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Abstract
In the current study, a novel nanomaterial called nanomagnetite/copper oxide/potassium carrageenan nanocomposite (MKCO) 
was fabricated to include Fenton (nanomagnetite, NM) and Fenton-like reagent (copper oxide nanoparticles, NCO) in a 
matrix of potassium carrageenan biopolymer. The prepared solid materials were characterized by different physicochemi-
cal techniques, such as TGA, N2 adsorption/desorption, SEM, TEM, XRD, DRS, pHPZC, and FTIR. The prepared MKCO 
showed unique properties like higher specific surface area of 652.50 m2/g, pore radius of 1.19 nm, pHPZC equals 7.80, and 
the presence of different surface chemical functional groups. Under various application conditions, comparative experiments 
between Safranin-O dye (SO) adsorption and Photo-Fenton catalytic degradation were conducted. After 24 h, MKCO had 
a maximum adsorption capacity of 384.61 mg/g at 42 °C, while the Photo-Fenton oxidation process took only 10 min to 
totally decompose 93% of SO at 21 °C. Based on the higher values of correlation coefficients, Langmuir’s adsorption model 
is the best-fitted adsorption model for SO onto all the prepared solid materials. Studies on SO adsorption’s kinetics and 
thermodynamics show that it is physisorption and that it operates according to endothermic, spontaneous, and PFO model 
processes. While, PFO, endothermic, and non-spontaneous processes are satisfied by the catalytic decomposition of SO. 
After five application cycles, MKCO demonstrated good catalyst reusability with a 3.4% decrease in degrading efficiency. 
For lower contaminant concentrations and shorter application times, Photo-Fenton catalytic degradation of organic pollut-
ants is more effective than adsorption.
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1  Introduction

Synthetic dyes are the most prevalent organic pollutants, and 
their toxicity to water resources is one of the most urgent 
problems facing modern society [1]. Numerous industries, 
including those in the textile, printing, paper, cosmetics, and 
leather dyeing industries, employ synthetic dyes on a large 
scale. These dyes have a number of drawbacks, including 
aesthetic and eutrophication pollution, as well as mutagenic 
and carcinogenic disorders [2]. Basic dyes like the cationic 
Safranin-O are frequently used in biological laboratories 
and the textile industry [3]. Safranin-O causes irreparable 
damage to the conjunctiva and cornea by stimulating the 
respiratory tract and the skin. For the treatment of organic 
dye wastewater, a variety of treatments, including biological 
treatment, adsorption, coagulation, and chemical oxidation 
approaches, have been used. Adsorption techniques are fre-
quently used to remove dyes from aqueous media, because 
they have a greater removal effectiveness, are inexpensive, 
have simple operating steps, and can reuse solid adsorbents. 
Also, advanced oxidation processes (AOPS) are considered 
a potential, cost-effective, and efficient way for the complete 
degradation of non-biodegradable lower concentrations of 
organic contaminants in textile wastewater [4, 5]. Due to its 
low cost and simple implementation procedure, Fenton reac-
tion is the greatest form of AOPS with superior technology 
[6]. Generally, hydroxyl radical (⋅OH) produced from the 
combination between Fenton’s (Fe+2/H2O2) and Fenton-like 
reagent (Cu+/H2O2) is the most reactive species with a high 
potential (2.8 eV), which is responsible for complete decom-
position of non-degradable organic contaminants into safe 
H2O, CO2, and inorganic ions. The rate of ⋅OH production is 
increased by the formation of new Fe+2 due to the interaction 
between Fe+3 ions and Cu+ (Eq. 5). The coexistence of iron 
and copper in the same solid composite will speed up the 
redox system's process and increase the creation of radical 
species necessary for the breakdown of organic contami-
nants, according to the following equations [6, 7]:

Heterogeneous catalysis and homogenous catalysis are 
two classes of Fenton applications, but homogenous cataly-
sis has only been applied in a limited number of situations 

(1)H2O2 + Fe
2+

→ Fe
3+ +− OH + HO

⋅

(2)H2O2 + Fe
3+

→ Fe
2+ + H

+ + HOO
⋅

(3)H2O2 + Cu
2+

→ Cu
+ + H

+ + HOO
⋅

(4)H2O2 + Cu
+
→ Cu

2+ +− OH + HO
⋅

(5)Fe
+3 + Cu

+
→ Fe

2+ + Cu
2+
.

because of the low efficiency of H2O2, harsh acidic envi-
ronments, limited applied pH medium (pH < 3), decreasing 
iron activity, and rising sludge generation [8, 9]. Conversely, 
the Photo-Fenton process uses ultraviolet radiation (UV) as 
external energy to accelerate the degradation by converting 
Fe2+ to Fe3+ ions, increasing hydrogen peroxide decompo-
sition into ⋅OH, and electron–hole pair (e−−h+) formation 
[10], which raise the rate of pollutant degradation using 
alternative faster reaction as presented by Eqs. 6, 7

Simple nanomagnetite (Fe3O4) has a number of draw-
backs when used in the Fenton oxidation process such as 
the tendency to produce more stable species, precipitation of 
[Fe (H2O)6]3+ complex at pH > 3, and its high surface energy 
[11]. By adding polymeric materials [12], metal oxide [13], 
metal ions [14], and composite creation [15], numerous 
authors were able to increase the stability of nanomagnetite 
throughout the heterogeneous Fenton process.

Copper oxide nanoparticles exhibit special physicochemi-
cal characteristics. It is a low-cost, p-type semiconductor 
material with a band gap of 1.2 eV at ambient temperature 
that is non-toxic, highly chemically stable, and environment-
friendly [6, 16]. In contrast to iron, copper is more suited for 
usage in the Fenton-like procedure, which may be applied 
with ease in a wide pH range. Fe3O4/CuO as a hybrid oxide 
nanoparticles system may be utilized as an alternative cata-
lyst with better catalytic properties in the Photo-Fenton reac-
tion [17]. A natural anionic-sulfated polysaccharide called 
carrageenan can be found in many different red seaweeds. 
Composites made of hydrogels based on polysaccharides 
have clean surfaces, flexible polymer communities, chemi-
cal and physical stability, reusability, and multifunctionality. 
As a result, they effectively adsorb and remove a variety of 
contaminants, and their application in the removal of heavy 
metal ions and organic contaminants is growing quickly. 
Different types of polysaccharides-based hydrogel, such as 
magnetic sodium alginate/carboxymethyl cellulose [18], chi-
tosan/orange peel hydrogel [19], calcium alginate/carboxy-
methylated chitosan/Na-bentonite [20], and graphene oxide-
modified κ-carrageenan/sodium alginate double-network 
hydrogel [21], were used for the removal of Pb+2, Cr+6, Ni+2, 
and antibiotic, respectively. Different types of carrageenan 
(Kappa, Iota, Lambda) are widely utilized in the pharma-
ceuticals, food sector, and bioengineering, containing one, 
two, and three sulfate groups in each disaccharide repeat 
unit, respectively. Nanomagnetite readily agglomerates in 
polar environments, such as water, changing their nature as 
nanoparticles. Coating nanomagnetite with polymer is one 
method to stop agglomeration and add a functional group 

(6)H2O2 + h� → 2⋅OH

(7)[Fe (OH)]2+ + h� → Fe
2+ +⋅ OH.
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with a particular characteristic to the surface. Because of the 
anionic nature of K-carrageenan and the abundance of avail-
ability of functionalities, its hydrogels were also utilized as 
adsorbents to remove cationic dyes from wastewater.

In this study, nanomagnetite (NM), copper oxide nano-
particles (NCO), nanomagnetite/copper oxide (NMCO), 
and nanomagnetite/copper oxide/potassium carrageenan 
nanocomposite (MKCO) were prepared. Several methods 
were used to investigate the produced solid nanoparticles, 
including TGA, N2 adsorption/desorption isotherms, SEM, 
TEM, EDX, XRD, DRS, and FTIR. Different application 
conditions, such as the impact of pH, dose, initial dye con-
centration, time, and temperature, were taken into considera-
tion while studying Safranin-O adsorption and Photo-Fenton 
degradation. Kinetic, thermodynamic parameters, and cata-
lyst reusability was discussed after five catalytic cycles.

2 � Materials and methods

2.1 � Materials

Iron (II) chloride tetrahydrate (FeCl2⋅4H2O, > 99%), Iron 
(III) chloride hexahydrate, (FeCl3⋅6H2O, 97%), and etha-
nol (99%) were obtained from Oxford Lab Fine Chem LLP, 
India. Safranin-O dye (C20H19ClN4, > 85%) and kappa-
carrageenan extracted from Eucheuma cottonii (red sea-
weed) were obtained from Sigma Aldrich Co., USA. Off 
white powder kappa-carrageenan is characterized by the 
molecular mass of 401.32 g/mol, molecular formula of 
C12H17O13S, > 12% loss on drying, 5 mg/mL solubility in 
hot distilled water, and viscosity of 5–25 mPa s for 0.3% 
in water at 25 °C. Sodium hydroxide (≥ 98%), HCl (37%), 
H2O2 (50%), CuSO4⋅5H2O (> 98%), and concentrated 
NH4OH (28%) were obtained from El-Nasr for chemical 
and pharmaceutical industrial Co., Egypt.

2.2 � Preparation of solid materials

2.2.1 � Preparation of nanomagnetite (NM)

Nanomagnetite was synthetized by co-precipitation method 
via mixing 2.21 g of iron (II) chloride tetrahydrate and 
5.82 g of iron (III) chloride hexahydrate (1:2 molar ratio) 
with 175 mL deionized water in a three-neck flask in nitro-
gen gas medium. The previous mixture was heated at 80 °C 
by using a magnetic stirrer, and then, 15 mL of concentrated 
ammonium hydroxide was mixed as one dose. The resulting 
solution (black-colored) was heated for 10 min at 80 °C, fil-
tered, washed by deionized water, and finally dried at 80 °C 
in an oven [9].

2.2.2 � Preparation of copper oxide nanoparticles (NCO)

The sol–gel method was used to synthetized copper oxide 
nanoparticles. 0.1  M of CuSO4⋅5H2O was prepared in 
100 mL of deionized water, and then, the mixture was con-
tinuously stirred until it became a totally uniform blue solu-
tion. Sodium hydroxide (0.2 M) was slowly added to the pre-
vious solution with stirring ultrasonically at 80 °C for about 
2 h. The produced solution was cooled at room temperature, 
filtered, washed by ethanol, and dried in an oven at 60 °C. 
Then, the produced powder was incinerated at 400 °C for 
about 4 h. The following equations represent the synthesis 
procedures [22, 23]:

2.2.3 � Preparation of nanomagnetite/copper oxide 
nanoparticles (NMCO)

Under ultrasonic settings, 100 mL of 0.1 M CuSO4⋅5H2O 
were mixed with 1.0 g of the produced nanomagnetite solid 
particles for 30 min. Sodium hydroxide solution (0.2 M) 
was added drop by drop to the previous solution with con-
tinuous ultrasonic stirring at 80 °C for 2 h. The produced, 
black-colored solution was cooled at room temperature, fil-
tered, washed by ethanol, and dried at 60 °C, and then, the 
obtained black powder was incinerated at 400 °C for about 
4 h.

2.2.4 � Preparation of nanomagnetite/copper oxide/
potassium carrageenan nanocomposite (MKCO)

First, nanomagnetite potassium carrageenan composite (NC) 
was prepared by dissolving 1.0 g of kappa-carrageenan 
into 50 mL of distilled water and mixed with 1.0 g of well-
grinded nanomagnetite solid particles (NM) under continu-
ous stirring at 80 °C. 10 g of KCl was mixed with 100 mL 
of distilled water in another beaker. Drop by drop, while 
stirring continuously, the kappa-carrageenan/nanomagnet-
ite mixture was added to the KCl solution, and the finished 
solution was allowed to stand for 45 min. The final mixture 
was filtered, then washed with deionized water, and dried in 
an oven at 90 °C.

MKCO was prepared by mixing 1.0 g of NC composite 
solid particles into 100 mL of 0.1 M CuSO4.5H2O solution 
and kept under ultrasonic conditions for 30 min. Solution of 
sodium hydroxide (0.2 M) was slowly added to the previ-
ous solution and the final mixture was kept under ultrasonic 

(8)
CuSO4 ⋅ 5H2O + 2NaOH → Cu (OH)2 + Na2SO4 ⋅ 5H2O

(9)Cu(OH)2 → CuO + H2O.
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stirring for 1.0 h at 80 °C. The produced black solution was 
cooled at room temperature, filtered, washed with ethanol, 
and incinerated at 200 °C for 3 h.

2.3 � Solid samples’ characterization

The textural, thermal, and chemical properties of all the pre-
pared solid nanoparticles were characterized using a variety 
of physicochemical techniques. Thermogravimetric analysis 
for NM, NCO, NMCO, and MKCO was tested by SDT Q600 
V20.9 Build 20 instrument, UK under nitrogen flow rate 
(10 mL/min) with 5 °C/min as a heating rate up to 800 °C.

Textural characterizations, such as pore radius ( r, nm), 
total pore volume (VT, cm3/g), and specific surface area 
(SBET, m2/g) for NM, NCO, NMCO, and MKCO, were inves-
tigated by nitrogen gas adsorption using NOVA3200e gas 
sorption analyzer (Quantachrome Corporation, USA). The 
measured samples were degassed at 10‒5 Torr and 150 °C 
for 15 h.

The morphological structure of NCO, NM, and MKCO 
as selected samples was investigated by scanning electron 
microscope (SEM) using the JEOL-JSM-7500 F instrument. 
Solid samples’ surfaces were covered with 3.5 nm as a thin 
layer of gold using the vacuum evaporation technique.

Transmission electron microscope (TEM) for NM, NCO, 
and MKCO were studied through a JEOL-JEM-127 2100 
(Tokyo, Japan) to determine the size, and shape of the sam-
ples. The investigated solid samples were dried at 120 °C 
and dispersed in ethanol under ultrasonic conditions for 
10 min. A drop of the previous solution was placed onto a 
copper grid and coated with lacey carbon film.

Using the D8 Advance diffractometer, X-ray diffraction 
patterns (XRD) for NM, NCO, and MKCO were examined. 
XRD studies were investigated by using tiny powder from 
the solid sample and were exposed to Cu Kα X-ray source 
(λ = 1.5406 Å) after placing onto the quartz plate. The radia-
tion source operates at a current of 40 mA and 40 kV volt 
with Ni-filtered radiation.

Diffuse reflectance spectrophotometer (DRS) was car-
ried out to calculate the range of light absorption and differ-
ent energy band gaps (Ebg, eV) of NM, NCO, NMCO, and 
MKCO by a UV–Vis scanning spectrophotometer model, 
JASCO, Japan.

The point of zero charges (pHPZC) of all synthetized mate-
rials (NM, NCO, NMCO, and MKCO) were studied by add-
ing 30 mL of 0.1 M NaCl solutions in several Erlenmeyer 
flasks. pH values within each flask were adjusted between 
1 and 12 using HCl and/or NaOH (0.05 M). Then, 0.025 g 
of prepared solid samples were added to each flask, the 
flasks were agitated for about 48 h, and pHfinal values were 
measured by a pH meter, where pHPZC is the point at which 
pHfinal = pHinitial [24].

The surface functional groups of NM, NCO, NMCO, and 
MKCO were determined using Fourier transform infrared 
(FTIR) spectroscopy utilizing a Mattson 5000 FTIR spec-
trometer from 400 to 4000 cm−1. Solid discs were prepared 
in an agate mortar where 5 mg of the solid dried sample was 
mixed with 500 mg of KBr (ratio 1:100), and the previous 
mixture was pressed at 5 and 10 ton/cm3 for 5 and 7 min, 
respectively.

2.4 � Adsorption of Safranin‑O dye

To identify the ideal adsorption settings, maximal adsorp-
tion capacities, kinetic, and thermodynamic factors, batch 
adsorption studies of SO onto NM, NCO, NMCO, and 
MKCO were performed under various conditions. Adsorp-
tion of Safranin-O from aqueous solution onto NM, NCO, 
NMCO, and MKCO was studied under different applications 
condition, such as the effect of adsorbent dosage, pH, shak-
ing time, initial dye concentration, and effect of temperature. 
After each experiment, Whatman filter paper grade 40 and 
Büchner funnel were used to filter the solution. The con-
centration of Safranin-O on filtrate was measured at (λmax, 
532 nm) using a UV–vis spectrophotometer. The removal 
(%) was calculated as indicated in the following equation:

where Co and Ce (mg/L) are SO concentrations at the begin-
ning and equilibrium, respectively.

The effect of adsorbent dosage (0.06–2.0  g/L), pH 
(1–12), shaking time up to 48 h, initial dye concentration 
(5–650 mg/L), and the effect of temperature (25, 32, and 
42 °C) were considered. The equilibrium adsorption capac-
ity (qe, mg/g) was calculated using the following equation:

The volume of the solution and the mass of the solid 
adsorbents are represented here as V (L) and W (g), 
respectively.

2.4.1 � Models for adsorption isotherms

Adsorption isotherm models as Langmuir (Eq. 12), Freun-
dlich (Eq. 14), Temkin (Eq. 15), and Dubinin-Radushkevich 
(Eq. 17) were applied to fit the data of SO adsorption onto 
all the prepared adsorbents [25, 26]

(10)Removal (%) =

(

Co − Ce

)

Co

× 100,

(11)qe =
(Co − Ce)

W
× V .

(12)
Ce

qe
=

1

bqm
+

Ce

qm
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Herein, qm (mg/g), qe (mg/g), b (L/mg), Ci (mg/L), and RL 
are the maximum adsorption capacity, equilibrium adsorption 
capacity, Langmuir constant, initial concentration of dye, and 
dimensionless separation factor, respectively. RL represents the 
nature of SO adsorption to be favorable if 0 < RL < 1, unfavora-
ble in case of RL > 1, linear in case of RL = 1, and irreversible 
if RL equals zero

where n and KF (L/mg) are Freundlich constants related 
to the intensity of adsorption and the adsorption capacity, 
respectively

Herein, bT (J/mol), KT (L/g), B(J/mol), and T (K), are Tem-
kin constant, Temkin isotherm constant, the heat of adsorption 
constant, and absolute temperature, respectively. R is the ideal 
gas constant (8.314 J mol−1 K−1).

where EDR, (kJ/mol), qDR (mg/g), KDR (mol2/kJ2), and ɛ are 
the mean adsorption energy, maximum adsorption capacity, 
activity coefficient, and Polanyi adsorption potential.

2.4.2 � Kinetic adsorption models

To examine the kinetic parameters for SO adsorption onto the 
adsorbents, various kinetic models, including pseudo-first-
order (PFO), pseudo-second-order (PSO), and Elovich equa-
tions [Eqs. (20–22)], were used [27, 28]

(13)RL =
1

1 + bCi

.

(14)lnqe = lnKF +
1

n
lnCe,

(15)qe = BlnKT + BlnCe

(16)B =
RT

bT
.

(17)lnqe = lnqDR − KDR�
2

(18)� = RTln

(

1 +
1

Ce

)

(19)EDR =
1

√

2KDR

(20)ln(qe − qt ) = lnqe − k1t

(21)
t

qt
=

1

k2qe
2
+

1

qe
t

Herein, k1 (h−1), k2 (g/mg h−1), qt (mg/g), α (mg/g h−1), 
and β (g/mg) are PFO, PSO rate constants, adsorption capac-
ity at time (t, hours), the starting rate of SO adsorption, and 
the activation energy of adsorption, respectively. The capac-
ity of adsorption at a certain time (qt, mg/g) is calculated 
using Eq. 23

where the equilibrium concentration of SO at a certain time 
(t) is denoted by Ct (mg/L).

2.4.3 � Thermodynamic studies for SO adsorption

Thermodynamic parameters including equilibrium constant 
(Kd), the change of entropy (∆S°, kJ mol−1 K−1), Gibbs free 
energy (∆G°, kJ mol−1), and enthalpy (∆H°, kJ mol−1) were 
studied for the evaluation of spontaneity, adsorption heat, 
and the ability of SO adsorption onto the surface of adsor-
bents. ∆S° and ∆H° were calculated from the intercept and 
slope of Vant’s Hoff equation (Eq. 25) [29]

Here, Kd, Cs (mg/g), and Ce (mg/L) are the coefficient 
of distribution, the mass of surface adsorbed dye, and the 
equilibrium concentration of SO adsorption, respectively.

2.5 � Degradation of Safranin‑O by Fenton 
and Photo‑Fenton process

Under various application conditions, heterogeneous Fen-
ton oxidation of SO dye was studied using 100  mL of 
SO (5–40 mg/L), hydrogen peroxide (30–100 mmol), pH 
(2.2–6.0), catalyst dosage (0.8–2.0 g/L), and at a time up 
to 120 min in the presence of NM, NCO, NMCO, and 
MKCO. After equal time intervals, 2 mL of the solution 
was withdrawn and centrifuged after that the residual SO 
was determined using a UV–Vis spectrophotometer at SO 
λmax (532 nm). Photo-Fenton degradation of SO dye was car-
ried out using 100 mL of SO solution (10 mg/L), 50 mmol 
of H2O2, and 0.1 g of solid catalyst in the quartz glass box 
under continuous stirring. The previous solution mixture 
was illuminated by UV radiation using Philips TUV TL 

(22)qt =
ln��

�
+

1

�
lnt.

(23)qt =
(Co − Ct )

W
× V ,

(24)Kd =
Cs

Ce

(25)lnKd =
ΔSo

R
−

ΔHo

RT

(26)ΔGo = ΔHo − TΔSo.
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11W Lamp, USA (254 nm) at a distance of 10 cm from the 
solution surface and the degradation rate was followed as in 
the previous experiment.

Various kinetic and thermodynamic models were exam-
ined with all of the generated solid catalysts (NM, NCO, 
NMCO, and MKCO). Kinetic studies were carried out 
using pseudo-first-order (Eq. 27). Thermodynamic stud-
ies were investigated to calculate thermodynamic param-
eters as activation energy (Ea, kJ/mol) using the Arrhenius 
model (Eq. 28), Gibbs free energy (ΔG*, kJ/mol), change 
in enthalpy (ΔH*, kJ/mol), and entropy (ΔS*, kJ mol−1 K−1 
were determined from Eqs. 29, 30 [30, 31]

Herein, t (min), kapp (min−1), Ct (mg/L), and Co are irra-
diation time, the apparent first-order rate constant, and the 
residual concentrations after a certain time and initial con-
centrations of SO

where A, k (min−1), and Ea (kJ/mol) are the frequency factor 
constant, rate constant, and activation energy, respectively. 
R, T (K), h (6.623 × 10–34 J  s), and Kb (1.3 × 10–23 J/K) are 
ideal gas constant, absolute temperature, Plank’s and Boltz-
mann constants, respectively.

After five cycles of Photo-Fenton degradation of Safra-
nin-O, the reusability of nanomagnetite/copper oxide/potas-
sium carrageenan composite beads was examined. After 
each cycle, the solid catalyst was filtered, cleaned with 
deionized water, and dried at 80 °C for 3 h before being 
used in the following reuse cycle.

3 � Results and discussion

3.1 � Characterization of the prepared solid materials

Thermal analysis was done to examine the solid samples’ 
thermal stability and the ratio of inorganic and organic 
components from room temperature to 800 °C, as shown in 
Fig. 1a. Thermal analysis of solid NM occurs in one stage 
and represents a tiny weight loss of < 4% at 800 °C which 
is related to surface and internal adsorbed water molecules 
and indicating its high thermal stability [9]. Degradation of 

(27)ln

(

Co

Ct

)

= kappt.

(28)lnk = lnA −
Ea

RT

(29)ln
(

k

T

)

= −
ΔH∗

RT
+ ln

(

Kb

h

)

+
ΔS∗

R

(30)ΔG∗ = ΔH∗ − TΔS∗,

NCO and NMCO occurs in three stages, the first of which 
at 150 °C with weight loss of 4.0 and 7.0% for NCO and 
NMCO, respectively. This is owing to the removal of surface 
adsorbed water [32]. The second stage is from 160 to 250 °C 
with an average weight loss of 4.7 and 8.4% for NCO and 
NMCO, respectively, which can be related to the removal 
of internal adsorbed molecules of water. The third stage is 
from 300 to 00 °C with nearly weight loss of 6.2 and 11.3% 
for NCO and NMCO, respectively, which is related to the 
complete decomposition of residual organic compounds [33, 
34]. Thermal degradation of MKCO occurs in three stages: 
the first stage at 120 °C with weight loss of 9.5% which 
is attributed to the removal of absorbed water. The second 
stage from 350 to 450 °C with weight loss of 21 and 25% 
is due to the decomposition of residual organic compounds, 
polymer chain, and carboxylate group destruction. Finally, 
the third stage occurs from 500 to 00 °C with weight loss of 
25 and 38%, respectively, which is related to the formation 
of volatile carbonaceous compounds by the decomposition 
of organic molecules [32, 35].

Figure 1b represents nitrogen adsorption/desorption iso-
therms for all samples which are utilized for calculating 
the BET-specific surface area, pore radius, and total pore 
volume of NM, NCO, NMCO, and MKCO, as shown in 
Table 1. Based on the classification of IUPAC, the adsorp-
tion isotherms are classified as type ΙV for all samples while 
the hysteresis loops of type H2 for NM indicate monolayer 
of adsorption, while NCO, NMCO, and MKCO showed hys-
teresis loops of H3 type [6, 36–39]. The calculated specific 
surface areas were found to be 96.7, 348.0, 435.0, and 652.5 
m2/g, respectively, while total pore volume values were 
0.22, 0.26, 0.30, and 0.39 cm3/g for NM, NCO, NMCO, 
and MKCO, respectively. MKCO-specific surface area is 
more than that for NM and NCO by about 6.7 and 1.9 times, 
respectively. It is observed that increasing specific surface 
area is accompanied by increases in VT (cm3/g) values which 
is related to the increase in porosity through modification 
of NCO and NM by potassium carrageenan [40]. The pore 
radii of NM, NCO, NMCO, and MKCO were 4.55, 2.12, 
1.39, and 1.19 nm, respectively, indicating that all samples 
are mesoporous [9, 37–39]. The pore size of MKCO is less 
than NM and NCO by about 73.8 and 43.9%, respectively, 
which may be related to the effect of biopolymer potassium 
carrageenan insertion in NCO and NM pore structure during 
the composite formation [41].

SEM images were applied to evaluate the surface mor-
phology of the synthesized NM, NCO, and MKCO as pre-
sented in Fig. 1c–e, respectively. NM appears as spherical 
globules with a rough and aggregated surface. The agglom-
eration of its structure is owing to its magnetic characteris-
tics [9]. NCO appears as a homogenous circle-like morphol-
ogy which may be related to the aggregation of particles 
during the preparation process, especially the washing step 
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Fig. 1   TGA (a) and N2 adsorption/desorption isotherms (b) for all the prepared solid samples, SEM (c–e), and TEM (f–h) for NM, NCO, and 
MKCO, respectively
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[42]. SEM image for MKCO (Fig. 3e) showed spherical par-
ticles due to the incorporation of nanomagnetite and copper 
oxide in the matrix of potassium carrageenan biopolymer.

TEM micrographs of NM, NCO, and MKCO are pre-
sented in Fig. 1f–h, respectively. NM has a spherical appear-
ance and homogenous shape with 5 nm as the average par-
ticle size, while NCO appears as a highly dispersed spindle 
and rod shape with particle sizes ranging from 10 to 100 nm 

[10, 43]. MKCO exhibited spherical aggregated nanoparti-
cles with nearly 150 nm as particle size.

The crystalline structures of the prepared NM, NCO, and 
MKCO are illustrated in Fig. 2a. XRD for NM was observed 
at 2ϴ degree of 30.3 (220), 35.6 (311), 38.3 (222), 43.5 
(400), 53.4 (422), 57.6 (511), and 63.1° (440) which con-
firms the cubic structure of NM. As shown in Fig. 2a, the 
prepared NM is pure and crystalline owing to the absence 
of any peaks that cannot be identified [44, 45]. XRD for 
NCO and MKCO are identical, with highly crystalline 
peaks located at the same 2ϴ degree, except for the peak 
that appeared in XRD of MKCO at 2ϴ of 65.9° and can 
be matched with (022). This peak is related to the slight 
alteration in the structure of MKCO by K+ ions doped in 
the carrageenan structure after modification of NCO by NC 
[46]. Average sizes of the crystals (Ps, nm) for NM, NCO, 
and MKCO can be calculated by the Debye–Scherer model 
(Eq. 31)

Table 1   pHPZC and BET parameters for NM, NCO, NMCO, and 
MKCO

Solid samples SBET (m2/g) VT (cm3/g) r (nm) pHPZC

NM 96.7 0.22 4.55 5.80
NCO 348.0 0.26 2.12 8.70
NMCO 435.0 0.30 1.39 7.90
MKCO 652.5 0.39 1.19 7.80

Fig. 2   XRD (a) for NM, NCO, and MKCO, DRS (b), point of zero charges (c), and FTIR (d) for NM, NCO, NMCO, and MKCO
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where, λ is the wavelength of X-ray (0.15418 nm), k = 0.9, 
β depicts the full width at half maximum of peaks, and the 
average particle size of NM, NCO, and MKCO was calcu-
lated to be 0.9, 0.4, and 1.9 nm, respectively [47].

The diffuse reflectance spectra (DRS) of NM, NCO, 
NMCO, and MKCO are displayed in Fig. 2b to investigate 
their optical properties and the following equation defines 
the semiconductor excitation wavelength (λ, nm) [29]:

By applying the previous equation, energy band gaps 
(Ebg, eV) for NM, NCO, NMCO, and MKCO are found 
to be 2.90, 1.80, 1.78, and 1.76, respectively. The band-
gap of MKCO < NMCO < NCO < NM is attributed to 
the increase in surface charges and chemical functional 
groups of NMCO, MKCO after modification of NCO by 
NM and NC, so the expected photocatalytic efficiency of 
MKCO > NMCO > NCO > NM owing to the reduction in 
their band gaps [40].

During the adsorption from solution at solid surface, the 
evaluation of pHPZC is crucial. Table 1 lists the computed 
pHPZC values from Fig. 2c curves, which were found to be 
in the range of 5.80−8.70 for all of the solid adsorbents [48, 
49].

Chemical surface groups of NM, NCO, NMCO, and 
MKCO were determined by FTIR spectra. Figure 2d shows 
that for NM sample, the absorption band at 581 cm−1 is 
characteristic to NM and is specified to the stretching vibra-
tion frequency of Fe–O. The peak at 1621 cm−1 is related 
to (H–O–H) bending vibration owing to physisorbed water 
molecules at the surface of NM, while the peak located 
at 3382 cm−1 is referred to the stretching vibration of OH 
group. For NCO, the broadband that appeared at 3424 cm−1 
is attributed to the stretching vibration of the hydroxyl 
group, the peak at 2923 cm−1 is due to the presence of a 
hydrogen bond. Peaks located at 425, 498, and 611 cm−1 
are related to (Cu–O) stretching in the monoclinic phase 
of NCO. The spectrum of NMCO contains bands located 
at 557, 695, 2922, and 3398 cm−1 corresponding to Fe–O-
stretching vibration of NM, Cu–O of NCO, hydrogen bond, 
and adsorbed water molecules (OH stretching), respectively, 
which confirm the formation of NMCO composite from 
NM and NCO. For MKCO spectrum peaks that displayed at 
579, 2924, and 3426 cm−1 are attributed to Fe–O-stretching 
vibration of NM, a hydrogen bond, or the presence of C–H 
stretching in k-carrageenan, and OH-stretching vibration, 
respectively and that prove the nanocomposite formation 
(MKCO) between NM, NCO, and carrageenan biopolymer 
[36, 50, 51].

(31)Ps(nm) =
�k

�cos�
,

(32)�(nm) =
1240

Ebg(eV)
.

3.2 � Adsorption of Safranin‑O onto the prepared 
solid adsorbents

3.2.1 � Effect of adsorbent dosage

Adsorbent dosage refers to the ratio between the pro-
portion of adsorbate species and adsorbent active sites. 
NM and MKCO were selected to investigate the effect of 
adsorbent dosage from 0.06 to 2.0 g/L on the removal of 
SO. The selection of the two samples based on MKCO 
showed the maximum adsorption efficiency, while NM 
represents a single solid material component. As shown 
in Fig.  3a, increasing adsorbent dosage from 0.06 to 
1.0 g/L leads to the enhancement in the removal (%) of 
SO from 24.8 to 50.7% for NM and from 31.9 to 85.0% for 
MKCO, which is related to the increase in the number of 
active sites and specific surface area of NM and MKCO 
with increasing their dosage [52, 53]. It is observed that, 
with increasing adsorbent dosage more than 1.0 g/L, the 
removal (%) sharply decreased to 36.3% at 2 g/L in case 
of NM which may be related to the agglomeration, adhe-
sion of NM, and decreasing the ratio of active sites/SO 
dye molecules [9]. While in MKCO, the removal of SO 
remains almost constant, this is attributed to the establish-
ment of adsorption equilibrium despite the occurrence of 
more surface active sites. The previous results confirm that 
1.0 g/L of solid adsorbents is considered the best adsor-
bent dosage with the highest removal % of SO.

3.2.2 � Effect of pH

The adsorption of SO dye is highly dependent on the solu-
tion pH which is responsible for the determination of the 
charge at the surface of adsorbate and adsorbent. The effect 
of pH on SO adsorption at the surface of NM and MKCO 
was studied at a pH range from 1 to 12 using 50 mL of 
100 mg/L SO solution, 0.05 g of solid adsorbent (1.0 g/L 
as adsorbent dosage), and shaking time of 24 h at 25 °C 
(Fig. 3b). At reduced pH values (pH < pHPZC), the surface 
of NM and MKCO acquires a positive charge and repelled 
the positively charged cationic dye (SO) beside the forma-
tion of H3O+ in the adsorbing medium which is responsi-
ble for lowering the removal percent of positive adsorbate 
by competition with the cationic SO dye molecules. At 
higher pH values, the removal (%) is increased with pH 
up to pH6 and pH8 by about 49.7 and 84.8% in the case of 
NM and MKCO, respectively. It is related to the fact that 
at pH > pHPZC, solid adsorbents (NM and MKCO) acquire 
negative charges at their surface and lead to the increase in 
electrostatic attraction between SO (basic cation dye) and 
negatively charged adsorbents' surface [54, 55].
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3.2.3 � Effect of shaking time and kinetic parameters

In this study, adsorption rate has been investigated by 
applying pseudo-first-order (PFO, Eq. 20), pseudo-sec-
ond-order (PSO, Eq.  21), and Elovich (Eq.  22) kinetic 
models for SO adsorption onto the surface of NM, NCO, 
NMCO, and MKCO after different periods up to 48 h using 
50 mL of 100 mg/L SO, 1.0 g/L of solid adsorbent, pH7, 
and at 25 °C. Figure 3c depicts the adsorption capacities 
of all solid adsorbents against shaking time. At the begin-
ning time up to 20 h for all solid samples, the rate of SO 
adsorption is higher, then the rate slowdown with time till 
reaches equilibrium (~ 24 h). The higher adsorption rate at 

the beginning time is related to the rich of solid adsorbents 
surface with active sites, while the slowdown in adsorption 
rate is due to active sites’ saturation with SO [27, 56]. PFO, 
Elovich, and PSO kinetic plots are shown in Fig. 3d, e, and 
Fig. 1Sa, respectively, while their calculated constants are 
tabulated in Table 2. Safranin-O adsorption was perfectly 
fitted by the PFO model due to the higher values of cor-
relation coefficients (R2 > 0.9889) for all investigated solid 
samples, in addition to the values of the calculated experi-
mental adsorption capacity (qexp, mg/g) for NM, NCO, 
NMCO, and MKCO (17.81, 84.22, 159.43, and 295.26) are 
very close to that values of the Langmuir adsorption model 
(qm, mg/g) (16.91, 85.03, 164.70, and 284.90). R2 values 

Fig. 3   Effect of adsorbent dosage (a), pH (b) on the adsorption of SO onto NM and MKCO, the effect of shaking time (c), PFO (d), and Elovich 
plots (e) for the adsorption of SO onto NM, NCO, NMCO, and MKCO at 25 °C
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calculated for adsorption of SO by PSO model are also high 
(R2 > 0.9872), but the difference between qexp and qm (mg/g) 
values is very high (7.9−56.9%), confirming that PFO is the 
most appropriate method to study SO adsorption rather than 
PSO kinetic model. The accepted PFO model indicates that 
the physisorption mechanism is the dominant mechanism 
for SO adsorption. Elovich's kinetic model is fitted for the 
SO adsorption process owing to the higher R2 values for all 
solid adsorbents (> 0.9728). β and α values are located in 
the ranges of 0.012−0.078 g/mg and 8.92−66.13 mg/g h−1, 
respectively, and indicate that the equilibrium of adsorption 
and surface coverage for all solid adsorbents are confirmed 
in a very short time [57, 58].

3.2.4 � Effect of Safranin‑O initial concentration

Figure 4a represents the adsorption isotherms for adsorp-
tion of SO onto NM, NCO, NMCO, and MKCO at differ-
ent temperatures (25, 32, and 42 °C), considering the initial 
concentration of SO (5–650 mg/L), the adsorbent dosage of 
0.05 g, pH7, and 24 h of shaking time. The data obtained 
from the produced adsorption isotherms were calculated by 
the analysis of Eqs. (12, 14, 15, and 17). Figure 4a shows 
that the adsorption of SO ions is high at a lower initial 
concentration which may be attributed to the increase in 
active sites ratio to the number of SO ions and decreased 
with increasing that ratio at a higher initial concentration of 
SO ions [56]. Figure 4b–e depicts the Langmuir adsorption 
model onto NM, NCO, NMCO, and MKCO, respectively, 
while the calculated parameters of Langmuir are listed in 
Table 3. Langmuir model is well applied due to the higher 
values of R2 (0.9888−0.9989), and the calculated qm (mg/g) 
for NM, NCO, NMCO, and MKCO were found to be 27.45, 

112.23, 185.87, and 384.61 mg/g at 42 °C, respectively, indi-
cating that modification of NCO by NM and NC increases 
the adsorption capacities of modified solid adsorbents 
(MKCO > NMCO > NCO > NM). Langmuir adsorption 
capacity (qm, mg/g) values of NMCO and MKCO are more 
than NM and NCO, which is due to increasing total pore vol-
ume, specific surface area, and the addition of new chemical 
functional groups originated from the incorporation of car-
rageenan in the case of MKCO at the surface of modified 
adsorbents. The calculated values of RL (0.040−0.403) are 
less than unite and indicate the favorable adsorption process 
onto the surface of NM, NCO, NMCO, and MKCO. Freun-
dlich adsorption plots are shown in Fig. 1Sb–e and their cal-
culated parameters are illustrated in Table 3. The calculated 
Freundlich R2 values were found to be 0.9619−0.9881 for 
the adsorption of SO onto all the studied solid adsorbents. 
The calculated 1/n values are less than 1 and ranged from 
0.131 to 0.877, which are classified as L-type isotherms 
confirming a high affinity between adsorbents and SO. The 
values of KF are used to determine adsorption capacity 
and increasing KF (L/mg) values (1.53−161.71) with the 
increase in temperature indicate that adsorption of SO is 
endothermic [58–60]. The calculated Langmuir correla-
tion coefficient values (0.9888−0.9989) are higher than 
that calculated from Freundlich models (0.9619−0.9881), 
proving that the Langmuir model well fits the adsorption of 
SO onto all the investigated solid adsorbents. Figure 2Sa–d 
predicts Temkin adsorption plots for adsorption of SO onto 
NM, NCO, NMCO, and MKCO, respectively, while Temkin 
parameters are tabulated in Table 3. Adsorption data of SO 
by all solid adsorbents are perfectly fitted by the Temkin 
model as shown in the higher values of R2 (0.9779–0.9997). 
The values of KT (L/g) increase with temperature increase 

Table 2   Pseudo-first-order, 
pseudo-second-order, 
Elovich kinetic models, and 
thermodynamic parameters for 
the adsorption of SO onto the 
surface of NM, NCO, NMCO, 
and MKCO at 25 °C

Solid samples Parameters NM NCO NMCO MKCO

PFO qm (mg/g) 16.91 85.03 164.70 284.90
qe (mg/g) 17.81 84.22 159.43 295.26
k1 (h−1) 0.1096 0.1456 0.1282 0.1429
R2 0.9889 0.9996 0.9994 0.9973

PSO qe (mg/g) 26.54 56.31 178.57 307.69
k2 × 10–3 (g/mg h−1) 3.50 3.23 0.48 0.50
R2 0.9963 0.9876 0.9872 0.9934

Elovich α (mg/g h−1) 8.92 23.01 28.59 66.13
β (g/mg) 0.078 0.039 0.022 0.012
R2 0.9728 0.9959 0.9974 0.9999

Parameters of 
thermodynamic

R2 0.9946 0.9951 0.9999 0.9999
ΔHo (kJ mol−1) 5.521 10.528 6.041 5.063
ΔSo (kJ mol−1 K−1) 0.0203 0.0381 0.0226 0.0200
ΔGo (kJ mol−1) 25 °C − 0.528 − 0.826 − 0.694 − 0.897

32 °C − 0.670 − 1.092 − 0.852 − 1.037
42 °C − 0.874 − 1.474 − 1.078 − 1.237
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for all prepared solid adsorbents which confirms the pro-
cess is endothermic and the higher KT values for NMCO 
and MKCO samples indicate that the binding force between 
SO dye and the solid surface is stronger. The values of the 
Temkin parameter (bT, J/mol) for NM, NCO, NMCO, and 
MKCO at different temperatures located between 59.26 
and 697.01  J/mol, (bT < 8000 J/mol) indicate the domi-
nance of physical adsorption [61]. Dubinin–Radushkevich 
model (DR) for SO adsorption onto NM, NCO, NMCO, 
and MKCO is represented in Fig. 3Sa–d and the calculated 
parameters of the model are listed in Table 3. The calculated 
R2 values of the DR model's different applied temperatures 
are more than 0.9528. The difference between calculated 
qDR (mg/g) and (qm, mg/g) from the Langmuir model ranged 
between 0.35 and 17.03% for all the solid adsorbents. The 

previous observations confirm that the DR adsorption model 
is perfectly applied for SO adsorption. The calculated EDR 
(kJ/mol) values are less than 8.0 kJ/mol as indicated in 
Table 3 which proves the physical adsorption of SO onto 
the studied solid samples [27, 62].

3.2.5 � Effect of temperature and thermodynamic 
parameters

Adsorption of SO was studied on NM, NCO, NMCO, and 
MKCO at 25, 32, and 42 °C using 0.05 g as adsorbent dos-
age, 24 h of shaking time, pH7, and different initial con-
centrations of dye. Thermodynamic parameters were calcu-
lated by the application of Eqs. 24–26, as presented in Van’t 
Hoff plot (Fig. 4f). Upon analysis of thermodynamic data 

Fig. 4   Adsorption isotherms (a), Langmuir (b–e), and Vant’s Hoff plots (f) for the adsorption of SO onto NM, NCO, NMCO, and MKCO, 
respectively at 25, 32, and 42 °C
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in Table 2, (i) the higher values of R2 > 0.9946 for Fig. 4f 
indicate the well-fitting of Van’t Hoff plot. (ii) Values of 
ΔSo are positive for the adsorption process onto all the solid 
adsorbents confirming the increase in the randomness of SO 
at the surface of adsorbents during the adsorption. (iii) ΔHo 
values are ranged between 5.063 and 10.528 kJ/mol which 
indicates that adsorption of SO is endothermic and proves 
the increase in qmax (mg/g) for all the solids (NM, NCO, 
NMCO, and MKCO) with temperature. ΔHo values < 25 kJ/
mol, which shows that Vander Waals interactions are the 
dominant force and indicates the physical adsorption of 
SO at the surface of adsorbents. (iv) The values of ΔGo are 
negative (0.528−1.474 kJ/mol) for NM, NCO, NMCO, and 
MKCO confirming the spontaneous and favorable adsorp-
tion process of SO dye [63].

3.3 � Degradation of Safranin‑O using 
heterogeneous Fenton process

Safranin-O degradation using the heterogeneous Fenton 
process is investigated through various parameters like the 
effect of catalyst dosage, the effect of pH, hydrogen peroxide 
concentration, initial concentration of SO, UV illumination, 
and the effect of applied temperature.

3.3.1 � Catalyst dosage effect

Figure 5a illustrates the dosage effect of NM on SO deg-
radation with time using dosage mass up to 2.0 g/L, using 

10 mg/L of SO as initial dye concentration, 50 mmol of 
H2O2, pH3, and at 21 °C. It is observed that with the increase 
in NM catalyst dosage to 1.0 g/L, the oxidation of SO also 
increases, but at a dosage of more than 1.0 g/L, degradation 
starts to decrease. The enhancement in SO degradation with 
increasing NM dosage from 0.8 to 1.0 g/L is attributed to the 
increase in the number of catalytically active sites with the 
increase in NM dosage, leading to the increase in SO deg-
radation through a rise in the quantity of Fe2+ that interact 
with H2O2 to form ⋅OH, as shown in Eq. 1. Degradation (%) 
of SO decreases at catalyst dosages > 1.0 g/L is related to the 
scavenging of Fe2+ ions on ⋅OH as indicated in Eq. 33. As 
a result, a catalyst dosage of 1.0 g/L is considered to be the 
ideal dosage for Fenton degradation of SO [64]

3.3.2 � pH effect on Safranin‑O degradation

The influence of pH on the oxidation of SO was investigated 
using a pH range of (2.2−6.0), 10 mg/L SO, 1.0 g/L of NM 
as solid dosage, and 50 mmol H2O2 at 21 °C (Fig. 5b). After 
60 min, the degradation (%) of SO was calculated to be 45.78, 
56.15, 36.41, and 34.13% at pH 2.2, 3.0, 4.3, and 6.0, respec-
tively. It is obvious that with pH increase till pH3, the degrada-
tion (%) of SO increases, and further increases in the values of 
pH lead to the decrease in degradation efficiency of SO. Lower 

(33)⋅OH + Fe
2+

→
− OH + Fe

3+
.

Table 3   Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich parameters for the adsorption of SO onto NM, NCO, NMCO, and MKCO 
at 25, 32, and 42 °C

Parameters NM NCO NMCO MKCO

25 °C 32 °C 42 °C 25 °C 32 °C 42 °C 25 °C 32 °C 42 °C 25 °C 32 °C 42 °C

Langmuir model
 qm (mg/g) 16.91 23.38 27.45 85.03 99.90 112.23 164.70 173.01 185.87 284.90 343.64 384.61
 b (L/mg) 0.045 0.117 0.243 0.053 0.071 0.089 0.015 0.032 0.057 0.054 0.042 0.108
 RL 0.182 0.077 0.040 0.159 0.124 0.101 0.403 0.234 0.149 0.156 0.192 0.085
 R2 0.9952 0.9888 0.9989 0.9984 0.9983 0.9984 0.9949 0.9891 0.9914 0.9932 0.9935 0.9989

Freundlich model
 1/n 0.269 0.228 0.502 0.559 0.295 0.160 0.877 0.376 0.214 0.187 0.131 0.146
 KF (L/mg) 6.14 8.84 1.53 6.12 23.03 50.96 1.89 23.15 56.27 93.94 149.70 161.71
 R2 0.9852 0.9827 0.9880 0.9619 0.9793 0.9881 0.9726 0.9823 0.9881 0.9791 0.9719 0.9880

Temkin model
 bT (J/mol) 697.01 599.72 604.10 117.58 148.69 240.24 59.26 86.60 114.32 69.81 70.82 61.07
 KT (L/g) 0.52 1.59 3.82 0.30 1.51 88.99 0.12 0.87 6.78 6.19 21.69 21.72
 R2 0.9937 0.9924 0.9914 0.9872 0.9989 0.9895 0.9991 0.9904 0.9779 0.9982 0.9885 0.9997

Dubinin–Radushkevich model
 qDR (mg/g) 14.03 18.37 21.01 68.05 75.98 97.46 121.21 153.01 164.66 285.90 337.68 391.34
 EDR (kJ/mol) 0.198 0.402 0.282 0.104 0.233 1.176 0.051 0.066 0.124 0.050 0.038 0.033
 R2 0.9977 0.9863 0.9948 0.9653 0.9915 0.9989 0.9883 0.9968 0.9873 0.9959 0.9528 0.9694
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SO degradation at lower values of pH is attributed to ⋅OH con-
version into H2O and the production of inactive FeO2+, and the 
conversion of H2O2 into stable oxonium ion (H3O2

+) by the 
protonation with H+, as shown in Eqs. (34–36)

(34)e− + H
+ +⋅ OH → H2O

(35)H2O2 + Fe
2+

→ H2O + FeO
2+

(36)H
+ + H2O2 → H3O

+
2
.

At higher pH values, SO degradation (%) decreases owing 
to the formation of oxygen and water by decomposition of 
H2O2 and the formation of iron hydroxide instead of ⋅OH by 
Fe (II). These previous results confirm that pH3 shows the 
maximum oxidation efficiency [65–67].

3.3.3 � Effect of Safranin‑O initial concentration

The effect of initial Safranin-O concentration by varying its 
concentration from 5 to 20 mg/L for NM and NCO and from 
10 to 40 mg/L in case of NMCO and MKCO, respectively, 
50 mmol of H2O2 concentration, pH3, 1.0 g/L as catalyst 

Fig. 5   Effect of NM catalyst dosage (a), the effect of pH (b) using NM, and the effect of initial concentration of SO (c–f) by NM, NCO, NMCO, 
and MKCO, respectively, on the degradation of Safranine-O via heterogeneous Fenton process at 21 °C
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dosage, at 21 °C are shown in Fig. 5c–f. After 80 min of 
Fenton SO oxidation, the maximum degradation percent 
was found to be 55, 62, 64, and 96% (at 10, 15, 20, and 
20 ppm) using NM, NCO, NMCO, and MKCO, respectively. 
That means that NMCO and MKCO showed a very higher 
catalytic Fenton oxidation process for the dye (64 and 96%, 
respectively) at a higher concentration of SO (20 mg/L) 
compared with the other two catalysts (NM and NCO). The 
previous result confirms that the involvement of NCO and 
NM in the formation of new composites (NMCO) enhanced 
the degradation (%) of SO due to the role of Cu+ in the oxi-
dation process as indicated in Eqs. 4,5. On the other hand, 
MKCO exhibited a higher oxidation efficiency which may be 
related to the good distribution of Fe (II) and Cu (I) on the 
solid surface formulated by k-carrageenan, the reduction in 
Ea (activation energy) needed for the degradation of SO, and 
the good fixation of SO ions onto the surface of composites.

Regarding the effect of initial dye concentrations, it is 
observed that at the first stages of increasing concentration, 
the degradation % by the heterogeneous Fenton oxidation 
process is enhanced due to the higher collisions between 
SO molecules and the produced active species. Excessive 
increase in the initial concentrations of more than 10, 15, 
20, and 20 mg/L in case of NM, NCO, NMCO, and MKCO, 
respectively, leads to an observable decrease in the percent-
age of SO degradation which is owing to the increase in 
the ratio of oxidizing species to SO molecules [68]. The 
previous section showed that 10, 15, 20, and 20 mg/L are 
the most suitable initial Safranin-O concentration for the 
Fenton degradation process using NM, NCO, NMCO, and 
MKCO, respectively.

3.3.4 � Hydrogen peroxide effect

Hydrogen peroxide is the primary source of active ⋅OH 
and is the catalyst for SO degradation in the heterogeneous 
Fenton process. Figure 6a represents the effect of hydrogen 
peroxide concentration from 30 to 100 mmol, using 10 mg/L 
of SO initial concentration, 1.0 g/L of NM dosage, pH3, at 
21 °C. Degradation of SO after 80 min reached about 50, 
56, 45, and 39% in the presence of 30, 50, 75, and 100 mmol 
of hydrogen peroxide, respectively. It is noted that with 
increasing H2O2 up to 50 mmol, the degradation of SO also 
increases and then decreases till reaches 39% in the pres-
ence of 100 mmol hydrogen peroxide. The enhancement 
of degradation efficiency at the beginning with hydrogen 
peroxide concentration is owing to the increase in ⋅OH as 
oxidizing species, while the observed decrease at concen-
trations > 50 mmol is explained by the scavenging of ⋅OH 
and the conversion into less active species, as shown in Eqs. 
(37, 38). This is accompanied by alteration in heterogeneous 
Fenton mechanism; as a result, 50 mmol is considered the 

optimum hydrogen peroxide concentration in the heteroge-
neous Fenton process [69]

3.4 � Degradation of Safranin‑O by Photo‑Fenton 
process

3.4.1 � UV illumination effect on Safranin‑O degradation

Photo-Fenton degradation of SO was studied by carrying 
out six experiments: (i) 100 mL of 10 mg/L of SO solution 
was exposed to photolysis (UV light, 254 nm). (ii) 100 mL 
SO solution with a concentration of 10 mg/L, 50 mmol of 
H2O2, and UV radiation. (iii) 100 mL SO solution with a 
concentration of 10 mg/L, 50 mmol of H2O2, and 0.1 g of 
NM catalyst under UV radiation. (iv) 100 m of 10 mg/L of 
SO solution, 50 mmol of H2O2, and 0.1 g of NCO catalyst 
under UV illumination. (v) 100 mL of SO solution with a 
concentration of 10 mg/L, 50 mmol of H2O2, and 0.1 g of 
NMCO catalyst under UV illumination. (vi) 100 mL SO 
solution with a concentration of 10 mg/L of SO solution, 
50 mmol of H2O2, and 0.1 g of MKCO catalyst under UV 
illumination. All the previous experiments were applied at 
pH3 and 21 °C. Degradation of SO by Photolysis and Photo-
Fenton are shown in Fig. 6b. After 10 min, SO degradation 
was calculated to be 13, 30, 70, 79, 85, and 93% for Photoly-
sis in the absence and the presence of hydrogen peroxide, 
and Photo-Fenton degradation in the presence of NM, NCO, 
NMCO, and MKCO, respectively. It is noted that the degra-
dation efficiency of SO increases from 13 to 32 in the second 
experiment (Photolysis) due to the inclusion of hydrogen 
peroxide in the reaction, which is attributed to the release 
of ⋅OH responsible for the degradation of SO molecules 
[10]. Photo-Fenton experiments (iii, iv, v, vi) using NM, 
NCO, NMCO, and MKCO as solid catalysts exhibited deg-
radation percent of MKCO > NMCO > NCO > NM, which 
may be owing to the higher porosity, specific surface area, 
incorporation of Cu+ with Fe+2, the presence of more polar 
chemical groups created from modification of NCO by NM 
and NC, and the perfect distribution of ferrous and cuprous 
ions at the surface of NMCO and MKCO nanoparticles. 
Comparing between Fenton and Photo-Fenton oxidation 
of the dye in presence of NM, NCO, NMCO, and MKCO 
after 10 min under the same condition (Figs. 5c–f and 6b) of 
oxidation, we observed the higher efficiency of the Photo-
Fenton process by nearly about 11, 4, 3, and 5 times than 
Fenton degradation process for NM, NCO, NMCO, and 
MKCO, respectively. In summary, the enhancement of the 

(37)H2O2 + OH → OOH + H2O

(38)OOH + OH → O2 + H2O.
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degradation under the Photo-Fenton process is attributed to 
the production of ⋅OH owing to the effect of UV radiation on 
hydrogen peroxide and Fe3+ ions which is reduced to active 
Fe2+ at the applied value of pH as shown in Eqs. (39,40) 
[70, 71]

(39)h� + [Fe (OH)]
2+

→ Fe
2+

+ OH

(40)h� + H2O2 → 2⋅OH.

Fig. 6   Effect of hydrogen peroxide concentrations (a) using NM for Safranine-O degradation by Fenton process. Photo-Fenton studies (b) using 
NM, NCO, NMCO, and MKCO, and kinetic plots (c–f) for NM, NCO, NMCO, and MKCO, respectively
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3.4.2 � Kinetic parameters of SO degradation 
by Photo‑Fenton process

The kinetic study of SO degradation was investigated by the 
application of Eq. 27 at different temperatures (15, 21, and 
30 °C) as represented in Fig. 6c–f for NM, NCO, NMCO, 
MKCO, respectively, and the obtained kinetic parameters are 
listed in Table 4. The values of R2 for NM, NCO, NMCO, 
and MKCO are more than 0.9717, confirming that the Photo-
Fenton degradation for all solids follows the model of PFO 
kinetic. Throughout the applied temperatures, the calculated 
Kapp (min−1) for MKCO > NMCO > NCO > NM is attrib-
uted to the activity of MKCO > NMCO > NCO > NM as 
presented in the previous sections (Sect. 3.4.1). The values 
of Kapp (min−1) increase with increasing temperature for all 
solids and that is related to the increase in reaction rate with 
the increase in temperature [72].

3.4.3 � Effect of temperature on Photo‑Fenton degradation 
of Safranin‑O

The effect of applied temperature on the oxidation of SO by 
the Photo-Fenton process is illustrated in Fig. 4Sa–d for NM, 
NCO, NMCO, and MKCO, respectively, using 100 mL of 
0.1 g solid dosage, pH3, 10 mg/L of SO solution as initial 
concentration, 50 mmol of H2O2 at different temperatures 
(15, 21, and 30 °C). It is observed that with rising tempera-
ture, the degradation of SO also increases which may be 
explained by the increase in the production of hydroxyl radi-
cal and the reaction rate between catalysts and hydrogen 
peroxide, confirming that degradation of SO is endother-
mic [72]. The values of Ea (kJ/mol) and all thermodynamic 
parameters for degradation of SO using NM, NCO, NMCO, 
and MKCO catalysts were determined by Eqs. (28−30), as 
shown in Fig. 4Se, f, while the calculated parameters are 

displayed in Table 4. Upon inspection of data, Table 4, (i) 
according to the higher R2 values, confirms the good applica-
tion of Arrhenius (> 0.9706) and Eyring-Polanyi (> 0.9784) 
models (Eqs. 28, 29, respectively). (ii) The calculated val-
ues of Ea (kJ/mol) in Photo-Fenton degradation of SO in 
the presence of NM, NCO, NMCO, and MKCO catalysts 
are more than 20 kJ/mol indicating the chemical nature of 
the degradation process. (iii) The values of ΔH*(kJ/mol) 
are positive which indicates that Photo-Fenton degradation 
of SO is endothermic [73]. (iv) ΔS*(kJ mol−1 K−1) values 
were calculated to be negative 0.046 and 0.043 for NM and 
NCO, respectively, positive 0.030 and 0.037 for NMCO 
and MKCO, respectively. The negative values of ΔS* are 
explained by the decreases in SO randomness at the solid 
surface of NM and NCO which indicate an irreversible ten-
dency for the process, while the positive values are due to 
the increasing randomness of SO at the surface of NMCO 
and MKCO. (v) The values of ΔG* (kJ/mol) are positive, 
proving that the SO degradation process is non-spontaneous 
[30, 74].

3.4.4 � Reusability of catalyst

The reusability of MKCO as a selected catalyst for degrada-
tion of SO by the Photo-Fenton process was assessed after 
five application cycles as represented in Fig. 5S. After five 
cycles, it was observed that the catalytic activity of MKCO 
reduced by about 3.4% which may be due to the slight 
decrease in specific surface area, loss of some active sites, 
and porosity of MKCO as a result of its coagulation [4].

3.5 � Comparison between MKCO with other solids

In the present work, a comparison between MKCO with 
other different solids for Photo-Fenton degradation and 

Table 4   Kinetic and thermodynamic parameters of SO by Photo-Fenton using NM, NCO, NMCO, and MKCO photocatalysts at 15, 21, and 
30 °C using 10 mg/L of SO, 50 mmol of H2O2, and 0.1 g of catalyst

Nanocatalyst NM NCO NMCO MKCO

15 °C 21 °C 30 °C 15 °C 21 °C 30 °C 15 °C 21 °C 30 °C 15 °C 21 °C 30 °C

Kinetic parameters
 Kapp (min−1) 0.0419 0.0953 0.0954 0.0424 0.1351 0.1619 0.0967 0.1964 0.1965 0.1223 0.1994 0.2338
 R2 0.9717 0.9965 0.9975 0.9907 0.9939 0.9918 0.9966 0.9861 0.9964 0.9990 0.9765 0.9749

Thermodynamic parameters
 Ea (kJ/mol) 32.36 34.11 56.65 58.91
 A 11.42 11.92 20.53 21.40
 R2 0.9968 0.9960 0.9706 0.9925
 ΔS* (kJ mol−1 K−1) − 0.046 − 0.043 0.030 0.037
 ΔH* (kJ/mol) 34.86 36.47 59.31 61.44
 R2 0.9784 0.9999 0.9872 0.9847
 ΔG* (kJ/mol) 48.11 48.38 48.80 48.85 49.11 49.50 50.67 50.49 50.22 50.78 50.56 50.23
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adsorption of SO is shown in Table 6S [75–80]. According 
to the data listed in Table 6S, it is observed that MKCO is 
a promising solid material for both Photo-Fenton catalytic 
degradation and adsorption of Safranin-O dye. Regarding 
the present material and other materials in comparison 
table, we can note that adsorption is applied for higher 
pollutant concentration at higher equilibrium time, while 
Photo-Fenton catalytic degradation is used for lower pol-
lutant concentration with very short application time com-
pared with the adsorption process.

3.6 � Conclusion

This work effectively manufactured a new solid composite 
material made of copper oxide, potassium carrageenan, 
and nanomagnetite particles. The prepared solid nanoma-
terials were characterized using different physicochemical 
techniques, such as TGA, SEM, TEM, DRS, N2 adsorp-
tion/desorption isotherm, pHPZC, and FTIR. The nano-
magnetite/copper oxide/potassium carrageenan compos-
ite nanoparticles (MKCO) demonstrated a well-structured 
porous material for the distribution of both Fe+2 and Cu + , 
higher specific surface area (652.50 m2/g), pore radius of 
1.19 nm, point of zero charge at pH7.8, Debye-Scherer 
particle size of about 1.9, and the rich with numerous 
chemical polar functional groups. SEM and TEM inves-
tigation of MKCO showed that the measured particle 
size ~ 150 nm with spherical aggregated shapes. Safra-
nin-O (SO) dye adsorption and Photo-Fenton degradation 
were compared using all the produced materials in vari-
ous application scenarios. MKCO showed the maximum 
adsorption capacity of 384.61 at 42 °C after 24 h of equi-
librium time, and at a higher initial concentration of the 
dye (5−650 mg/L). Photo-Fenton degradation of SO dye 
was well performed on the surface of MKCO with about 
93% degradation after 10 min using lower SO concentra-
tion (10 mg/L), and at 21 °C. Catalyst reusability dur-
ing Photo-Fenton process confirmed the successful uses 
of catalyst even after five cycles of application with only 
3.4% decrease in catalytic activity. The effectiveness of the 
prepared materials for use in environmental applications 
is increased by the newly developed solid materials that 
integrate a kappa-carrageenan biopolymer matrix. The ear-
lier findings support the potential environmental benefits 
of MKCO nanoparticles in Photo-Fenton degradation and 
dye adsorption at both high and low levels of pollution.
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