
Regular Article    INORGANIC 
                                     CHEMISTRY 

                                                                                                                                                                                                               RESEARCH 

                                                                                                                                                                                                                         Published by the 
                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                        www.inorgchemres.org 
                                                                                                                                                                                       info@inorgchemres.org 
 
Inorg. Chem. Res., Vol. 2, No. 2, 129-144, December 2019 
DOI: 10.22036/icr.2020.209416.1056 

 
Magnetite/κ-carrageenan Nanocomposites: A Convenient Recyclable Tool for Cu(II) 

Ions Adsorption from Aqueous Solution 
 

G. Mohammadnezhada,*, F. Ariaeinezhada and F. Steinigerb 

aDepartment of Chemistry, Isfahan University of Technology, Isfahan, 84156-83111, Islamic Republic of Iran 
bCenter for Electron Microscopy, Jena University Hospital, Ziegelmühlenweg 1, 07743 Jena, Germany 

 (Received 27 November 2019, Accepted 21 April 2020) 
 
      Exceptional 3D magnetite nanoparticles (Fe3O4) with high surface area, flower-like morphology, and suitable interaction with the 
natural polymeric matrices have been selected as inorganic nano-filler in preparation of magnetite/κ-carrageenan nanocomposites 
(MCNCs). Chemical and structural properties of MCNCs were studied and characterized by ATR-FTIR, X-ray powder diffraction (XRPD), 
scanning and transmission electron microscopies (SEM and TEM), and thermogravimetric analyses (TGA). The MCNCs are considered            
as a magnetic adsorbent for adsorptive removal of contaminations such as Cu(II) from aqueous solutions. Based on adsorption data,             
MCNC 10 wt.% was selected for adsorption studies and different parameters including pH, contact time, and initial concentration of Cu(II) 
ions were optimized. The batch sorption mechanism and kinetics were estimated using three reaction kinetic models including pseudo-
second-order, Elovich, and intra-particle diffusion. Besides, the adsorbent performance was evaluated by two common isotherm models: 
Langmuir and Freundlich. More significantly, kinetics and isotherm equilibrium data showed a major fitting with the intra-particle 
diffusion and Langmuir model, respectively. The maximum value of adsorption capacity to Cu(II) ions was found to be 22.57 mg g-1          
(pH = 6, adsorbent dose 0.005g (1 g l-1), 25 °C, 180 rpm, and 80 min). The relative standard deviations (RSDs) for sorbent-to-sorbent 
reproducibility was 7.5% (n = 3). The MCNC 10 wt.% was separated easily by a supermagnet and recycled 4 times easily with the 
adsorption efficiency of 84% in the final cycle.  
  
Keywords: Nanomagnetite/κ-carrageenan nanocomposites, Adsorption, Cu(II) 

 
INTRODUCTION 
 
      In recent years, water and environmental pollution have 
become one of the critical concerns of the international 
community. Different industries such as pigment, 
metallurgy, glass, and paper/textile release significant 
amounts of toxic heavy metal ions such as Cd(II), Cu(II), 
Hg(II) and Cr(VI) into the environment [1]. These are not 
biodegradable and have toxic, hazardous effects for both 
humans and environmental health, so must be eliminated 
from wastewater that may contact with the human body or 
environment [2-5]. 
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      Heavy metals toxicity can cause cardiovascular disease 
[6], diabetes mellitus, hypertension [7-8], cancer [6] and 
neurological diseases impaired intellectual ability and 
behavioral problems in children [9]. In this regard, advanced 
strategies were developed for the removal of such metal 
ions. A variety of methods such as ion exchange [10], 
solvent extraction [11], membrane filtration [12] and 
adsorption are used to remove significant amounts of heavy 
metal ions [13-18]. Among these techniques, the adsorption 
method is considered as one of the most common, highly 
efficient, and simple methods. Thus, it is considered as an 
economical, useful, and advantageous method in the 
removal of heavy metals from industrial pollutants. In this 
regard, different materials such as metal oxides, activated 
carbons,  nanotubes,  silicon,   hydroxyapatite,  and  zeolites 
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have been used as an absorbent for this process [13-17].  
      In recent years, polymer-based nanocomposites have 
attracted the attention of researchers for heavy metal 
removal via adsorption processes [19]. These mixtures have 
unique properties such as low cost, low toxicity [13], high 
chemical stability [14,19] and great adsorption performance 
[14], even at low concentration. In this regard, the proper 
selection of a polymer matrix is of great importance. 
Carrageenans as a member of linear negatively charged 
sulfated polysaccharides can be extracted from red 
seaweeds. They are highly flexible large molecules and 
could form a range of different gels at ambient temperature. 
There are three main commercial types of them, which are 
generally classified as Iota (ι), Lambda (λ), and Kappa (κ). 
The main differences of Iota, Kappa, and Lambda 
carrageenans are the position and number of the ester sulfate 
functionals [20-24]. Due to the presence of sulfate groups, 
carrageenans interact with mono and divalent ions such as 
calcium and can undergo conformational changes and form 
gels [25]. Based on their physical and chemical properties, 
Kappa-carrageenan forms strong, and rigid gels in the 
presence of K+ ions while Iota forms soft gels in the 
presence of Ca2+ and Lambda does not form any gels [26]. 
Such polymers have many active sites on its surface and 
have individual advantages such as non-toxicity, 
biodegradability, low cost, and desirable chemical 
properties, accordingly they are found to be a suitable 
adsorbent for removal of heavy metal ions from industrial 
wastewater [13,27]. The combination of these 
polysaccharides with suitable inorganic nano-fillers such as 
Fe3O4 magnetic nanoparticles (MNPs) may improve their 
chemical and physical properties. Duman et al. reported 
magnetic carbon nanotube-Kappa-carrageenan-Fe3O4 
nanocomposites, which have been used as adsorbents for 
removal of triphenylmethane, reactive azo-dyes, and 
cationic methylene blue [28-29]. Mahdavinia et al.          had 
synthesized magnetic Kappa-carrageenan/PVA 
nanocomposite hydrogels for adsorption of cationic dyes 
[30]. Salgueiro et al. studied unusual dye adsorption 
behavior of Kappa-carrageenan coated superparamagnetic 
nanoparticles [31]. Daniel-da-Silva et al. prepared 
carrageenan-grafted magnetite nanoparticles and used as 
recyclable sorbents for dye removal [32]. Such inorganic 
nano-fillers, with individual properties such as 3D structure 
with  flower-like morphology  and  high  surface  area,  may 

 
 
lead to better interaction with polymeric matrices [33-34].  
      In this paper, we prepared different novel organic-
inorganic hybrid nanocomposites based on natural              
κ-carrageenan polymer as an organic matrix with different 
amounts of magnetite nanoparticles as nano-filler (5, 7 and 
10 wt.%). They were characterized and used for adsorption 
of Cu(II) ions from aqueous solutions. The effect of 
different parameters such as initial Cu(II) concentration, pH, 
and contact time as well as their adsorption mechanism 
using three adsorption kinetic models and two adsorption 
isotherms have been studied. 
 
EXPERIMENTAL  
 
Materials 
      Cu(II) nitrate trihydrate (Cu(NO3)2.3H2O), iron(III) 
chloride hexahydrate, urea, tetrabutylammonium bromide 
(TBAB), hydrochloric acid and sodium hydroxide were 
purchased from Merck Chemical Co. Ethylene glycol (EG) 
was purchased from the Ameretat Shimi company and used 
without further purification. The κ-carrageenan powder was 
purchased from Refined Company. Deionized water was 
used in all reactions. 
 
Instruments 
      FTIR spectra were recorded from 400 to 4000 cm-1 
(Bruker, Tensor 27). Crystalline structures of the samples 
were examined using Siemens D5000 diffractometer (Debye 
Scherrer scan mode) with Cu Kα tube (λ = 1.541 Å) in the 
2θ range of 10-90°. Thermal gravimetric analyses (TGA) 
were conducted under nitrogen atmosphere using 
NetzschStaPC409 Lexx instrument (Germany) at a heating 
rate of 10 °C min-1 from room temperature to 800 °C. The 
morphology of the samples was studied by SEM (Zeiss 
Gemini 1530, Germany) and TEM (Philips CM 120, 
Netherlands). A SonoSwiss ultrasonic bath (SW 3 H, 
Switzerland) was used at 37 kHz and power of 280 W. 
Cu(II) concentrations were measured by flame atomic 
absorption spectrophotometry (FAAS, PerkinElmer, USA). 
 
Synthesis of Iron Glycolate Precursor and 
Magnetite Nanostructure 
      The iron glycolate precursor was prepared using 
ethylene glycol (EG) according to the previously published 
procedures  [33-37].   In   a   typical  synthesis,  FeCl3.6H2O             
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(1.2 g), tetrabutylammonium bromide (7.2 g), and urea             
(2.7 g) were added to ethylene glycol (180 ml). This mixture 
was stirred for 20 min at room temperature until a 
homogeneous red solution was obtained. Then, the solution 
was heated and refluxed for 2 h. The green precipitate was 
collected by centrifuge, washed with ethanol (three times), 
and dried in an oven at 80 °C for 12 h [34-36]. The green 
powder precursor was calcined at 450 °C under Ar 
atmosphere for 3 h to obtain Fe3O4 nanoparticles [34,36]. 
 
      Synthesis of Magnetite/κ-carrageenan 
Nanocomposites (MCNCs) 
      MCNCs with magnetite contents of 5, 7 and 10 wt.% 
hereafter denoted as MCNC 5 wt.%, MCNC 7 wt.%, and 
MCNC 10 wt.%, respectively, were prepared using a 
solution casting method. For the preparation of MCNCs, 
0.33 g of κ-carrageenan was added to 25 ml of deionized 
water and the mixture was stirred with a mechanical stirrer 
for 1 h at 70 °C. Then, different calculated amounts of 
magnetite were added to 5 ml of deionized water and 
sonicated in an ultrasonic bath for 0.5 h. In the next step, the 
magnetite colloidal solution was added dropwise to the 
polymer matrix aqueous solution and was heated (70 °C) for 
2 h, until a stable suspension was obtained. Finally, the 
mixtures were cast on to a Petri dish and dried at the 
atmospheric condition, and finally a brittle film was formed. 
 
Adsorption Experiment 
      Cu(II) concentrations were measured by a flame atomic 
absorption spectrometer. A stock solution of Cu(II) (500 mg 
l-1) was prepared by dissolving Cu(NO3)2.3H2O in deionized 
water. At first, Cu(II) solutions (5 ml) with initial 
concentrations ranging between 10-60 mg l-1 were poured 
into the glass containers. Then, MCNCs 0.005g (1 g l-1) 
were added to the former solutions at room temperature, pH 
(2-8), and shaken for 10-120 min (180 rpm). At the end of 
each time intervals, the adsorbent was separated by 
supermagnet and washed with 1 M HCl and deionized water 
in order to recover the adsorbent. The adsorption capacity of 
MCNC 10 wt.% has been determined from the difference 
between the initial and the final concentrations of Cu(II) 
ions. Moreover, adsorption kinetic models and various 
equilibrium isotherm parameters were also investigated. 
      In  utilized  equipment  and  data analysis, the sources of 

 
 
error have effectively minimized in a volumetric method 
such as the errors in temperature, volume, and sample mass 
measurements. In kinetic experiments, the sources of error 
including heat of reaction (thermal effects), the ratio of 
system volume:NCs mass, the history of the prepared 
samples, the experimental conditions, the magnetism of 
particle, and the particle size and distribution. 
 
RESULTS AND DISCUSSION 
 
ATR-FTIR 
      Figure 1 shows the ATR-FTIR spectra of Fe3O4 
nanoparticles (a), pure κ-carrageenan (b), and MCNCs 
containing 5, 7, and 10 wt.% of magnetite (c, d and e). For 
pure Fe3O4 an absorption band at around 570 cm-1 is related 
to the Fe-O vibrations frequency [38]. In the ATR-FTIR 
spectra of the pure κ-carrageenan as well as MCNCs, the 
band at 1627 cm-1 is attributed to the bending vibration of 
water and the hydroxyl group and the band at 1225 cm-1 is 
attributed to S-O asymmetric sulfate stretching. The 
absorption bands of C-O-S were observed at 845 and          
850 cm-1. Also, the two bands in the range of 1040-           
1070 cm-1 are assigned to the C-O and C-OH stretching, 
respectively. Moreover, the MCNCs spectra confirmed the 
presence of the filler and showed that upon the increase of 
Fe3O4, the Fe-O absorption band at around 570 cm-1 
becomes more prominent [38].  
 
X-Ray Diffraction 
     WAXS (wide-angle X-ray scattering) pattern of the iron 
glycolate precursor has been shown in Fig. 2 The pattern 
demonstrated a strong peak at around 2θ = 11o, which is 
consistent with previous reports [34,36]. The XRD patterns 
of Fe3O4 nanoparticles and MCNCs with different Fe3O4 
contents (5, 7 and 10 wt.%) are shown in Fig. 3. The pattern 
of the synthesized nano-magnetite, by thermal degradation 
of the alkoxide precursor, was recorded in the range of        
2θ = 10-90°. The XRD pattern of magnetite clearly 
exhibited eight characteristic diffraction signals, which they 
can be indexed as (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0),          
(4 2 2), (5 1 1), and (4 4 0) reflections of a magnetite cubic 
structure and clearly confirmed the formation of highly 
crystalline magnetite (JCPDS = 85-1436) [24,33]. As shown 
in Fig. 3 the XRD pattern of MCNCs having  an  amorphous  
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peak of κ-carrageenan at around 2θ = 10-30° as well as the 
patterns of Fe3O4 magnetite nano-filler. As we have seen in 
these  patterns,  with  increasing  the  magnetite content,  the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
intensity of the magnetic’s peaks has been increased while 
the κ-carrageenan broad amorphous peak has been 
decreased [20]. According to the Scherer equation  modified 

 
Fig. 1. ATR-FTIR spectra of (a) pure magnetite, (b) κ-carrageenan, and (c, d and e) NCs of κ-carrageenan with  

                different amounts of flower-like magnetite. 
 
 

 
Fig. 2. WAXS pattern of the iron glycolate.  
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Fig. 3. XRD patterns of the magnetite and NCs of κ-carrageenan with 5, 7 and 10 wt.% of magnetite. 
 
 
 

 

Fig. 4. TGA thermograms of the pure κ-carrageenan and NCs with 5, 7 and 10 wt.% of flower-like magnetite. 
 



 

 

 

Mohammadnezhad et al./Inorg. Chem. Res., Vol. 2, No. 2, 129-144, December 2019. 

 134 

 
 
by the Williamson-Hall method, the average size of the 
MCNC 5 wt.%, MCNC 7 wt. % and MCNC 10 wt.% are 
20.1, 22.4 and 25.2  nm, respectively (Fig. S1) [39]. 
 
Thermal Properties 
      The thermal behaviors of pure κ-carrageenan and the 
MCNCs 5, 7 and 10 wt.% were investigated by the TGA 
thermograms under the nitrogen atmosphere. The obtained 
results from the TGA analysis have shown in Fig. 4. Table 1 
list different thermal parameters including T5, the 
temperature at which 5% loss weight happens, T10, the 
temperature at which 10% loss weight happens, char yield, 
the amount of material which is remained at 800 °C, and 
limiting oxygen index (LOI), the minimum oxygen 
concentration required for test piece to continue burning in 
mixed gas of oxygen and nitrogen. For the pure polymer, 
three weight loss steps were observed. In the first step, the 
removal of water and residual solvent occurs at 100-180 °C. 
The second step occurred from 180-600 °C, which related to 
the decomposition of polymer chains and organic 
compounds. The third step happened at 600-800 °C, which 
is related to the destruction of organic compounds and the 
formation of carbonaceous compounds. According to the 
obtained results, T5 and T10 of the MCNCs were lower 
than the pure κ-carrageenan and the degradation 
temperature of MCNCs was decreased with increasing the 
amount of nano-magnetite. According to previous studies, 
such results were not expected [40-41]. Usually, the 
introduction of inorganic nano-fillers into polymer matrix 
leading to an increase of thermal resistance. This odd 
behavior may have occurred because of the magnetic 
properties of the filler i.e. nano-magnetite might have 
influenced the crosslinking of the polymer chains, causing a 
reduction of the polymer’s thermal decomposition [42-43]. 
Consistently, all the MCNCs showed higher char yield 
values compared to the pure carrageenan. LOI of a polymer 
can be calculated using van Krevelen and Hoftyzer 
equation: LOI = 17.5 + 0.4 CY, where CY is the char yield 
[44]. Self-extinguishing materials have LOI values obove 21 
[45]; therefore, the obtained MCNCs with LOI of ca. 31 can 
be classified as self-extinguishing materials. 
 
Morphological Study (SEM and TEM) 
      Figures 5a-d showed the SEM images of  the  magnetite 

 
 
and MCNCs 5, 7 and 10 wt.%, respectively. As shown in 
these figures, pure magnetite has a flower-like morphology 
(Fig. 5a) and each flower petal has a porous structure which 
resembles clinging beads formed by degradation of organic 
species (glycolate) of metal alkoxide by calcination with a 
mean size of 28 nm (inset in Fig. 5a) [34,36]. The MCNC 
samples showed aggregates of iron oxide particles with 
probable carrageen. The carrageen is amorphous and 
electron sensitive; therefore, it is easy to recognize. 
Moreover, TEM images showed that the magnetite nano-
filler was well dispersed in the polymer matrices and 
created a homogeneous structure. Magnetite nano-beads are 
observable as semi-spherical particles in TEM images of 
MCNCs (Fig. 6). Based on SEM and TEM images, the 
average size of the MCNC 5 wt.%  MCNC 7 wt.% and 
MCNC 10 wt.%  were calculated as (20 ± 0.2), (22 ± 0.1), 
and (25 ± 0.1) nm, respectively, which is represented in the 
histograms (Fig. S2). The TEM results are in good 
agreement with the calculated results of the Scherrer 
equation modified Williamson-Hall method (20.1, 22.4 and 
25.2  nm). 
 
Adsorption Studies 
      Effect of initial concentration. In the first experiment, 
the adsorption of Cu(II) by MCNC 10 wt.% was studied. 
Accordingly, the initial concentration of Cu(II) solutions in 
a range between 10-60 mg l-1 were varied while the 
adsorbent dose (0.005 g, 1 g l-1), temperature (298 K), 
contact time (60 min) and stirring speed (180 rpm) were 
kept constant (Fig. 7a). As it is shown, the adsorption 
capacities were increased linearly upon concentrations 
increment from 10 to 60 mg l-1. It has also been shown that 
the initial concentration of 10 mg l-1 has the highest removal 
value (79%). Such trends would be as a result of the 
availability of the active sites in this concentration and 
saturation of them at higher concentrations. Therefore,           
10 mg l-1 was selected as an optimum concentration. Then, 
maximum removal values were obtained at 10 mg l-1 for 
Fe3O4, kappa-carrageenan and MCNCs 5, 7, 10 wt.% as          
17%, 99%, 53%, 60% and 79%, respectively (Fig. 7b). 
Agglomeration of the magnetite NPs in aqueous solution 
may hinder the accessibility of the functional groups for 
proper metal ions adsorption. Upon increasing magnetite 
moiety and better dispersion of NPs in  the  polymer  matrix  
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as well as better dispersion of NC in aqueous solution, the 
adsorption values were enhanced. The increasing adsorption 
percentage might be related to increasing the nano-
magnetite filler content since surface hydroxide and oxide 
groups of magnetite had suitable interactions with Cu(II) 
ions. Zeta potential analysis was performed for MCNC, as 
shown in Fig. S3. The zeta potential value for this sample 
was -72.6 mV that indicates the suitable surface charge of 
the adsorbent for the electrostatic interaction with the 
copper(II) cations. 
      Effect of pH. In order to study the influence of pH,           
as one of the most  important factors in  adsorption of  
Cu(II) ions, 0.005 g (1 g l-1) of the adsorbent,                
MCNC 10 wt.%, were treated separately with 5 ml of          
10 mg l-1 Cu(II) ions solutions at different pHs. The pH 
values were adjusted by adding sodium hydroxide (0.1 M) 
or hydrochloric acid (0.1 M) solutions in a range of 2.0-        
8.0 and other parameters such as contact time (60 min), 
temperature (298 K) and stirring speed (180 rpm) were kept 
constant. Figure 8a has shown that Cu(II) adsorption has 
increased swiftly from pH 2.0 to 6.0 and then decreased at 
pH 7.0 and 8.0. The maximum adsorption value (ca. 88%) 
was obtained at pH 6, which was selected as an optimum 
value for adsorption experiments. At lower pH values      
(pH < 6), Cu(II) adsorption has been decreased due to the 
presence of H3O+ ions and an excessive protonation of the 
coordinately potential functional groups of the NC including 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
oxygen, hydroxyl, and sulphate. In the optimized pH (ca. 6) 
the concentration of H3O+ ions has been decreased and 
active sites with a negative charge are available to Cu(II) 
ions. At higher pH values (pH > 6), due to the increased 
hydroxyl ions concentration and interactions between Cu(II) 
ions with OH-, neutral hydroxyl precipitates or anionic 
complexes of hydroxide may form. So, the concentration of 
free forms of Cu(II) ions and their adsorption on the active 
sites were decreased [19]. 
      Effect of contact time. The effect of contact time was 
investigated in a range of 10-120 min in 10 min time 
intervals at optimum pH 6, while other parameters such as 
temperature, adsorbent dose, initial concentration, and 
stirring speed were kept constant as mentioned earlier. As 
shown in Fig. 8b, the adsorption rate of Cu(II) ions was 
found to be quite fast until it reached to 80 min. The 
availability of active sites on the surface of the           
MCNC 10 wt.% and the good dispersion of adsorbent in 
aqueous Cu(II) solution led to 96% adsorption in 80 min. 
Over time, due to the saturation of adsorption locations, the 
adsorption amount was decreased due to the occupation of 
oxygen, hydroxyl, and sulfate functional groups. 
      Adsorption kinetics. To evaluate the adsorption 
effectiveness, kinetics and mechanism of the adsorption  
was studied. Chemical and physical properties of the 
adsorbents influence the adsorption mechanism. Herein, 
three  different  kinetic   models,  including  pseudo-second- 

                          Table 1. Thermal Properties of the Pure κ-carrageenan and MCNCs 5, 7 and 10 wt.% 
 

 Decomposition temperature   

Samples T5 

 (°C)a 

T10 

(°C)a 

Char 

(%)b 

LOIc 

κ-carrageenan 128 212 33.9 31.1 

MCNC 5% 80 158 35.4 31.6 

MCNC 7% 73 141 34.6 31.3 

MCNC 10% 73 141 34.7 31.4 
                                          aThe  temperatures at  which 5% and 10%  weight losses were recorded by TGA at the 
                            heating  rate of 10 °C min-1  under  a  nitrogen  atmosphere.  bThe  weight  percentage  
                            of material  left  after  TGA  analysis  at a  temperature  of  800 °C  under  a  nitrogen 
                            atmosphere. cLimiting oxygen index. 
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order, Elovich, and intra-particle diffusion, were employed.  
      The pseudo-second-order kinetic model describes that 
the sorption rate depends on the number of active sites on 
the adsorbent surface. The linear form of the pseudo-
second-order kinetic model can be shown by Eq. (1) [45-
46]. 
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The  adsorption  capacity,  the  amount  of  Cu(II) metal ions  

 
Fig. 5. SEM images of (a) magnetite (flower-like), and NCs of κ-carrageenan with (b) 5 wt.%, (c) 7 wt.% and (d)  

                   10 wt.% of flower-like magnetite. 
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adsorbed, at equilibrium (qe(exp), mg g-1) and at t (qt, mg g-1) 
was calculated by the Eqs. (2) and (3), respectively. Also, 
the rate constants of pseudo-second-order equations           
(kad, g mg-1 min-1) and adsorption capacity at equilibrium  
(qe(cal), mg g-1) can be obtained from the intercept and slope 
of Fig. 8b. The Ci, Ct and Ce (mg l-1) are the initial, at time t, 
and   equilibrium    concentrations,    respectively,    V (l)   is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the volume of the solution, and m (g l-1) is the amount of the 
sorbent. 
The linear form of the Elovich model can be represented by 
Eq. (4) [47]: 
                                                                                 
      tqt ln1ln1





                                                       (4) 

 
Fig. 6. TEM images of MCNCs of κ-carrageenan with (a) 5 wt.%, (b) 7 wt.% and (c) 10 wt.% of magnetite.  
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Fig. 7. The  effect of  initial Cu(II)  concentrations  on  adsorption  capacity  and  removal  for  MCNC 10 wt.% (a),  
           Comparative removal efficiencies for the pure magnetite, pure κ-carrageenan, MCNCs 5, 7 and 10 wt.% (b). 
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In this equation, the parameters, β and α, are defined as the 
adsorption constants (mg g-1 min-1) and initial adsorption 
rate (mg g-1 min-1), respectively. The intraparticle diffusion 
model  refers  to   the   transfer   of   species   from  aqueous  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

solutions to the solid adsorbents. Its liner form is given in 
Eq. (5) [48]. 

      Ctkq rat  2
1

int
                                                             (5)                                     

                                  Table 2. Adsorption  Kinetic Parameters  Fitted  by Pseudo-second-order,  
               Elovich  and   Intra-particle Diffusion  Models  for  Removal  of  

                                                Cu(II) by MCNC 10 wt.% 
 

Kinetic models           Parameters   

kad (g mg-1 min-1) 2.725 × 10-3 

qe (exp) (mg g-1) 9.64 

qe (mg g-1) 11.90 

 

 

pseudo-second order 

R2 0.926 

β (mg g-1 min-1) 0.283  

Elovich R2 0.949 

kintra (mg g-1 min-1/2) 1.211 

C -1.154 

 

Intra-particle diffusion 

R2 0.966 
 
 

Table 3. Adsorption Equilibrium Parameters Fitted by Langmuir,  Modified 
               Langmuir, and Freundlich Isotherm Models for Removal of Cu(II) 

                                               by the MCNC 10 wt.% 
 

Isotherm models Parameters  

R2 0.998 

KL (l mg-1) 0.201 

 

Langmuir 

qmax (mg g-1) 22.57 

R2 0.998 

KML (l mg-1) 536,423 

 

Modified 

Langmuir  qmax  (mg g-1) 22.57 

R2 0.987 

KF (mg g-1) 5.38 

 

 Freundlich  

n 2.35 
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Where C and kintra t1/2 are rate constant and the intraparticle 
diffusion rate factor (mg g-1 min-1/2), respectively. The 
kinetic parameters related to the above equations can be 
calculated from the slope and intercept of the linear 
equations, see Table 2.  
      According to the obtained results, it was found that the 
intraparticle diffusion model (Fig. 8c) provides better 
correlation coefficient values than the pseudo-second-order 
and Elovich models (Figs. 8b and c). Therefore, the 
adsorption of the Cu(II) ions could be followed by the 
intraparticle diffusion kinetics model. These data 
represented 96% adsorptive removal after 80 min. 
Additionally, adsorption capacities (mg g-1) of different 
adsorbents for the removal of Cu(II) have been compared in 
Table 3. 
      Adsorption isotherm. The modified Langmuir and 
Freundlich adsorption isotherms are the most frequent 
models which were used here to examine the adsorption 
mechanism and interaction of Cu(II) ions with                
MCNC 10 wt.%. The modified Langmuir adsorption 
isotherm fitted with monolayer adsorption when the 
adsorption process occurs onto homogeneous adsorbent 
surfaces while the Freundlich adsorption isotherm related to 
multilayer adsorption process onto heterogeneous adsorbent 
surfaces. The linear form of the Langmuir, Freundlich, and 
modified Langmuir isotherm models are presented by the 
Eqs. (6), (7) and (8), respectively [53]: 
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Where Ce (mg l-1) is the equilibrium concentration of Cu(II) 
ions in the bulk solution, qe is the solid phase equilibrium 
concentration, qm (mg g-1) is the maximum sorption capacity 
of adsorbent and Cs (mg l-1) is the solute saturated 
concentration in bulk solution which is 2670 g l-1 for 
Cu(NO3)2 and KML (l mg-1) is the modified Langmuir 
equilibrium  constant.  KF   and  n  are  Freundlich  isotherm  

 
 
constants, which represent the adsorption capacity and 
adsorption intensity, respectively. The values of the 
saturated concentration of solutes are tabulated in solubility 
handbooks and other sources. The isotherm parameters 
related to the above equations can be calculated from the 
slope and intercepts of the linear forms of the equations 
(Fig. 8d); the results are summarized in Table 3. The 
Langmuir model showed a better correlation R2 factor         
(> 0.99) with the experimental data than the Freundlich 
model, which suggests monolayer adsorption of Cu(II) onto 
the MCNC 10 wt.%. 
 
Sorbent-to-Sorbent Reproducibility 
      The sorbent-to-sorbent reproducibility was investigated 
using three different MCNC 10 wt.% for adsorption of 
Cu(II). The relative standard deviations (RSDs) for sorbent-
to-sorbent reproducibility was 7.5% (n = 3) that indicates 
the good reproducibility of the preparation procedure. 
 
Desorption Study 
      Cu(II) on MCNC 10 wt.%  was successfully desorbed 
by 10 ml of acidic solution (0.1 M HCl and deionized water) 
with the assistance of a mechanical shaker. Data showed 
that the recyclability of the MCNC 10 wt.% is efficient and 
practical and its performance was mainly retained while the 
adsorption efficiencies can reach to 84% after 4-time 
consecutive adsorption-desorption [54]. The result has been 
shown in Fig. 9. 
 
CONCLUSIONS 
 
      In this study, novel magnetite/κ-carrageenan 
nanocomposites with 5, 7 and 10 wt.% of flower-like nano 
magnetite were prepared simply via a convenient casting 
method. The initial experiments showed that the             
MCNC 10 wt.% has the best performance for adsorptive 
removal of Cu(II) (76%), and it was used for ongoing 
optimization experiments. The results showed that the 
highest removal efficiency achieved at the initial 
concentration of Cu(II) at 10 mg l-1, and has been decreased 
at higher concentrations. Inversely, the adsorption capacities 
have been increased upon initial concentration increment. 
The optimum condition for Cu(II) adsorption was 
determined  at  an  initial  concentration  of  10 mg l-1, pH 6,  



 

 

 

Magnetite/κ -carrageenan Nanocomposites/Inorg. Chem. Res., Vol. 2, No. 2, 129-144, December 2019. 

 141 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  Fig. 8. Effect of  pH on Cu(II)  removal  by  the  MCNC 10 wt.%,  and  (a) the effect of  contact time on the optimum  
              Cu(II)  ions    removal   when   the  MCNC 10 wt.%  was  0.005 g   (1 g l-1),   pH = 6.0,   and    the  Cu(II)   ion  
              concentration was 10.0 mg l-1 and  Pseudo-second-order kinetics plots of Cu(II) (b), the intra-particle diffusion  
              and the Elovich plots (c), Langmuir and Freundlich isotherm models of Cu(II) removal by MCNC 10 wt.% (d). 
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Fig. 8. Continued. 
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and equilibrium time of 80 min. The maximum adsorption 
capacity of Cu(II) ions by MCNCs 10 wt.% was              
22.57 mg g-1. The adsorption processes are described by 
intra-particle diffusion kinetics and modified Langmuir 
isotherm models. The obtained results from the two models 
and the experimental data were in good agreement. Cu(II) 
was adsorbed on MCNC 10 wt.% successfully and desorbed 
by using HCl solution. 4-time consecutive 
adsorption−desorption of Cu(II) on MCNC 10 wt.% 
validates the feasibility of  Cu(II) desorption.  
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