (BJH) method is 0.259 cm3/g.

The crystal structure and composition of the synthesized 
MPPBC were determined by XRD (Fig. 2). The powder 
XRD pattern of MPPBC showed the presence of iron oxides 
such as maghemite (JCPDS card number 00-039-1346) and 
magnetite (JCPDS card number 01-076-1849). Six diffrac-
tion peaks with the following positions and Miller indices 
were identified in the XRD pattern of MPPBC: 30.3° (220), 

35.46° (311), 43.30° (400), 53.70° (422), 57.12° (511), and 
62.90° (440) [19]. The most intense line is the one located 
at 35.46°. Maghemite and magnetite phases are very dif-
ficult to identify by X-ray diffraction because both phases 
have the same spinel structure and almost identical lattice 
parameters [20].

Functional groups on the surface of PPBC and MPPBC 
were investigated using FTIR spectroscopy (Fig. 3). The 
region between 4000 and 1450 cm−1 contains various func-
tional groups, while the region between 1450 and 500 cm−1 
is called the fingerprint region [21]. In the FTIR spectrum, 
the peak at 3349 cm−1 indicates the presence of OH stretch-
ing vibration. This indicates interlayer crystalline water or 
hydroxyl groups in PPBC/MPPBC [22, 23]. The peak at 
1581 cm−1 was attributed to aromatic C=C stretching [24] 
and the peaks at 1233 cm−1 and 1133 cm−1 to C–O stretch-
ing vibrations [25]. The new peaks at 555 and 632 cm−1 on 

Fig. 1   SEM images of MPPBC

Fig. 2   XRD patterns of synthesized MPPBC
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the MPPBC surface are attributed to adsorption peaks asso-
ciated with the Fe–O stretching vibration [26, 27], indicating 
the formation of Fe oxides on the MPPBC surface.

The VSM technique was used to investigate the mag-
netic behavior of MPPBC. A magnetic field of ± 20 kOe 
was applied to the MPPBC sample and the obtained mag-
netization values were measured at room temperature. The 
hysteresis curve obtained with the VSM device is shown 
in Fig. 4. It can be said that MPBBC exhibits superpara-
magnetic properties with a saturation magnetization value 
of about 32.63 emu/g [28]. As shown in Fig. 4, MPPBC can 
be easily separated magnetically from aqueous solution. In 
a study reported that despite the low saturation magnetiza-
tion value (12.32 emu/g) of the material containing clay/
Fe3O4 composite particles, it can be separated from aqueous 
solution by applying a simple external magnetic field [29].

3.2 � Influence of Initial Solution pH

The pH value of the initial solution is one of the important 
factors for peroxymonosulfate (PMS) activation, due to 
its strong influence on the decomposition of PMS to form 
reactive oxygen species (ROS) [30]. Below a solution pH 
of 7, sulfate radicals are the predominant reactive species 
[31]; however, at neutral pH, hydroxyl and sulfate radi-
cals are equally involved in the reactions. Similarly, per-
oxymonosulfate (HSO5

−) can be activated to form sulfate 
radicals [32]. Therefore, the effect of the initial solution 
pH on the removal of RB19 in the MPPBC/PMS system 
was investigated. To determine the effect of initial solution 
pH on RB19 removal, experiments were performed with 
different initial solution pH values at an initial RB19 con-
centration of 25 mg/L, an MPPBC dosage of 0.2 g/L and 
a PMS concentration of 0.5 mM. Figure 5 shows the effect 
of initial solution pH (3, 5, 7, and 9) on RB19 removal. 
When the initial pH of the solution was 3, 5, 7, and 9, the 
RB19 removal efficiency was 85.8%, 44.4%, 40.1%, and 
26.2%, respectively, at a reaction time of 60 min. It was 
observed that the removal efficiency of RB19 decreased 
with increasing pH of the initial solution, suggesting that 
the activation ability of PMS decreases with increasing pH 
of the initial solution. This indicates that acidic conditions 
are beneficial for the catalytic reaction, which is consist-
ent with previous studies [33]. Under acidic conditions, 
electrostatic attraction promotes the adsorption of PMS 
by the catalyst, which facilitates the transport of electrons 
and the activation of PMS to form sulfate radicals (Eq. (5)) 
[34]. In addition, the initial pH of the solution can also 
influence the structural form of iron species and target 
contaminants [35, 36]. An increase in the pH value of the 
solution can favor the conversion of sulfate radicals into 

Fig. 3   FTIR spectra of PPBC and MPPBC samples

Fig. 4   VSM result of magnetic biochar and its attraction with magnet 
in aqueous media

Fig. 5   Effect of different initial solution pH value on RB19 removal 
in MPPBC/PMS system (MPPBC = 0.2  g/L, PMS = 0.5  mM, 
RB19 = 25 mg/L)
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hydroxyl radicals (Eq. (6)) [37]. Compared to the hydroxyl 
radical, the sulfate radical has a higher oxidation potential 
(2.5–3.1 V) [34], so it can provide a higher reaction rate 
for the removal of RB19. However, under alkaline condi-
tions, the dissolution of Fe2+ on the surface of iron oxide 
nanoparticles can be inhibited and passivate the surface 
of these nanoparticles [38, 39]. As a result, the amount 
of sulfate radical formed and consequently the removal 
efficiency of RB19 decreases with increasing pH of the 
solution.

3.3 � Influence of Catalyst Dosage

Catalyst dosage in PMS activation has a significant impact 
on the removal of target pollutants [40, 41]. Therefore, the 
effect of catalyst dosage on the removal of RB19 in the 
MPPBC/PMS system was investigated and the results are 
shown in Fig. 6. To determine the effect of catalyst dos-
age on RB19 removal, experiments were conducted with 
different catalyst dosages at an initial RB19 concentration 
of 25 mg/L, an initial solution pH of 3, and a PMS con-
centration of 0.5 mM. Figure 6a shows the effects of dif-
ferent catalyst dosages (0.05–0.4 g/L) on RB19 removal. 
The results show that RB19 dye is significantly dependent 
on the MPPBC dosage. At the end of the 60 min reaction 
time, RB19 removal is 80.0%, 83.6%, 85.8% and 86.6% at 
catalyst dosages of 0.05, 0.1, 0.2 and 0.4 g/L (MPPBC), 
respectively. At a reaction time of 30 min, the RB19 removal 
with increasing catalyst dosage was 60.4%, 71.6%, 84.2% 
and 82.9%, respectively. Increasing the catalyst dosage led to 
an increase in the surface area and thus to an increase in the 
RB19 removal rate. For reaction times higher than 30 min, 
no significant improvement in RB19 removal efficiency was 
observed when the catalyst dosage was increased from 0.20 
to 0.40 g/L. A higher catalyst dosage than 0.40 g/L was not 
tested due to the scavenging effect on the radicals formed 
[36]. In a study, it was observed that increasing the catalyst 
dosage from 0.2 to 1.0 g/L led to an increase in degradation 
efficiency from 74.41 to 90.41% after 60 min for the removal 
of tetracycline hydrochloride. These results suggest that 
higher catalyst dosages positively influence the degradation 
rate of tetracycline hydrochloride [42]. Consequently, faster 
removal of RB19 can be achieved by optimizing the con-
tact time and catalyst dosage in the MPPBC/PMS system. 
Similar results were observed for the removal of bisphenol 
A, moxifloxacin and p-chlorophenol [43–45]. Considering 
the cost and RB19 removal, the optimum catalyst dosage 

(5)HSO−
5
+ Fe2+ → SO∙−

4
+ Fe3+ + OH−

(6)SO⋅−
4
+ OH−

→ SO2−
4

+ OH⋅

for the MPPBC/PMS system was 0.20 g/L. The removal 
of RB19 in the MPPBC/PMS system was studied only in 
the presence of MPPBC and only in the presence of PMS 
(MPPBC = 0.2 g/L, PMS = 0.5 mM, RB19 = 25 mg/L, initial 
pH = 3). The results obtained are shown in Fig. 6b. When 
only PMS was used, RB19 removal was 54.7% in 60 min 
reaction time. Then the removal of RB19 by adsorption 
was investigated in the experiment where only MPPBC 
was used. At the end of 60 min, RB19 removal by adsorp-
tion was found to be 7.0%. When MPPBC and PMS were 
used together, RB19 removal increased to 85.8%. The com-
bined use of MPPBC and PMS had a synergistic effect and 
increased RB19 removal by 24.1%. This effect can be attrib-
uted to the activation of PMS by MPPBC.

3.4 � Influence of PMS Concentration

In addition to the catalyst dosage, the PMS concentration 
is another equally important factor in the oxidation reac-
tion [46]. To determine the effect of PMS concentration in 

Fig. 6   Effect of MPPBC dosage (a) and different reaction sys-
tems (b) on RB19 removal in MPPBC/PMS system (initial pH = 3, 
PMS = 0.50 mM, RB19 = 25 mg/L)
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the MPPBC/PMS system, RB19 dye removal experiments 
were performed at 4 different PMS concentrations (0.10, 
0.25, 0.50, and 1.00 mM) with an initial RB19 concentra-
tion of 25 mg/L, an MPPBC dosage of 0.2 g/L and an ini-
tial solution pH of 3. The results are shown in Fig. 7. For 
different PMS concentrations, the RB19 removal ranged 
from 85.1% to 87.0% with a reaction time of 60 min. There-
fore, it can be said that PMS concentration has no signifi-
cant effect on RB19 removal efficiency for 60 min reaction 
time in MPPBC/PMS system. The removal rate of RB19 
was found to increase with increasing PMS concentration 
from 0.10 mM to 0.50 mM. The highest removal rate was 
obtained at 0.50 mM. The removal rate of RB19 decreased 
with increasing PMS concentration to 1.00 mM. This is due 
to the fact that excessive addition of PMS prevented the 
effective utilization of sulfate radicals and hydroxyl radicals 
(Eqs. (7) and (8)) [45, 47]. However, it can also be the pro-
duction of peroxydisulfate without oxidation performance 
by the self-quenching effect of sulfate radicals according 
to the reaction given in Eq. (9) [48]. A study using Fe/Mn-
biochar composite evaluated the effect of PMS concentration 
on the degradation efficiency of Orange G. It was reported 
that for 0.1 g/L Orange G, increasing PMS dosage from 0 to 
1.0 mM enhanced the degradation efficiency from 5 to 96%, 
but further increasing PMS dosage from 1.0 mM to 1.5 mM 
did not increase this efficiency [15].

(7)SO⋅−
4
+ HSO−

5
→ SO⋅−

5
+ HSO−

4

(8)OH ⋅ +HSO−
5
→ SO⋅−

5
+ H2O

(9)SO⋅−
4
+ SO⋅−

4
→ S2O

2−
8

3.5 � Influence of RB19 Concentration

To determine the effect of initial RB19 concentration on 
removal efficiency in the MPPBC/PMS system, experi-
ments were performed with three different RB19 concen-
trations (25, 50, and 75 mg/L) at an initial solution pH of 
3, an MPPBC dosage of 0.2 g/L and a PMS concentration 
of 0.50 mM. The results obtained are shown in Fig. 8. At 
concentrations above 25 mg/L, the RB19 removal efficiency 
decreased. For initial RB19 concentrations of 25, 50, and 
75 mg/L, the RB19 removal efficiency at 60 min reaction 
time is 85.8%, 83.4%, and 78.7%, respectively. At a reac-
tion time of 30 min, the RB19 removal efficiency with 
increasing initial RB19 concentration is 84.2%, 76.6%, and 
62.1%, respectively. The decrease in removal efficiency with 
increasing RB19 concentration may be attributed to the fact 
that the amount of radicals generated during the reaction is 
insufficient for the removal of high RB19 concentrations. 
As the RB19 concentration increases, the amount of organic 
matter in the sample increases. As a result, the competitive 
consumption of radicals increases. On the other hand, during 
the degradation of these organic substances, intermediates 
are formed that can consume the radicals generated in the 
MPPBC/PMS system. As a result, the ratio of radicals to 
RB19 decreases, which reduces the RB19 removal efficiency 
[49]. Since the concentrations of the catalyst and oxidant 
are the same in the MPPBC/PMS system are the same, the 
concentrations of radicals formed in solution are also the 
same. Therefore, a longer removal time is required for a 
higher concentration of RB19 in solution [50]. The RB19 
removal rates showed an increasing trend with decreasing 
initial RB19 concentration. It can be said that at low RB19 

Fig. 7   Effect of PMS dosage on RB19 removal in MPPBC/PMS sys-
tem (initial pH = 3, MPPBC = 0.2 g/L, RB19 = 25 mg/L)

Fig. 8   Effect of initial RB19 concentration on removal effi-
ciency in MPPBC/PMS system (initial pH = 3, MPPBC = 0.2  g/L, 
PMS = 0.5 mM)



1204	 Fibers and Polymers (2024) 26:1197–1208

concentration, the system is able to produce a sufficient 
amount of ROS, some of which can fully interact with RB19 
molecules. However, at lower pollutant concentrations, some 
of the useless ROS may be wasted, leading to a mismatch 
and wasteful phenomenon in the degradation load of the 
system [2].

3.6 � Stability Studies of MPPBC

The stability and recyclability of catalysts are critical factors 
for practical applications. Most catalysts produced from bio-
char are difficult to recycle because they are in powder form. 
To increase the recyclability of biochar, it can be magnetized 
so that it can be very easily separated from the solution, 
which not only significantly increases recyclability but also 
prevents secondary pollution of the water. However, most of 
the carbonized catalysts for PMS activation presented so far 
have low stability and the catalytic performance degrades 
rapidly when reused [51]. Four experimental cycles were 
carried out to evaluate the stability of MPPBC (Fig. 9). As 
can be seen from the Fig. 9, the removal efficiency of RB19 
decreased slightly after each use. The removal efficiency 
of RB19 decreased from 87 to 84%, 80%, 80%, and 79% in 
four cycles. The removal efficiency of RB19 when MPPBC 
was reused decreased by 8% after the fourth cycle. There 
may be two reasons for this slight decrease. One is that 
the deactivation of some active sites leads to a decrease in 
catalytic performance. The other reason could be that the 
RB19 adsorbed on the catalyst was oxidized by ROS and 
converted into intermediates, which were also adsorbed on 
the catalyst [16]. Previous studies have shown similar trends 
in catalyst reusability. For instance, a study investigating 
tetracycline removal via PMS activation using magnetic bio-
char reported a decrease in tetracycline removal efficiency 
from 79.89% during the first use to 54.91% by the fourth 

use [52]. In another study, MnFe2O4 magnetic biochar was 
found to exhibit a reduction in orange II removal efficiency 
from 100% in the first cycle to 50% and 46% in the second 
and third cycles, respectively [53]. Additionally, research 
on the reusability of the magnetic Fe3S4/biochar composite 
observed a decreasing trend in degradation efficiency with 
increased cycle number, although 2,4,6-trichlorophenol 
achieved a degradation efficiency of 61.7% after five cycles 
[54]. In this context, MPPBC demonstrated superior sta-
bility and recycling potential compared to other catalysts. 
Particularly, the efficiency of MPPBC showed only an 8% 
decrease over four cycles, indicating its ability to maintain 
performance even during extended use.

3.7 � Influence of HA and Anions

Inorganic anions (Cl−, NO3
−, PO4

3−, CO3
2−, HCO3

−, and 
others) and natural organic matter (NOM) are frequently 
detected in water bodies. Reactive species generated in 
AOPs (hydroxyl radicals, sulfate radicals, superoxide radi-
cals, and hydroperoxyl radicals) can react with inorganic 
anions and NOM present in the water matrix, leading to 
the conversion of reactive species and having positive/nega-
tive effects on the performance of AOPs [2, 55]. Therefore, 
it is very important to investigate the effects of inorganic 
anions and NOM on the oxidation system [56]. Therefore, 
the potential effects of chloride (Cl−), dihydrogen phos-
phate (H2PO4

−), nitrate (NO3
−) and humic acid (HA) on the 

removal of RB19 in the MPPBC/PMS system were inves-
tigated. The results obtained are shown in Fig. 10. It was 
found that RB19 removal decreased with the addition of HA 
and other anions.

In Fig. 10, the RB19 removal is 85.8% at 60 min oxidation 
time in the absence of HA and other anions. When Fig. 10a 
is examined, it is seen that RB19 removal decreases with the 
addition of HA to the solution medium. At an oxidation time 
of 60 min, RB19 removal of 80.1% was obtained at an HA 
concentration of 1 mg/L, while RB19 removal decreased to 
68.9% when the HA concentration was increased to 5 mg/L. 
This effect can be attributed to two reasons: i) HA may react 
with ROS to decrease RB19 removal [35]; ii) HA tends to 
close the active sites by adsorption on the catalyst surface, 
which may decrease the activation of PMS with MPPBC and 
reduce RB19 removal efficiency [57]. Similarly, in a study, 
for RB19 removal, increasing the HA concentration from 
0 mg/L to 20 mg/L causes the removal efficiency to decrease 
from 100 to 21%. They stated that this negative effect is 
related to the capacity of HA to consume radical species 
and its ability to coat the active surfaces of the catalyst [58].

Figure 10b shows that the added Cl− prevents the removal 
efficiency of RB19. RB19 removal decreased from 81.2 
to 78.3% when the Cl− concentration increased from 1 
to 5 mM. This decrease may be due to the formation of 

Fig. 9   Reusability experiments of MPPBC (initial pH = 3, 
MPPBC = 0.2 g/L, PMS = 0.5 mM, RB19 = 25 mg/L)
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secondary chlorine radicals with lower redox potential as a 
result of the reactions between Cl− and SO4

·− and OH radi-
cals (Eqs. (10)-(13)) [35, 43, 47, 51]. The chlorine radicals 
Cl· and Cl2

·− have a lower reduction potential than hydroxyl 
radicals [55, 59, 60]. In addition, Cl− can react with PMS 
and form reactive halogens (Eqs. (14) and (15)) (HOCl and 
Cl2), which impair the degradation of organic pollutants 
[43]. Thus, chloride ions may affect the stability of PMS 
and reduce the removal of RB19. These reasons may have 
inhibited the removal of RB19 in the presence of Cl−.

(10)SO⋅−
4
+ Cl− → Cl⋅ + SO2−

4

(11)OH⋅ + Cl− → HOCl⋅−

(12)HOCl⋅− + H+
→ Cl⋅ + H2O

(13)Cl⋅ + Cl− → Cl⋅−
2

Figure 10c shows the effect of added NO3
− on the removal 

of RB19. At an oxidation time of 60 min, it can be seen that 
at a NO3

− concentration of 1 mM, the removal of RB19 was 
not affected, but the removal rate decreased. However, both 
RB19 removal rate and RB19 removal efficiency (81.4%) 
decreased with increasing NO3

− concentration to 5 mM. 
This decrease was attributed to the reaction of SO4

·− and 
OH·− radicals with NO3

− to form nitrate radicals with low 
oxidation potential (Eqs. (16) and (17)) [61, 62].

(14)HSO−
5
+ Cl− → SO2−

4
+ HOCl

(15)HSO−
5
+ 2Cl− + H+

→ SO2−
4

+ Cl2 + H2O

(16)NO−
3
+ SO⋅−

4
→ SO2−

4
+ NO⋅

3

(17)NO−
3
+ OH⋅

→ OH− + NO⋅

3

Fig. 10   Effects of HA (a), Cl− (b), NO3
− (c), and H2PO4

− (d) on the removal of RB19 by MPPBC/PMS system (initial pH = 3, 
MPPBC = 0.2 g/L, PMS = 0.5 mM, RB19 = 25 mg/L)
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Figure 10d shows the removal of RB19 in the presence 
of H2PO4

− ions. H2PO4
− ions are the ions that affect RB19 

removal the most. At 60 min oxidation time, 43.1% RB19 
removal was obtained at H2PO4

− concentration of 1 mg/L, 
while RB19 removal decreased to 8.3% with increasing 
H2PO4

− concentration to 5 mg/L. This can be attributed to the 
reaction of H2PO4

− ion with SO4
·− and OH· radicals to form 

H2PO4
− with weak redox potential (Eqs. (18) and (19)). Fur-

thermore, H2PO4
− ion may occupy the active sites of MPPBC, 

which may reduce PMS activation [51].

3.8 � Kinetic Study

Kinetic studies of initial solution pH, PMS concentration, cat-
alyst (MPPBC) dosage, and initial RB19 concentration were 
performed after the optimization studies were completed. First-
order (Eq. (2)), second-order (Eq. (3)), and Behnajady-Modir-
shahla-Ghanbery (BMG) (Eq. (4)) kinetic equations were used 
to model the removal kinetics of RB19 in the MPPBC/PMS 
system. The kinetic constants were calculated using the non-
linear method with the help of the Microsoft Excel Solver Add-
In; the results are listed in Table 2. When the coefficients of 
determination (R2) are compared, it is seen that BMG > second-
order > first-order. According to these results, the BMG kinetic 
model is much more consistent with the experimental data to 
describe the removal of RB19. However, the second-order 
kinetic model and the BMG model have the same coefficients 
of determination depending on the experimental parameters. 
The BMG model was also applied to describe the kinetics of 
norfloxacin removal by PMS activation process [63].

4 � Conclusions

In this study, waste recycling was achieved by converting pea 
pod waste into biochar and loading it with iron oxide for use 
as a PMS activator. Based on SEM, XRD, FTIR, and VSM 
analyses, the prepared MPPBC was found to contain iron oxide 
nanoparticles with spherical morphology, superparamagnetic 
properties and porous structure. In addition, the biochar loaded 
with iron oxide acquired magnetic properties and was very easy 
to separate from the solution. This increased the reusability of 
MPPBC. Decreasing the initial pH of the solution and increas-
ing the catalyst dosage promoted the catalytic reaction and 
increased the removal rates of RB19. At an initial solution pH 
of 3, an MPPBC dosage of 0.20 g/L, a PMS concentration of 
0.50 mM, an initial RB19 concentration of 25 mg/L, and an 
oxidation time of 60 min, 85% removal of RB19 was achieved. 
This study not only develops a recyclable and reusable biochar 
for the treatment of RB19 contaminated water, but also dem-
onstrates a sustainable way to utilize agricultural waste. Future 
studies could investigate the effects of various metal dopants on 
the performance of MPPBC. Specifically, the impact of incor-
porating transition metals such as cobalt, nickel, and copper, in 
addition to iron oxide, on the catalytic activity and magnetic 
properties of biochar could be examined. Moreover, the effec-
tiveness of MPPBC in PMS activation, as well as its perfor-
mance in the treatment of different water pollutants and the 
stability of the system, could be assessed with varying metal 
concentrations. Such research would contribute significantly to 
the development of optimized and sustainable catalyst systems 
for the treatment of pollutants.

Table 2   Kinetic parameters 
calculated in MPPBC/PMS 
system

Experimental conditions First-order Second-order BMG

pH MPPBC
(g/L)

PMS
(mM)

RB19
(mg/L)

k
1

(min−1)
R2

k
2

(L/mg/min)
R2 1/b 1/m

(min−1)
R2

3 0.20 0.50 25 0.0952 0.8762 0.0079 0.9872 0.93 0.2476 0.9989
5 0.20 0.50 25 0.0088 0.7575 0.0005 0.8051 0.46 0.0663 0.9822
7 0.20 0.50 25 0.0070 0.8027 0.0004 0.8292 0.39 0.0433 0.9364
9 0.20 0.50 25 0.0047 0.8344 0.0002 0.8552 0.31 0.0195 0.9476
3 0.05 0.50 25 0.0288 0.9783 0.0021 0.9898 1.00 0.0516 0.9898
3 0.10 0.50 25 0.0390 0.9645 0.0031 0.9930 1.00 0.0759 0.9930
3 0.20 0.50 25 0.0952 0.8762 0.0079 0.9872 0.93 0.2476 0.9989
3 0.40 0.50 25 0.1228 0.8014 0.0109 0.9593 0.89 0.4035 0.9979
3 0.20 0.10 25 0.0582 0.9569 0.0046 0.9962 1.00 0.1169 0.9962
3 0.20 0.25 25 0.0624 0.9068 0.0053 0.9938 0.95 0.1522 0.9982
3 0.20 0.50 25 0.0952 0.8762 0.0079 0.9872 0.93 0.2476 0.9989
3 0.20 1.00 25 0.0736 0.9401 0.0057 0.9934 1.00 0.1472 0.9934
3 0.20 0.50 25 0.0952 0.8762 0.0079 0.9872 0.93 0.2476 0.9989
3 0.20 0.50 50 0.0484 0.9545 0.0019 0.9978 1.00 0.0956 0.9978
3 0.20 0.50 75 0.0295 0.9847 0.0007 0.9932 1.00 0.0523 0.9932
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