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Abstract 

Oil spills are a worldwide concern because of their negative impact on the environment. 

Thus, the development of simple yet effective methods for oil pollution remediation remains a 

significant global challenge. Of remediation techniques for oil removal, those involving 

adsorption are superior, but most reported adsorbents sink in water and are, consequently, 

difficult to collect after adsorption, generating secondary pollution. Thus, we developed 

magnetic maleic anhydride–alginate graphene oxide hollow beads (GO-MAGB-MA). Here, 

we report the characterization of GO-MAGB-MA, involving scanning electron microscopy, 

energy dispersive X-ray spectrometry, Raman spectroscopy, Fourier transform infrared 
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spectroscopy, thermogravimetric analysis, and vibrating sample magnetometry. The 

experimental data fit the pseudo-second order kinetic model, having a chi-squared (𝜒2
) ≤ 

0.0069, average relative error (ARE) ≤ 0.4094, and coefficient of determination (R
2
) ≥ 

0.9998, and the Freundlich isotherm, having 𝜒2
 ≤ 3.33  10

-4
, ARE ≤ 0.2349, and R

2
 ≥ 

0.9966, indicating that removal of oil was the rate-limiting step on heterogenous multilayer 

system. In comparison with other previous reported adsorbents, the GO-MAGB-MA shows 

superiority in term of adsorption process which was pH independent, rapid equilibrium 

adsorption and high adsorption capacity. GO-MAGB-MA also remained buoyant and 

magneto-responsive during adsorption process made it easy to be-recollected and 

regenerated while other reported adsorbents tend to sink during adsorption, and difficult to 

be re-recollected and ended as secondary pollutants. For future application, Combination 

with other technologies such as skimmer and continuous column adsorption experiment can 

be conducted for larger-scale oily water remediation. 

Keywords: oil spill; alginate; magnetite; graphene oxide; buoyant; remediation 

1. Introduction 

The release of oil-contaminated water into the marine environment by human activities or 

natural disasters causes long-term environmental catastrophes. To minimize the detrimental 

effects of oil spills on the environment and economy, immediate action is required. The risk of 

oil spills has increased as the exploration, transportation, and consumption of petroleum 

have grown, and serious contamination of the marine environment and aquatic biota has 

occurred. In March 1989, grounding of the Exxon Valdez (an oil tanker owned by Exxon 

Shipping Company) resulted in the contamination of the Prince William Sound with at least 

35,500 t of crude oil that eventually spread to the Gulf of Alaska area [1]. In 2010, the 

Deepwater Horizon accident contaminated the Gulf of Mexico with around 500,000 m
3
 of 
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 3 

crude oil, making it the second largest oil spill disaster after the Gulf War (1991) crude oil 

spill in the Persian Gulf, Kuwait [2,3].  

A key problem is that untreated oil spills spread rapidly in the aquatic environment, 

resulting in contamination over a large area. Chemically, petroleum oil consists of straight 

and branched hydrocarbons, polycyclic aromatic hydrocarbons, porphyrins, tar, and wax, 

which cause various levels of toxicity to humans and marine environments, including 

cytotoxicity, carcinogenicity, genotoxicity, and teratogenicity [4]. The layer of oil also forms 

a barrier that prevents sunlight and O2 from penetrating deeper areas of water, which can 

disturb photosynthesis and plant growth.  

Consequently, environmental scientists have attempted to develop technology to reduce 

the catastrophic impact of oil spills. Remediation technologies, including bioremediation [5], 

chemical dispersants [6], booms and skimmers [7,8], in situ burning [9], and adsorption 

[10,11] have been reported. Among them, adsorption is the most applicable technique 

because of its excellent adsorption capacity, simplicity, and cost-effectiveness. Adsorption 

techniques is reported as an effective method not only for oil removal but also for other types 

of pollutant such as heavy metal ion [12,13] and dyes [14]. A high removal rate can be 

achieved by placing an adsorbent in contact with the oil on the water surface. Several reports 

have described the development of conventional adsorbents for oil spill remediation, for 

example, chitosan [15], clay [16,17] and char [18]. Furthermore, to reduce costs, bio-

materials including rice husks and banana and orange peels have also been explored [19]. 

However, some adsorbents sink in water, preventing effective contact with the oil on the 

water surface and making post-treatment separation difficult, thus resulting in seabed 

contamination.  

As a potential adsorbent, graphene oxide (GO) has received considerable interest 

considering its high thermal and mechanical stability, high surface area, and high adsorption 
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site density. Generally, GO is prepared by the chemical oxidation of graphite, as reported by 

Hummer and Offeman [20], whose technique was subsequently optimized by changing the 

reaction time, temperature, chemicals, or routes [21–24]. GO is an amphiphilic substance 

because of its (i) hydrophilic oxygen-bearing moieties, including hydroxyl, epoxy, and 

carboxyl groups, at the edges and basal layers and (ii) hydrophobic polyaromatic of 

unoxidized benzene rings. This amphiphilicity enables GO to interact with various pollutants, 

making it suitable for water desalination [25] and the removal of heavy metal ions, dyes 

[26], and organic toxic and hazardous substances [27]. Despite its advantages, the intense 

inter-layer attraction results in the agglomeration and restacking of GO. Moreover, post-

adsorption collection is challenging. This is achieved conventionally by filtration or 

centrifugation, but these techniques are not feasible for large scale contamination. However, 

the magnetic separation of adsorbent has been highlighted as a promising solution.  

The introduction of magnetic particles such as Fe3O4 to conventional adsorbents 

endows magnetic properties. Fe3O4 is a common soft magnetic material, being easily 

magnetized and demagnetized. Structurally, in Fe3O4, half the Fe
3+

 ions fill the tetrahedral 

sites and the other half of the Fe
3+

 ions join with Fe
2+

 to occupy octahedral sites, forming an 

inverse spinel crystal structure with cubic symmetry. Fe3O4 can be synthesized by 

hydrothermal methods, thermal decomposition, and co-precipitation, but the latter technique 

is the most common because of its simplicity. Crucially, Fe3O4-based magnetic adsorbents 

are promising because of their magnetic properties and have been extensively used for the 

detoxification of polluted water; in particular, they have short separation time and do not 

generate secondary pollution [28–31]. Further, regeneration is favorable because loss of the 

magnetic adsorbent is avoided.  

Fe3O4-based adsorbents can also be encapsulated in a polymeric matrix to prevent 

oxidation, which leads to the loss of magnetic properties, and increase adsorption [17,30,32–
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34]. Furthermore, dissolution of Fe3O4 in an acidic environment during adsorption can be 

avoided because of the protective matrix.  

Alginate consists of a homopolymer unit of 1,4-connected (α-L-guluronic acid) (G 

block) and ( -D-mannuronic acid) (M block) and can be extracted from brown algae cell 

walls [35] or synthesized by bacteria [36]. The carboxylic groups of alginate can be 

crosslinked with divalent ions formed a unique “egg-box” like structure hydrogel with 

biocompatible, nontoxic, and biodegradable features [37]. These properties make alginate 

and alginate-based materials attractive for adsorbent preparation. In particular, the free 

carboxyl and hydroxyl groups on G and M blocks are responsible for electrostatic and 

complexation interactions with various toxic substances. Alginate is a natural polysaccharide 

that is suitable for Fe3O4 encapsulation.  

Herein, floating magnetic alginate–GO hollow beads were prepared via simple ionic 

gelation in the presence of Ca
2+

 as a crosslinker and CaCO3 and NaHCO3 as cavity 

templates, followed by modification with maleic anhydride (MA), yielding a magnetic 

adsorbent for surface oil removal. GO-MAGB-MA showed efficient removal performance 

because of its flotation, which increased direct solid–liquid contact with the oil layer on the 

water surface. Static batch adsorption experiments were carried out to investigate the effects 

of contact time and initial pH and oil concentration on oil adsorption in freshwater and 

seawater. Several isothermal and kinetic models were used to fit the experimental data and 

determine the removal mechanism. The flotation and adsorption–desorption stability were 

also assessed to evaluate suitability for real oil-contaminated seawater remediation. The 

floating magnetic alginate–GO hollow beads modified with maleic anhydride remained 

floating for 30 days, were easily collected with an external magnet, and removed oil from 

seawater for 20 adsorption–desorption without loss in adsorptive performance, floatability, 

or magnetic collectability. Based on our knowledge, the study of self-floating alginate-based 
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magnetic adsorbents has not been conducted for the removal of oil from the surface of 

seawater. The buoyancy, collectability, recyclability, and magneto-responsiveness are key 

features of GO-MAGB-MA that make it an attractive adsorbent for oil-contaminated water 

remediation in comparation with other reported adsorbents. This report will also provide 

easy method on removal of oil from the surface of freshwater and seawater simply by 

applying magnetic field.  

 

2. Materials and Methods 

2.1 Materials 

Pro-analysis grade materials were applied in this experiment without any additional 

purification. Sodium alginate (Na(C6H6O6)n, 300-400 cP), sodium bicarbonate (NaHCO3, 

99,7%), hydrochloric acid (HCl, 37%), acetic acid (CH3COOH, 98%), sodium hydroxide 

(NaOH, 97%), phosphorus pentoxide (P2O5, 99%), potassium permanganate (KMnO4, 

>99%), and acetone (C3H6O, 99,5%) were obtained from Sigma-Aldrich, Germany. Maleic 

anhydride (C4H2O3, 99%), calcium chloride (CaCl2.2H2O, 100%), ethanol (C2H5OH, 97%), 

and sulfuric acid (H2SO4, 98%) were purchased from Merck, Germany. Magnetite (Fe3O4) 

was obtained from Kishida Chemical Co., Ltd. (Japan). Graphite flakes were supplied by 

Alfa Aesar (Taiwan), and calcium carbonate (CaCO3, 99,5%) was purchased from Wako 

(Japan). Hexane (C6H14, 99,0%) was supplied by Fulltime (China). Crude oil with 𝜌 value 

of 0.7973 and 𝜂 value of 0.88 cP was used as adsorbate in adsorption experiments. Artificial 

seawater was prepared by dissolving seawater salt (Marine Art SF-1, Tomita 

Pharmaceutical Co.,Ltd, Japan) in deionized water and its chemical composition is 

presented in Table 1.  
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2.2. Entrapment of GO in floating magnetic alginate gel hollow beads 

GO was obtained by the exfoliation of graphite in “preformed acidic oxidizing 

medium” (PAOM), as reported previously [38]. GO was added to deionized water and 

sonicated for 4 h to obtain a GO dispersion. Sodium alginate powder (0.75 g) was dissolved 

in 50 mL of deionized water at room temperature with continuous stirring until all was 

dissolved. The GO dispersion, magnetite, NaHCO3, and CaCO3 were added to the sodium 

alginate solution and mixed until homogeneous. The resulting black, viscous suspension was 

then left at room temperature overnight to remove trapped air bubbles. The suspension was 

forced through a micropipette tip into 500 mL of 5 wt.% CaCl2 solution, maintained for 24 h 

with gentle stirring, and washed with demineralized water several times. The obtained black 

beads were then immersed in 300 mL of 6% CH3COOH solution overnight and washed with 

demineralized water several times. The product is GO-MAGB. MAGB was synthesized in a 

similar manner without the addition of GO addition. 

 

2.3. Anchoring of the maleic anhydride moiety.  

GO-MAGB-MA was prepared by placing GO-MAGB in contact with MA in acetone. 

Briefly, GO-MAGB was immersed in acetone with gentle stirring overnight to remove water 

inside the beads. The acetone-washed GO-MAGB was then immersed in gently stirred 0.05 M 

maleic anhydride in acetone solution for 30 min. The temperature of the mixture was then 

increased to 50 °C and maintained at this temperature for 3 h to complete the esterification 

reaction. Finally, the beads were washed with acetone, ethanol, and demineralized water and 

lyophilized. MAGB-MA was prepared in a similar manner using MAGB instead of GO-

MAGB. The preparation of GO-MAGB and its modification with MA are illustrated in 

Scheme 1. 
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2.4. Methods 

X-ray diffraction analysis of GO was performed using X-ray diffractometry (X-Pert 

MPD, Philips, Germany) from 2 = 5° to 90° at 5° min
-1

 with Cu-Kα radiation (λ = 1.54443 

Å). Raman spectra were recorded at a wavelength of 532 nm on a Raman spectrometer 

(InVia Raman, Renishaw, UK). The thickness of the prepared GO sheets was measured using 

atomic force microscopy (AFM, Dimension Icon, Bruker, Germany) in ScanAsyst mode. The 

morphology was investigated using scanning electron microscopy (SEM, FlexSEM-1000, 

Hitachi, Japan), energy dispersive X-ray spectroscopy, and transmission electron microscopy 

(TEM, JEM-1400 JEOL, Japan). The magnetic properties of magnetic beads were examined 

under a magnetic field ranging from -8000 to 8000 Oe at room temperature on a vibrating 

sample magnetoanalyzer (Lake Shore 7400 series, USA). The bead size was measured using 

a digital caliper (Krisbow, Indonesia). Functional groups were identified by Fourier 

transform infrared (FTIR) spectroscopy (IRTracer-100, Shimadzu, Japan) using the KBr disk 

method from 4000 to 400 cm
-1

 with resolution 4 cm
-1

. The thermal stability was determined 

using thermogravimetric analysis (TGA, TGA-4000, Perkin Elmer, USA). For these 

measurements, the samples were heated under continuous flow of N2 at a heating rate of 5
 
°C 

min
-1 

to 900 °C.  

 

2.5. Swelling and flotation 

For the swelling tests, a gram of lyophilized magnetic hollow bead was soaked in 

freshwater and seawater for 24 h. The swelled beads were collected using a magnet. The 

diameter before and after soaking were recorded. Flotation experiments were conducted by 

soaking 50 of lyophilized magnetic hollow beads in freshwater and seawater for 30 d. The 
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swelling degree (SD) and flotation degree (FD) of the magnetic hollow beads were 

calculated using Eqs. (1) and (2). 

    
     

  
           (1) 

    
   

  
             (2) 

Here,    and    are the diameters of the wet and dry magnetic hollow beads, respectively, 

and n0 and n30 are the numbers of floating beads at the start and after 30 d. For accuracy, 

swelling and flotation experiments were conducted in triplicate.  

 

2.6. Use and reusability 

Batch adsorption experiments of oil-contaminated freshwater and seawater was 

performed by placing 0.015 g of MAGB, MAGB-MA, or GO-MAGB-MA in contact with 

15 mL deionized water or seawater containing 66.67 g L
-1

 of oil. The influence of initial pH 

was examined by regulating the pH of the water–oil mixture with 0.01 mol L
-1

 NaOH or HCl 

solution. For the analysis of the removal kinetics, the contact time with the water–oil mixture 

varied from 5 to 120 min. The adsorption data were then simulated with non-linearized 

pseudo-first order (PFO), pseudo-second-order (PSO), Elovich, and linear intraparticle 

diffusion (IPD) kinetic models. The adsorption isothermal behavior was studied with oil 

concentrations ranging from 40 to 120 g L
-1

, and the Freundlich, Langmuir, Sips, and 

Redlich–Peterson (R-P) isotherms were employed to evaluate the adsorption data. The 

adsorption capacities of MAGB, MAGB-MA, and GO-MAGB-MA at equilibrium (qe, g of 

oil/g of adsorbent) were computed using Eq. (3). 

    
(     )

  
       (3) 

Here, m0 and me are the initial oil mass and equilibrium oil mass in solution (g), respectively, 

and ma is the mass (g) of MAGB, MAGB-MA, or GO-MAGB-MA.  
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To estimate the reusability of the spent MAGB, MAGB-MA, and GO-MAGB-MA, 

beads were loaded with oil in 20 mL of a mixture of 100 g L
-1

 of oil in deionized water or 

seawater at pH 6 equilibrated on a mechanical shaker at room temperature for 2 h at 100 

rpm. The oil-loaded beads were collected using a magnet and treated with n-hexane. 

Subsequently, the regenerated beads were sonicated in hexane, ethanol, and water several 

times before the next cycle. The regeneration of MAGB, MAGB-MA, and GO-MAGB-MA was 

carried out over 20 adsorption–desorption cycles in deionized water or seawater.  

 

3. Results and Discussion 

3.1. Physical characteristics of as-prepared GO 

The morphology and topography of GO were observed using SEM-EDX, and TEM. As 

shown in Fig. 1, the obtained GO has an irregular, layer-like shape with a wrinkled surface. 

EDX analysis, as can be seen in Fig. 1(b), revealed the elemental composition of GO to be 

47% carbon and 53% oxygen. No trace elements were detected. A high oxygen/carbon ratio 

indicates the presence of oxygen-bearing functional groups on the surface of the carbon 

structure. A high oxygen content affects the folding of the GO layers, as shown in the TEM 

micrograph (Fig. 1(c-d). TEM analysis confirmed the thin layer structure, which is visible as 

a transparent area. The darker area corresponds to stacked or folded GO layers induced by 

the high content of oxygen, as quantified by EDX analysis. The morphology and topography 

of GO were then further analyzed using AFM, and the results are presented in Fig. 2 (a-b). 

The 3D-AFM micrograph shows that the maximum height of GO was 8 nm, and it was 

relatively flat.  

 

Fig. 2 (c) shows the Raman spectra of GO, showing the D, G, 2D, and D + G bands at 

1348.69, 1595.49, 2543.45, and 2956.42 cm
-1

, respectively. The D band corresponds to the 
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sp
3
-hybridized carbon bonds in GO arising from basal/edge defects or imperfection of its 

crystal structure, whereas the G band is associated with ordered sp
2
-hybridized carbon 

bonds in hexagonal graphitic structures such as graphene and its derivatives. The 2D band 

indicates agglomeration or stacking of GO layers. The defects in the as-prepared GO can be 

estimated from the ratio of the G and D band intensities (ID/IG) We obtained a value of 0.956, 

which suggests that the as-prepared GO has many defects in the layers. 

X-ray diffractometry was used to determine the crystal structure of the obtained Fe3O4 

and GO. As shown in Fig. 2(d), diffraction peaks associated to (220), (311), (400), (422), 

(511) and (440) plane are observed in diffractogram which indicated Fe3O4 spinel with cubic 

structure (JCPDS, No 79-0418). A significant peak is detected at 2  = 10.02° (Fig. 1(f)), 

which corresponds to the GO (001) plane. The diffraction peak at 2  = 10.02° indicates 

intraplanar spacing and crystallite size of 0.8992 and 2.1782 nm, respectively. The number of 

GO layers was found to be 2 or 3, suggesting stacked layers, as confirmed by TEM and AFM.  

 

3.2. SEM and EDX analysis of GO-MAGB-MA 

The magnetic alginate hollow beads were synthesized using CaCO3 and NaHCO3 as 

the cavity template. The carbonates were dispersed in an alginate solution containing Fe3O4 

or a combination of Fe3O4 and GO. After the Ca
2+

 crosslinking step, carbonates were 

removed from the beads by immersion in weak acid, leaving a hollow structure, as shown by 

the reactions in Eqs. (4) and (5). 

CaCO3 + CH3COOH →(CH3COO)2Ca + H2O + CO2   (4) 

NaHCO3 + CH3COOH →CH3COONa + H2O) + CO2    (5) 

Acetic acid was used instead of a strong acid to prevent the dissolution of Fe3O4. Initially, the 

beads sank, but, after carbonate removal, they floated to the surface. Thus, the formation of 
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an internal cavity resulted in buoyant magnetic alginate beads. The preparation method is 

illustrated in Scheme 1. 

The average diameters of the as-prepared MAGB, MAGB-MA, and GO-MAGB-MA 

beads are presented in Table 2. The incorporation of GO, followed by MA modification, 

slightly increased the bead diameter compared to those of the bare magnetic alginate hollow 

beads (MAGB). The microstructures of the MAGB, MAGB-MA, and GO-MAGB-MA beads 

were studied by SEM analysis of individual lyophilized beads. The interior structure was 

evaluated by cutting the beads in half. Fig. 3 shows that MAGB has a smooth surface with 

folds, whereas MAGB-MA and GO-MAGB-MA have relatively rough surfaces, making them 

suitable for modification with MA and GO. Additional smaller cavities can also be observed 

in the interior of MAGB. In contrast, the walls of GO-MAGB-MA are denser, and there are 

fewer small cavities because of the presence of GO. EDX mapping analyses (Fig. 4) were 

carried out to obtain the elemental distribution. C, O, and Fe were detected in the outer and 

inner surfaces of MAGB, MAGB-MA, and GO-MAGB-MA. The carbon content on the surface 

of MAGB increased by approximately 1.5% after MA modification (MAGB-MA) and 2.4% 

after the incorporation of GO followed by MA modification. Although EDX analysis cannot 

distinguish the source of carbon (i.e., alginate, GO, or MA), the increased carbon content is 

likely a result of MA modification and GO incorporation. A signal corresponding to Ca was 

detected, indicating the presence of the crosslinker Ca
2+

 and residual Ca
2+

 from the 

dissolution of carbonates in the internal and external parts of the magnetic alginate hollow 

beads.  

 

3.3. FTIR spectroscopy 

Characterization of material and its derivatives by infrared spectroscopy is essential to 

be conducted in order to obtain information related to the presence of organic groups [39]. 
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The synthesis of the magnetic alginate hollow beads, incorporation of GO, and modification 

with MA were confirmed from the FTIR spectra of Fe3O4, GO, MAGB, MAGB-MA, and GO-

MAGB-MA between 4000 and 400 cm
-1

. As shown in Fig. 5(a), in the spectrum of Fe3O4, a 

band at 3630 cm
-1 

associated with the O-H stretching of physically adsorbed water molecules 

was observed. In addition, bands corresponding to Fe-O stretching in the tetrahedral and 

octahedral sites of spinel ferrite were observed at 584 and 445 cm
-1

, respectively. The FTIR 

spectrum of GO showed bands at 3603, 1739, 1602, and 1421 cm
-1

, which can be assigned to 

O-H, carbonyl, epoxy C-O and the C=C sp
2
 carbon network, and C–OH stretching 

vibrations, respectively. After the addition of alginate to Fe3O4, extra bands at 1627, 1427, 

and 1018 cm
-1

 were observed. The bands at 1627 and 1427 cm
-1

 are associated with the C=O 

stretching vibrations (Lv et al., 2017), and the C-O vibration of the pyranose ring appear at 

1018 cm
-1

, indicating the successful coating of Fe3O4 by alginate. The modification of MAGB 

resulting in MAGB-MA was confirmed by the appearance of bands at 1816 and 1739 cm
-1

 

associated with carbonyl symmetric and asymmetric stretches in MA. A similar pattern can 

also be observed in the FTIR spectra of GO-MAGB-MA with additional changes. The band at 

approximately 1600 cm
1
 in the FTIR spectra of GO-MAGB-MA associated with the C=O 

vibration of the -COOH group became stronger, indicating the formation of hydrogen bonds 

between the -COOH group of the alginate backbone and the -COOH group of GO.  

 

3.4. Effect of GO and MA on thermal stability  

Next, TGA/DTG of MAGB, MAGB-MA GO-MAGB, and GO-MAGB-MA was carried 

out and the results are presented in Fig. 5(b-c). The TGA/DTG curves of Fe3O4 is relatively 

constant from room temperature to 800 °C, indicating high thermal stability. In contrast, 

non-magnetic AGB lost most of its mass during heating. The TGA/DTG curves of MAGB, 
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MAGB-MA, GO-MAGB, and GO-MAGB-MA are similar because of the shared alginate 

backbone.  

Non-magnetic AGB decomposed around 10.62% at 192.7 °C of its mass because of 

water evaporation whereas MAGB and GO-MAGB lost around 7% of their masses at slightly 

higher temperature (196.88 °C). The MA-modified beads (MAGB-MA and GO-MAGB-MA) 

showed lower mass loss (only around 2%) at higher temperature (201.35°C) than those of 

the unmodified beads (MAGB and GO-MAGB), suggesting that the MA moiety and GO 

increased the thermostability at this temperature. Around 20–22% of the masses of MAGB, 

MAGB-MA, GO-MAGB, and GO-MAGB-MA were lost in the second stage which is half that 

of AGB (around 47%) due to thermal-decomposition of alginate bead walls at 200–350 °C 

via pyranose ring opening, disintegration of the GO structure, and fragmentation of 

alginate–MA bonds [41]. The thermostability of Fe3O4 in MAGB, MAGB-MA, GO-MAGB, 

and GO-MAGB-MA is the main cause of this. At the carbonization stage, all beads lost 31–

38% of their masses, whereas the non-magnetic AGB retained only 25% of its initial mass. 

The GO-containing beads (GO-MAGB and GO-MAGB-MA) showed smaller mass loss at this 

stage in comparison with the beads without GO addition (MAGB and MAGB-MA), indicating 

that GO increased thermostability at this temperature. The MAGB rapidly carbonized at 

613.44 °C while GO-MAGB-MA carbonized at higher temperature (705.49 °C) which 

indicated that the GO-MAGB-MA was more thermally stable than GO-MAGB-MA The 

TGA/DTG results show that the obtained magnetic hollow beads are thermostable below 150 

°C, which is compatible with real conditions.  

 

3.5. Vibrating sample magnetometry analysis 

Magnetization analysis was performed at 8000 Oe at room temperature, and the 

magnetization (M–H) curves and parameters of MAGB, MAGB-MA, and GO-MAGB-MA are 
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shown in Fig. 6(a) and listed in Table 2, respectively. MAGB, MAGB-MA, and GO-MAGB-

MA achieved magnetization saturation in the applied external magnetic field. The Ms of GO-

MAGB-MA is lower than those of MAGB and MAGB-MA because of the greater non-

magnetic content in GO-MAGB-MA. Magnetite (Fe3O4) particles in the bead structure endow 

the magnetic behavior, whereas the alginate network, GO, and MA layers are non-magnetic 

and shield the Fe3O4 core, decreasing its magnetic performance in an applied magnetic field. 

However, MAGB, MAGB-MA, and GO-MAGB-MA were paramagnetic, enabling collection 

using an external magnetic field as shown in Fig. 6(b-d), as reported for other magnetic 

materials coated with various matrices [14,30,42].  

 

3.6. GO- and MA-dependent swelling and self-floating properties 

Generally, alginate-based hydrogels swell in water; therefore, we investigated the effect 

of modification with GO and MA on the swelling of beads. Bare magnetic hollow beads with 

no GO or MA swelled significantly in freshwater and more so in seawater. With increase in 

GO content, the SD decreased because GO restricted the movement of the alginate backbone 

in the bead structure, and modification with MA further decreased the SD because MA 

bridges the M and G blocks in alginate via ester formation, resulting in a rigid, stable bead 

structure. As shown in Fig. 6(e), magnetic hollow beads with low GO contents had higher SD 

values in seawater than in freshwater. A high concentration of Na
+
 and other monovalent 

ions in seawater replace the Ca
+
 in the magnetic hollow beads by weakening the ion 

exchange mechanism and increasing bead size [43]. However, the addition of GO following 

MA modification can prevent such ion exchange by minimizing the movement of alginate and 

release of Ca
2+

, resulting in unchanged bead size. Interestingly, magnetic hollow beads with 

2-4% GO modified with MA remained floating after 30 days, unlike 0% and 1% GO beads, 

and most of the beads without GO and MA sank in the bottom of water as shown in Fig. 6(f). 
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The addition of a higher content of GO followed by MA modification helps the magnetic 

hollow beads maintain their initial shape and size in freshwater and seawater; thus, excess 

swelling and collapse can be avoided. Thus, GO addition and MA modification improved the 

swelling and floating properties of magnetic hollow beads.  

 

3.7. Oil adsorption performance  

3.7.1. Effect of pH 

In oil spill remediation, the pH of the oil–water mixture has a strong impact on the 

adsorption efficiency, affecting not only the adsorption rate and capacity but also the 

adsorbent–mixture interface behavior. Thus, the amounts of oil adsorbed by MAGB, MAGB-

MA, and GO-MAGB-MA at pH 3 to 10 at room temperature in freshwater and seawater were 

determined. As shown in Fig. 7(a,b), pH had little effect on oil adsorption by GO-MAGB-MA 

in freshwater and seawater, having a maximum adsorption capacity at pH 6; thus, the pH 

and salinity of water have little impact on the removal of oil, suggesting that non-

electrostatic interactions are key to the removal mechanism. As shown in inset of Fig. 6(b-d), 

GO-MAGB-MA has a higher water contact angle in comparison with that of MAGB and 

MAGB-MA, demonstrating that GO-MAGB-MA is more hydrophobic than of MAGB and 

MAGB-MA. The non-oxidized basal plane of GO has been reported to attract oil through 

hydrophobic interactions [44]. Moreover, this interaction was improved by the presence of 

an MA layer in the beads. Thus, GO-MAGB-MA exhibited higher oil removal performance. 

This result indicates that the combination of GO and MA modification improved the 

adsorption capacity and pH tolerance of magnetic hollow beads in freshwater and seawater 

media. At pH > 10, the presence of a higher concentration of NaOH hydrolyzed oil by 

reaction with the acidic long hydrocarbon chain of oil. Therefore, to avoid saponification, 

adsorption at pH > 10 was not conducted.  
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3.7.2. Effect of contact time 

The effect of contact time on the removal of oil by MAGB, MAGB-MA, and GO-MAGB-

MA in freshwater and seawater was investigated using batch adsorption experiments at 

contact times of 5–120 min. The initial shaking speed, pH, and initial oil concentration, were 

maintained at 100 rpm, 6, and 66.67 g L
-1

, respectively. As shown in Fig. 7(c,d), the amount 

of oil adsorbed by MAGB, MAGB-MA, and GO-MAGB-MA in seawater increased rapidly 

and reached equilibrium within 30 min, and there was no significant increased oil removal 

from 30 to 120 min. In the initial stages of adsorption, there are a large number of binding 

sites for oil. As these sites are saturated with oil, the rate of adsorption falls and equilibrium 

is achieved, i.e., the flat area in Fig. 7(c,d). This behavior was also observed for MAGB, 

MAGB-MA, and GO-MAGB-MA in freshwater with no significant differences in adsorption 

capacity and equilibrium time. The time to equilibrium adsorption in freshwater and 

seawater was relatively short, making them promising agents for rapid oil adsorption. 

 

3.7.3. Initial oil concentration dependence 

In addition to contact time, the initial oil concentration was varied to understand how 

equilibrium was reached, as well as to determine the adsorption capacities. Batch adsorption 

experiments were conducted at pH 6 and a shaking speed of 100 rpm using a 1 g. L
-1

 

adsorbent dose. The initial oil concentration was 40–120 g. L
-1

, and, to ensure that 

equilibrium was achieved, a contact time of 120 min was selected (although 30 min are 

adequate based on kinetic analysis). As shown in Fig. 8, in the low oil concentration range, 

the removal of oil from seawater by GO-MAGB-MA increased steadily as the initial 

concentration of oil increased. At higher initial concentrations of oil, the adsorption capacity 
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was reduced, and equilibrium was reached. A high ratio of vacant binding sites to oil 

molecules is responsible for the rapid increase in the adsorbed capacity of GO-MAGB-MA at 

low initial oil concentrations. At equilibrium, the binding sites were fully occupied, so the 

amount of oil adsorbed from the mixture became steady and no more oil molecules could be 

accommodated by GO-MAGB-MA. Because of the abundance of active binding sites, GO-

MAGB-MA adsorbed more oil molecules than MAGB and MAGB-MA. Fig. 8 shows that the 

removal of oil in freshwater by MAGB, MAGB-MA, and GO-MAGB-MA followed a similar 

pattern, indicating that salinity had little effect on oil removal.  

 

3.7.4. Kinetic modeling and effect of water type 

The adsorption kinetics is controlled by complex, simultaneous processes involving 

mass transfer, diffusion, and the formation of physico-chemical interactions. To determine 

the mechanism of oil adsorption by MAGB, MAGB-MA, and GO-MAGB-MA, four kinetic 

models were used: PFO [45], PSO [46], Elovich [47], and IPD [48]. 

The simulated data with non-linearized PFO, PSO, Elovich, and linear IPD kinetic model 

are shown in Fig. 7(c-f) and all obtained kinetic parameters are listed in Table 3. The fitting 

of experimental data obtained for oil adsorption in freshwater and seawater to the PSO and 

Elovich models resulted in high ARE and 𝜒2
 values and low R

2
 values, demonstrating that 

neither model describes the oil adsorption mechanism by MAGB, MAGB-MA, and GO-

MAGB-MA well. Contrarily, low ARE and 𝜒2
 and high R

2
 values were obtained by fitting the 

experimental data to the PSO model, suggesting that adsorption is the rate-limiting step. As 

shown in Table 3, the KPSO for adsorption in seawater are only slightly different with KPSO 

obtained from adsorption in freshwater, implying that the water type gives insignificant 

impact on adsorption rate.  
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In the IPD studies (Fig. 7(e,f)), two-stage oil adsorption was observed for MAGB, 

MAGB-MA, and GO-MAGB-MA in freshwater and seawater. First, there is a rapid 

adsorption rate resulting in a sharp increase in adsorbed oil. Here, the oil passes through the 

boundary layer and occupies binding sites on the surfaces of MAGB, MAGB-MA, and GO-

MAGB-MA. Adsorption rates are relatively slow in the second stage because of the 

interparticle diffusion of oil within the pores of MAGB, MAGB-MA, and GO-MAGB-MA; 

finally, equilibrium is reached. Thus, a two-stage mechanism for oil removal by MAGB, 

MAGB-MA, and GO-MAGB-MA occurred via surface film adsorption followed by 

interparticle diffusion. The short time to equilibrium in freshwater and seawater is attractive 

from a practical and economic point of view, indicating that the application of the as-

prepared magnetic hollow beads could be scaled up.  

 

3.7.5. Isothermal studies of the effect of GO and MA at different temperatures 

Isotherm modeling to understand the relationship between oil adsorption and the 

adsorption capacity of MAGB, MAGB-MA, and GO-MAGB-MA was carried out. Several 

isotherms have been developed, including the two-parameter Langmuir [49] and Freundlich 

[50] and three-parameters R-P [51] and Sips models. The non-linearized plot of all 

isotherms are presented in Fig. 5, and the calculated R
2
, 𝜒2

, and ARE as well as all isotherm 

parameters are listed in Table S1. The suitability of each model was determined by 

considering R
2
, 𝜒2

, and ARE values. At 25 °C, the Freundlich isotherm yielded the highest R
2
 

and lowest 𝜒2
 and ARE values in freshwater and seawater, indicating that oil adsorption 

occurs via a multilayer mechanism on the heterogenous MAGB-MA and GO-MAGB-MA 

surfaces. Because of the absence of GO and MA as additional adsorption site, adsorption on 

the MAGB surface followed the Langmuir model. Overall, based on R
2
, 𝜒2

, and ARE values, 

the data fit the isotherms in order: Freundlich > Sips > Langmuir > Redlich–Peterson (R-P) 
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for MAGB-MA and GO-MAGB-MA. For MAGB, the order is 

Langmuir > Sips > Freundlich > Redlich–Peterson. Thus, the presence of GO and MA 

changed the adsorption of the beads from that of a monolayer homogenous system to 

multilayer heterogenous system.  

As the temperature increased from 25 to 45 °C, the monolayer capacity of GO-

MAGB-MA increased from 26.2276 to 23.5648 and from 27.5285 to 25.2591 g of oil/g of 

adsorbent in freshwater and seawater, respectively. Similar behavior was observed for 

MAGB and MAGB-MA. The increase in the adsorption capacity of all the adsorbent beads 

with increase in temperature is due to (i) the weakening of physical adsorption facilitated by 

non-electrostatic (hydrophobic) interactions between the beads and oil and (ii) the reduction 

in oil viscosity, which results in higher solubility of oil in water and the detachment of oil 

from the adsorbent during magnetic collection. This result is consistent with the behavior of 

other adsorbents [52,53]. However, even though the adsorption capacity decreased as the 

temperature increased, the adsorption capacity of GO-MAGB-MA at 45 °C in freshwater and 

seawater remained higher than those of other reported adsorbents at room temperature. 

Thus, GO-MAGB-MA is an effective and efficient adsorbent.  

 

3.7.6. Practical evaluation 

For environmental sustainability, practicality, and economic reasons, collection and 

regeneration, as well as high qmax, short teq, and high Ms, are crucial. After adsorption, the 

oil-loaded GO-MAGB-MA remained floating and could be collected using an external 

magnet, which was rapid and simple because of the high Ms value (Fig. 10). The 

regeneration of the used GO-MAGB-MA was evaluated over 20 consecutive adsorption–

washing–drying cycles in freshwater and seawater. As illustrated in Fig. 9, GO-MAGB-MA 

maintained a qmax of 98% compared to the first run, whereas MAGB and MAGB-MA lost 
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approximately 23% and 15% of their qmax, respectively. Over 20 adsorption–washing–drying 

cycles, the flotation, magneto-responsiveness, and adsorptive performance of the GO-MAGB-

MA was preserved in freshwater and seawater.  

Comparison of GO-MAGB-MA, as well as the MAGB and MAGB-MA, with other 

reported adsorbents [53–65] were conducted to evaluate the magnetic performance (Ms), teq, 

qmax, and reusability. GO-MAGB-MA had a relatively higher qmax and shorter teq compared to 

some adsorbents reported in other works (Table S2). Some other reported adsorbents are 

superior in terms of qmax than GO-MAGB-MA. However, their collection could be 

challenging because of the lack of magneto-responsiveness or low Ms values. In the case of 

conventional organic and inorganic adsorbents utilization, adsorbent tend to sink during 

adsorption of oil and contaminate sea sediment. Some of organic and inorganic adsorbents 

also reported to be toxic to the environment make the pollution of become more severe [66]. 

Smaller size of adsorbent such as in nanoscale size showed affinity toward oil. However, due 

to its small size, magnetic particle tend to oxidize resulting particle with low magnetization 

and the re-collection process will be troublesome [67]. The unique combination of buoyancy, 

high qmax, and short teq in freshwater and seawater make GO-MAGB-MA suitable for large-

scale oil-contaminated water remediation (see Scheme 2). Adsorbent preparation costs can 

be minimized because easy and simple collection and regeneration are possible. Moreover, 

alginate layer protected magnetite core inside the bead so then it can be applied up to 20 

cycles without losing its magnetization. 

 

4. Conclusions 

In this study, self-floating alginate beads were prepared using CaCO3 and NaHCO3 as 

cavity templates, and Fe3O4 was incorporated into the hollow structure to yield magnetic 

beads. The buoyancy and swelling can be improved by the addition of GO following the 
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anchoring of MA. The carbon and oxygen-dominant sheet-like structure of GO was 

confirmed by SEM-EDX, TEM, AFM, XRD, and Raman analysis. The hollow structure of 

GO-MAGB-MA was confirmed by SEM and EDX mapping, which showed that C, O, Ca, and 

Fe were distributed equally on the rough outer surface. The FTIR spectra and TGA results 

confirmed the presence of 4.14 wt.% MA in MAGB-MA and 5.52 wt.% MA in GO-MAGB-

MA. The average size of MAGB, MAGB-MA and GO-MAGB-MA were 2.93 ± 0.18, 

3.02 ± 0.23, and 3.24 ± 0.16 mm with Ms values of 43.268, 43.134, and 26.371 emu.g
-1

, 

respectively, implying strong magneto-responsivity. Oil removal was pH independent at 3 ≤ 

pH ≤ 10 in freshwater and seawater, suggesting a non-electrostatic adsorptive mechanism. 

Kinetic modelling showed that equilibrium can be achieved within 30 min and initial 

adsorption is the rate-limiting step, as shown by the good fit to the PSO, having R
2
 ≥ 0.9998, 

𝜒2
 ≤ 0.0069, and ARE ≤ 0.4094. The Freundlich isotherm, indicating a multilayer, 

heterogenous adsorption process, also fit the data well, having R
2
 ≥ 0.9966, 𝜒2

 ≤ 3.33  10
-4

 

and ARE ≤ 0.2349. The presence of GO, MA, and Fe3O4 means that buoyancy, absorptivity, 

and magneto-responsiveness are retained even after 20 adsorption–washing cycles. The 

synergetic combination of pH independent, high adsorption rate and capacity, self-floating, 

and magneto-responsiveness make GO-MAGB-MA superior in comparation with other 

published adsorbents in the term of adsorption and re-collection. For future studies, 

preparation of the GO-MAGB-MA with bigger size maybe carried out to meet large-scale oil 

spill remediation requirement. Combination with other technology such as skimmer can be 

also conducted to enhance skimmer performance on oil-spill remediation. The continuous 

adsorption study by using adsorptive column filled with the GO-MAGB-MA would be great to 

be conducted for larger-scale remediation especially for emulsified oily water or wastewater.  
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Captions for Tables, Schemes, and Figures 

Table 1: Chemical composition of artificial seawater. 

Table 2: Average bead size and magnetic-physical properties of MAGB, MAGB-MA 

and GO-MAGB-MA. 

Table 3: Kinetics parameters of oil removal by MAGB, MAGB-MA and GO-MAGB-

MA obtained from non-linearized pseudo-first, pseudo-second, Elovich and 

linearized Intraparticle diffusion models in freshwater (FW) and seawater 

(SW). 

Scheme 1: Schematic illustration of preparation of maleic anhydride-alginate hollow 

bead reinforced with Fe3O4 and graphene oxide. 

Scheme 2: Removal of oil spill on surface of water by the GO-MAGB-MA and its 

magnetic re-collection. 

Fig. 1: (a) SEM image (inset: low magnetization image), (b) EDX elemental 

mapping, (c) Low magnification TEM image, (d) High magnification TEM 

image. 

Fig. 2: (a) AFM image, (b) 3D-AFM image (c) Raman spectra of as-prepared 

graphene oxide and (d) X-ray diffractogram of GO and Fe3O4. 

Fig. 3: Outer surface SEM image of (a) MAGB. (b) MAGB-MA (c) GO-MAGB-MA 

and inner surface SEM image of (d) MAGB (e) MAGB-MA (f) GO-MAGB-

MA. 

Fig. 4: Outer surface EDX mapping of (a) MAGB. (b) MAGB-MA (c) GO-MAGB-

MA and inner surface EDX mapping of (d) MAGB (e) MAGB-MA (f) GO-

MAGB-MA. 
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Fig. 5: (a) FTIR spectra, (b) thermogravimetric analysis curves, (c) derivative 

thermogravimetric analysis curves. 

Fig. 6: (a) M-H magnetization curves of the MAGB, MAGB-MA and GO-MAGB-MA, 

images of (b) MAGB, (c) MAGB-MA and (d) GO-MAGB-MA attracted by 

magnet (inset: contact angle). Influence of GO content in magnetic alginate 

hollow beads on (e) swelling and (f) self-floating property. 

Fig. 7: Effect of initial pH on magnetic removal of oil by MAGB, MAGB-MA and 

GO-MAGB-MA in (a) freshwater and (b) seawater (experiment condition: C0: 

66.67 g.L
-1,

 t: 2 h, T: 25 
o
C, adsorbent dose: 1 g.L

-1
and n: 3), kinetics 

experimental data of MAGB, MAGB-MA, GO-MAGB-MA fitted with non-

linearized PFO, PSO and Elovich model in (c) freshwater and (d) seawater, 

linear IPD fitting of experimental data in (e) freshwater and (f) seawater 

(experiment condition: C0: 66.67 g.L
-1,

pH 6,, T: 25 
o
C, adsorbent dose: 1 g.L

-

1
 and n: 3). 

Fig. 8: Non-linearized fitting of experimental data to Langmuir, Freundlich, Sips and 

Redlich-Peterson model for magnetic removal of oil by MAGB, MAGB-MA 

and GO-MAGB-MA in freshwater at (a) 25 
o
C, (b) 35 

o
C (c) 45 

o
C and in 

seawater at (d) 25 
o
C, (e) 35 

o
C (f) 45 

o
C (experiment condition: pH 6, 

adsorbent dose: 1 g.L
-1

, t: 2 h, n: 3). 

Fig. 9: Recycle test of MAGB, MAGB-MA and GO-MAGB-MA for magnetic removal 

of oil in freshwater (FW) and seawater (SW) at (a) 25 
o
C, (b) 35 

o
C, and (c) 

45 
o
C (experiment condition: C0: 100 g.L

-1,
 t: 2 h, adsorbent dose: 1 g.L

-1
and 

n: 3). 

Fig. 10: Photograph of (a) oil spill in seawater, (b) oil-GO-MAGB-MA interaction 

and (c) separation of oil-GO-MAGB-MA by magnet. 

 

Table 1. Chemical composition of artificial seawater. 

Component Concentration (g.L-1) Component Concentration (g.L-1) 

NaCl 22.1 NaF 3 x 10-3 

MgCl2.6H2O 9.9 LiCl 1 x 10-3 

CaCl2.2H2O 1.5 KI 8.1 x 10-5 

Na2SO4 3.9 MnCl2.4H2O 6 x 10-7 

KCl 0.61 CoCl2.6H2O 2 x 10-6 

NaHCO3 0.19 AlCl3.6H2O 8 x 10-6 

KBr 9.6 x 10-2 FeCl3.6H2O 5 x 10-6 

Na2B4O7.10H2O 7.8 x 10-2 Na2WO4.2H2O 2 x 10-6 

SrCl2 1.3 x 10-2 (NH4)6Mo7O24.4H2O 1.8 x 10-5 

 

 

  

Jo
ur

na
l P

re
-p

ro
of



 34 

Table 2. Average bead size and magnetic-physical properties of MAGB, MAGB-MA and GO-MAGB-

MA. 

Magnetic 

Adsorbent 
Component 

Average 

Bead Size 
Hc Ms Mr 

(mm) (G) (emu.g-1) (emu.g-1) 

MAGB Alginate, Fe3O4 2.93±0.18 129.35 43.268 5.314 

MAGB-MA Alginate, Fe3O4, maleic anhydride 3.02±0.23 125.4 43.134 5.134 

GO-MAGB-MA Alginate, Fe3O4, maleic anhydride, GO 3.24±0.16 121.2 26.371 3.192 

 

Table 3. Kinetics parameters of oil removal by MAGB, MAGB-MA and GO-MAGB-MA obtained from 

non-linearized pseudo-first, pseudo-second, Elovich and linearized Intraparticle diffusion models in 

freshwater (FW) and seawater (SW). 

Kinetics Medium Parameter MAGB MAGB-MA GO-MAGB-MA 

Pseudo-first order (PFO) 

FW 

qa 2.5226 8.7652 23.0905 

KPFO
b 0.0602 0.0842 0.0825 

R2 0.9894 0.9855 0.9850 

𝜒2 0.0618 0.2285 0.5583 

ARE 5.1008 4.8323 4.8874 

SW 

qa 2.7241 9.1900 23.9819 

KPFO
b 0.0617 0.0784 0.0772 

R2 0.9917 0.9863 0.9868 

𝜒2 0.0529 0.2409 0.5144 

ARE 4.4541 4.9864 4.8672 

Pseudo-second order 

(PSO) 

FW 

qa 2.9526 9.9405 26.2137 

KPSO
c 0.0245 0.0114 0.0042 

R2 0.9999 1.0000 0.9998 

𝜒2 0.0005 0.0003 0.0069 

ARE 0.3990 0.1538 0.4094 

SW 

qa 3.1820 10.4778 27.3931 

KPSO
c 0.0234 0.0099 0.0037 

R2 0.9997 0.9999 1.0000 

𝜒2 0.0012 0.0008 0.0011 
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ARE 0.6520 0.2391 0.1958 

Elovich 

FW 

⍺ f 0.4317 3.4644 8.6973 

β g 1.5892 0.5559 0.2090 

R2 0.9903 0.9849 0.9852 

𝜒2 0.0406 0.1907 0.4906 

ARE 4.4292 4.8300 4.7915 

SW 

⍺ f 0.4883 3.0089 7.4749 

β g 1.4879 0.5091 0.1928 

R2 0.9869 0.9857 0.9856 

𝜒2 0.0576 0.1938 0.5178 

ARE 5.0872 4.8032 4.8757 

Intraparticle Diffusion 

(IPD) 

FW 

K1-IPD d 0.3890 1.5071 3.9222 

C1-IPD e  0.0126 0.1934 0.5354 

R2 0.9976 0.9910 0.9885 

K2-IPD d 0.1253 0.3200 0.8797 

C2-IPD e 1.3508 5.9666 15.3548 

R2 0.9509 0.9454 0.9162 

SW 

K1-IPD d 0.4271 1.5450 4.0256 

C1-IPD e  0.0220 0.1542 0.3322 

R2 0.9981 0.9927 0.9936 

K2-IPD 
d
 0.1253 0.3541 0.9417 

C2-IPD e 1.5511 6.0430 15.5850 

R2 0.9505 0.9377 0.9454 

a qt in g.g-1 

b KPFO in min-1 

c KPSO in g.g-1.min-1 

d KIPD in g.g-1.min-0.5 

e CIPD in g.g-1 

f ⍺ in g.g-1.min-1 

g β in g.g-1 
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Scheme 1. Schematic illustration of preparation of maleic anhydride-alginate hollow bead reinforced 

with Fe3O4 and graphene oxide. 

 

 

Scheme 2. Removal of oil spill on surface of water by the GO-MAGB-MA and its magnetic re-

collection. 
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Fig. 1. (a) SEM image (inset: low magnetization image), (b) EDX elemental mapping, (c) Low 

magnification TEM image, (d) High magnification TEM image. 

 

 

Fig. 2. (a) AFM image, (b) 3D-AFM image (c) Raman spectra of as-prepared graphene oxide and (d) 

X-ray diffractogram of GO and Fe3O4. 
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Fig. 3. Outer surface SEM image of (a) MAGB. (b) MAGB-MA (c) GO-MAGB-MA and inner surface 

SEM image of (d) MAGB (e) MAGB-MA (f) GO-MAGB-MA. 

 

Fig. 4. Outer surface EDX mapping of (a) MAGB. (b) MAGB-MA (c) GO-MAGB-MA and inner 

surface EDX mapping of (d) MAGB (e) MAGB-MA (f) GO-MAGB-MA. 
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Fig. 5. (a) FTIR spectra, (b) thermogravimetric analysis curves, (c) derivative thermogravimetric 

analysis curves.
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Fig. 6. (a) M-H magnetization curves of the MAGB, MAGB-MA and GO-MAGB-MA, images of (b) 

MAGB, (c) MAGB-MA and (d) GO-MAGB-MA attracted by magnet (inset: contact angle). Influence 

of GO content in magnetic alginate hollow beads on (e) swelling and (f) self-floating property. 
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Fig. 7. Effect of initial pH on magnetic removal of oil by MAGB, MAGB-MA and GO-MAGB-MA in 

(a) freshwater and (b) seawater (experiment condition: C0: 66.67 g.L-1, t: 2 h, T: 25 oC, adsorbent 

dose: 1 g.L-1and n: 3), kinetics experimental data of MAGB, MAGB-MA, GO-MAGB-MA fitted with 

non-linearized PFO, PSO and Elovich model in (c) freshwater and (d) seawater, linear IPD fitting of 

experimental data in (e) freshwater and (f) seawater (experiment condition: C0: 66.67 g.L-1,pH 6,, T: 

25 oC, adsorbent dose: 1 g.L-1 and n: 3). 
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Fig. 8. Non-linearized fitting of experimental data to Langmuir, Freundlich, Sips and Redlich-

Peterson model for magnetic removal of oil by MAGB, MAGB-MA and GO-MAGB-MA in freshwater 

at (a) 25 oC, (b) 35 oC (c) 45 oC and in seawater at (d) 25 oC, (e) 35 oC (f) 45 oC (experiment 

condition: pH 6, adsorbent dose: 1 g.L-1, t: 2 h, n: 3). 
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Fig. 9. Recycle test of MAGB, MAGB-MA and GO-MAGB-MA for magnetic removal of oil in 

freshwater (FW) and seawater (SW) at (a) 25 oC, (b) 35 oC, and (c) 45 oC (experiment condition: C0: 

100 g.L-1, t: 2 h, adsorbent dose: 1 g.L-1and n: 3). 

 

 

 

 

 

 

Fig. 10. Photograph of (a) oil spill in seawater, (b) oil-GO-MAGB-MA interaction and (c) separation 

of oil-GO-MAGB-MA by magnet. 
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Graphical Abstract 
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Highlights 

 Self-floating and magnetic hollow bead was prepared for oil spill remediation. 

 GO and MA enhanced oil removal performance on fresh and seawater surface. 

 Oil removal was rapid and less affected by pH and type of water. 

 Simple surface separation can be achieved by magnet due to presence of Fe3O4. 

 The hollow bead could be regenerated and employed up to 20 cycles effectively.  
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