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Abstract: 

In this work, we report a facile and inexpensive approach which was 

demonstrated for the creation of hierarchical porous Al2O3/acrylic resin composites as 

durable, highly-efficient and recyclable absorbents for oil/water separation. Using 

hexadecyl trimethyl ammonium bromide (CTAB) as a structure-directing agent, the 

lamellar γ-AlOOH with porous architectures was successfully prepared via a 

hydrothermal route. The hierarchical Al2O3 clusters, as the inorganic phase of resin 
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composites, retain the unique structure of lamellar γ-AlOOH by calcination treatment. 

In order to enhance the hydrophobic and oleophilic properties of Al2O3 clusters, silane 

coupling agent (A151) was used to modify the surface of Al2O3 clusters under 

microwave irradiation. The surface modified Al2O3 clusters exhibit excellent 

hydrophobicity, oleophilicity and chemical stability, owing to the tight binding of the 

hydrophobic functional groups on the inorganic Al2O3 clusters and the inherent 

stability of the grafted hydrophobic molecule chains. The porous Al2O3/acrylic resin 

composites were synthesized by suspension polymerization of butyl acrylate (BA) and 

methacrylic acid butyl ester (MBA) on the surface modified Al2O3 clusters under 

microwave irradiation in the presence of coupling agents. The porous Al2O3/acrylic 

resin composites can effectively separate oils and organic solvents with high oil 

absorption rate and high oil retention capacity. Moreover, the obtained resin 

composites have high oil uptake capacities due to the synergy absorption of porous 

Al2O3 clusters and acrylic resin. These excellent performances, such as excellent oil 

recoverability, excellent recyclability and high oil retention capacities, endow the 

material to be an ideal candidate to separate a variety of organic liquids from water. 

Keywords: Oil absorption; acrylic resin; hierarchical porous Al2O3; resin 

composites; suspension polymerization 

1. Introduction 

With the rapid development of modern science and the industrialized world, the 

demand for oils and organic solvents is sharply increasing. However, oils and organic 

solvents can cause environmental pollution during production, transportation, storage, 
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refining and usage [1-3]. For the local ecology system, the leaking oil floating on the 

water surface acts as a destroyer to smother underneath living organisms by blocking 

the air transfer and destroys the organizational structure of seabird feathers which are 

lipophilic [4, 5]. The detriment especially causes great harm to the marine aquaculture 

and negative economic impacts on tourism [5-7]. Therefore, the water pollution crisis 

due to the increasing release of wastewater containing oils and organic solvents into 

the environment is a challenge which exigently needs to develop an adequate and 

efficient process for removing these oils.  

Enormous studied by researchers of various countries during the past decade 

have been done and many approaches have been devoted to removal the oils and 

organic solvents from water, such as chemical [8, 9], biological methods [10] and 

mechanical [11, 12]. Because the oil is composed mainly of alkane, which is difficult 

to participate in chemical reactions, the chemical methods including in situ burning 

and solidification have to solve the pollution of oil spill indirectly. However, the 

secondary pollution cannot be ignored due to the combustion and solidification 

products of oils to the environment [13]. With regard to biological method, it is a 

clean technology with the advantages of being environmentally safe, cost-effective, 

and does not generate secondary waste. However, the floating oils is hardly 

biodegraded by aquatic microbial communities; on the other hand, researchers use the 

special microorganism to degrade pollution, but in order to maintain the proliferation 

of microorganisms, it requires rigorous condition, because many variables restrict the 

use of microorganism, such as the accessibility of the pollution to the microorganism, 
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the optimization of biological activity and the inherent biodegradability of the 

pollution [14]. Hence, biological method has some disadvantages which limit its 

application on biodegradation of oils. Mechanical method commonly uses oil booms, 

barriers, and skimmers to clean up oil spills or organic pollution. However, the oils or 

organic solvents cannot be removed completely by those devices with the intrinsic 

hydrophilic property and low absorption selectivity [15]. More importantly, these 

approaches have limitations in poor efficiency. Alternatively, the absorption 

technology has been regarded as the one of the most promising technologies to these 

points [16, 17]. A large number of traditional materials have been used widely to 

absorb oil spilled water, including clay [18], activated carbon [2], polymeric fiber [19] 

and waste barley straw [20]. These materials with facile operation, low energy 

consumption, low cost and wide origin have a lot of disadvantages, such as poor 

separate selectivity, low absorption capacity, low oil absorption rate, difficulty to 

recover, etc. [21]. Therefore, it is essential to search for a new style of oil absorption 

materials that overcome these disadvantages.  

Inspired by the high water absorption resin, a super oil absorption acrylic resin 

can overcome these defects due to oil-swelling properties. Acrylic resin is crosslinked 

copolymer with low crosslinking degree and a three-dimensional (3D) network 

structure that owns many good properties [22], including high selectivity, low cost, 

convenient recovery and resistance to water and it has crosslinked 3D hydrophobic 

network formed by monomers, which is one of the most characteristic features [23]. 

In emergencies, the faster rate of oil absorption and the higher capacity of oil 



  

5 
 

absorption are meaningful properties and 3D net structure of the resin plays a leading 

role in these performances [24]. However, these traditional acrylic resins have slow 

oil absorption rate and low oil absorption capacity and the defects of acrylic resins 

themselves cannot be ignored. Many oil-absorption resins have been designed to 

improve the general structure of the oil-absorption resin, reduce the crosslinked 

network of space resistance and enhance mechanical properties. For instance, Atta et 

al. [23] selected a novel monomer cinnamoyloxyethyl methacrylate to copolymerize 

with isooctyl acrylate and determining the influence of monomer on the absorption 

capacity. Experiments draw a conclusion that the oil absorbency was increased by 

incorporation of hydrophobic acrylate units and by decreasing the amount of either 

crosslinking agent. Zhou et al. [25] chose flexible macromolecular 

ethylene–propylene–diene terpolymer and rigid molecule styrene as monomers and 

the best oil absorptivity of the resin was about 11.5 g/g in diesel. Shan et al. [26] used 

polybutadiene as crosslinker to form a kind of relaxing network with both a high gel 

fraction and low crosslink density and the resin achieved high oil absorptivity of 14 

g/g in benzene.  

It is widely known that inorganic nanomaterials have a great influence on 

polymer properties and organic-inorganic resin composites could combine the 

advantages of the inorganic material and the organic material because of synergistic 

effect by them [27]. The hierarchical porous Al2O3 obtained by calcining the precursor 

AlOOH is a typical functional nanomaterial, which plays an important role in industry 

because of its specific surface areas, high porosities, low densities and porosity 
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[28-30]. Because of the well dispersion of the hierarchical Al2O3 in the polymer 

matrix and the interfacial interaction between the inorganic and organic phases, the 

Al2O3 resin composites have been significantly improved in the thermal stability and 

mechanical properties. Moreover, the porous structures weaken the net of polymer 

chains entanglement and decrease the crosslink density of resin, thereby the 

absorption capacity and the oil absorption rate are improved, which is extremely 

important in emergency treatment of oil leakage [29]. 

Herein, we describe the synthesis of porous Al2O3/acrylic resin composites by 

suspension polymerization method and characterization of hierarchical porous Al2O3 

nanomaterial using CTAB as a structure-directing agent. The synthesized composites 

benefit from the introduction of chemical bonds between inorganic and organic phases 

exhibit excellent oil-absorbing properties, high oil absorption capacity and good 

reusability of oil-absorbing resins, which have promising application in the treatment 

of oil leakage. 

2. Materials and methods 

2.1. Materials 

BA, MBA, ethyl acetate (EA), N,N'-methylene diacrylamide, polyvinyl alcohol 

(PVA), carbon tetrachloride (CCl4), toluene, anhydrous ethanol, trichloromethane 

(CCl3), CTAB and aluminum nitrate nonahydrate (Al(NO3)3·9H2O) were purchased 

from Sinopharm Chemical Regent Co.,Ltd. Triethoxyvinylsilane (A151, ≥97%) was 

purchased from Shanghai Macklin Biochemical Co.,Ltd. All above agents were of 

analytical grade and used without further purification. Benzoyl peroxide (BPO) 
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supplied by Sinopharm (Shanghai, China) was dissolved in the CCl3 and precipitated 

by the addition of ethanol. The obtained precipitate was dried in a vacuum oven at 

60 ℃ prior to use. 

2.2. Preparation of hierarchical porous γ-Al2O3 

The precursor AlOOH was prepared according to the method reported previously 

[31]. In a typical synthesis, 10 mmol of Al(NO3)3·9H2O and 4 mmol of CTAB were 

dissolved in deionized water, and the mixture were under magnetic stirring for 0.5 h. 

The obtained transparent solution was transferred to Teflon-lined, stainless-steel 

autoclave, and it would be placed into an oven at 180 ℃ for 12 h. The colloidal 

product was centrifuged and washed three times with deionized water, followed by 

anhydrous ethanol two times. Then, the precursor AlOOH was dried at 55 °C in 

vacuum for 12 h. Finally, the precursor AlOOH was calcimined at 500 ℃ for 3 h in 

the air and the hierarchical porous Al2O3 was obtained. 

2.3. Surface hydrophobic modification of porous Al2O3 

The chunk Al2O3 was grinded with an agate mortar. 3.0 g of Al2O3 was dispersed 

into 100 ml alcohol aqueous solution (volume ratio of alcohol to deionized water is 

1:1). Then 1.5 g of A151 solution was dropped to the Al2O3 suspension slowly. The 

mixtures were sealed and placed in the microwave reaction system with a frequency 

of 2.45 GHz. The reaction system was rapidly heated to 85 ℃ at a power of 700 W, 

and maintained at 85 ℃ for 3 h with rotation and magnetic stirring. Finally, the 

modified porous Al2O3 nanomaterial for next experiment was washed several times 

and dried in vacuum oven at 80 ℃ for 24 h. 



  

8 
 

2.4. Preparation of resin composites 

The resin composites were prepared by suspension polymerization. In a typical 

synthesis, 1 g of PVA was dissolved with 20 ml deionized water in a three-neck flask 

with a magnetic stirring at 90 ℃ for 30 minutes. The mixed solution, containing 

modified porous Al2O3, 4 g of BA, 6 g of MBA and 5 g of EA were added into the 

PVA aqueous solution. The mixed solution was further stirred for 20 minutes to 

disperse the surface modified porous Al2O3. 0.18 g of N,N'-methylene diacrylamide 

dissolved in the 10 ml of deionized water was added dropwise into the emulsion. 

After polymerization at 60 ℃ for 20 min, 70 ℃ for 20 min and 80 ℃ for 90 min, 

obtained porous Al2O3/resin composites was washed by anhydrous ethanol several 

times. Finally, the resin was dried in a vacuum oven at 60 ℃ for 24 h. Depending on 

the different weight ratio of the porous Al2O3 and monomers, a series of porous 

Al2O3/acrylic resin composites with different porous Al2O3 clusters loadings were 

prepared. 

2.5. Sample characterization 

The morphologies of the AlOOH clusters, raw acrylic resin and porous 

Al2O3/acrylic resin were analyzed by JSM-6010 SEM (JEOL, Japan). The SEM 

specimens were prepared by sputter coating a thin gold layer approximately 3 nm 

thick. X-ray diffraction (XRD) analysis was employed to identify the crystallography 

of Al2O3 and AlOOH. The XRD analysis was performed using Shimadzu XRD-6100 

instrument with Cu Kα radiation at 40 kV and 30 mA, a scanning rate of 4°/min, and a 

2 theta angle ranging from 10° to 80°. To detecting the functional groups and 
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chemical structure, Fourier transform infrared spectroscopy (FT-IR) spectrometer 

analysis was performed using a Nicolet Nexus 470 FT-IR spectrometer with 

resolution 4 cm-1 operating in the range of 4000-450 cm-1 via potassium bromide (KBr, 

optical grade) pellet. Thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were carried out simultaneously using a STA 449C instrument 

(NETZSCH Corporation, Germany) with the heating rate of 10 ℃ /min under 

nitrogen atmosphere. The water contact angle measurement was carried out by 

applying 5 µL of deionized water and at least three different spots on the same sample 

surface were taken for contact angle measurements to receive a mean value. Surface 

properties of the porous Al2O3 were studied by the Brunauer-Emmett-Teller (BET) 

methods via nitrogen adsorption and desorption measurements. 

2.6. Oil absorption experiment 

The oil absorption capacity was performed at 25 ℃ and measured by the 

gravimetric method. The resin composites were weighed and immersed into the 

organic solvents for 10 h. After that, the sample was taken out from liquid and 

weighted immediately. Each oil absorption experiment was repeated three times and 

took the average. The oil absorption properties of absorbent sample were calculated 

by the following formula: 

Qeq(g/g) =(me-mo)/mo                                   (1) 

Where Qeq (g/g) is the sorption capacity of the absorbent, me (g) is the weight at 

equilibrium, and mo (g) is the intimal weight of the absorbent.  

2.7. Recovery of the oil-absorbing resins 
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To test the regeneration capacity of porous Al2O3/acrylic resin composites, the 

saturated oils and organic solvents were recovered by a method of extraction with 

anhydrous ethanol three times, followed by vacuum drying at 80 ℃ for 12 h. The 

process was repeated five times to confirm the reusability of porous Al2O3/acrylic 

resin composites. For each cycle, the composites were weighed before and after oils 

absorption. 

3. Results and discussion 

3.1 Structure and morphology analysis of hierarchical porous γ-Al2O3 

The hydrothermal and calcination influenced the morphology of obtaining 

materials and the morphology of the as-prepared samples were examined by powder 

XRD. The XRD results of raw and calcined γ-AlOOH are illustrated in Fig.1, 

indicating that the calcination treatment lead to the change of structure of γ-AlOOH 

and the transformation of the phase from boehmite to amorphous γ-Al2O3. Fig.1a 

shows the XRD pattern of the prepared AlOOH powder. The diffraction peaks at 10 < 

2θ < 80° were indexed as reflections of (020), (120), (031), (051), (002) and (251) 

crystal planes of orthorhombic γ-AlOOH (JCPDS card no. 83-2384) and were 

assigned to be the boehmite phase, indicating that crystalline boehmite phase AlOOH 

was obtained under the hydrothermal conditions. Additional diffraction peak is 

indicated with asterisk; it most likely results from Al(OH)3 produced by the hydrolysis 

of Al(NO3)3 and a small amount of Al(OH)3 did not translate into AlOOH, because the 

γ-AlOOH was formed by dehydrating the Al(OH)3 [32]. Fig.1b shows a typical 

diffraction pattern of γ-Al2O3 obtained by calcining γ-AlOOH at 500 ℃ for 3 h in 
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the air. All the diffraction peaks were assigned to the diffraction from (111), (311), 

(222), (400) and (440) crystal planes of cubic structure of γ-Al2O3 and they were in 

good agreement with the standard values (JCPDS card no.79-1558). No other 

impurity phases were detected, which not only indicted the product is high quality, but 

also indicted the disappearance of the additional diffraction peak in the Fig.1a. The 

disappearance of the additional diffraction peak indirectly proved the additional 

diffraction was ascribed to Al(OH)3, which transformed to γ-alumina by calcination. 

The weak and broad diffraction peaks indicate the samples are composed of small 

crystals with a crystalline size in nanometer scale [33]. Thus, the boehmite structure 

transformed to γ-alumina after calcination at 500 ℃. No other impurity phases were 

detected, indicating γ-Al2O3 is of high quality. 

The morphology and structural characterizations of the lamellar Al2O3 

architectures are analyzed by scanning electron microscopy. Fig.2A and B show the 

panoramic and the magnified images, respectively, of the Al2O3 architectures. The 

samples display large quantities of uniform, lamellar structures and the sheets build 

γ-Al2O3 ellipsoidal particles, which possess the nanosheet lengths in the range of 2-3 

µm with a regular cluster structure and the thickness of about 88 nm (Fig.4B). The 

unique lamellar structure of Al2O3 is formed with the help of CTAB micelle 

molecules [34]. CTAB can ionize completely and a surfactant film can form a 

covering film on the newly generated amorphous Al(OH)3 to reduce the interface 

energy. In the crystallization process, the preferential adsorption of CTA
+
 head groups 

facilitate uniform the form of AlOOH lamellar architectures with a preferential 
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growth direction under hydrothermal condition. Then, Al2O3 ellipsoidal particles 

retain the unique architecture of AlOOH by calcination. The hierarchical Al2O3 

clusters are further demonstrated in Fig.2B. It is clearly that Al2O3 nanosheet stock 

together loosely, because CTAB may serve as not only a growth, but also an 

agglomeration inhibitor. The fluffy structures provide more space and channels for oil 

absorption to improve the resin composites. 

As an important type of functional nanomaterial, porous Al2O3 clusters has been 

used as an absorbent with large specific surface area, high porosity, which are 

beneficial to oils and organic solvents absorption. The N2 adsorption and desorption 

isotherms, combining the pore size distribution (inset) for Al2O3 obtained after a 

calcination of 500 ℃ are shown in Fig.3. The surface area is calculated by the 

Brunauer–Emmett–Teller (BET) method and the pore size is obtained from the pore 

size distribution curve calculated by the Barrett–Joyner–Halenda (BJH) method. The 

pore volumes are estimated from the amount adsorbed at a relative pressure of~0.99. 

As shown in Fig.3, the isotherms of Al2O3 show a gradual uptake at low pressure 

followed by a steep uptake at higher pressure and confirm the porous property of 

Al2O3. Desorption occurs with a hysteresis in the P/P0 range of 0.43–0.95. After 

calcination, the Al2O3 has a high (BET) specific surface area of 238.8 m²/g and the 

total pore volume is found to be 0.50 cm³/g at P/P0 0.99. Interestingly, there are 

several types of mesopore existing in the Al2O3 clusters (see inset of Fig.3). Two types 

pore size distribution are 3-4 nm and 4-7 nm, respectively, which may come from the 

mesoporous Al2O3 clusters. The porous lamella structure of Al2O3 is favorable to 
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efficient improve the oil-absorbing properties of resin composites, because the unique 

structure is beneficial to oils and organic solvents transport and absorption.  

3.2 Surface hydrophobic modification of Al2O3 clusters 

Wettability of hierarchical Al2O3 clusters to water is one of the most important 

considerations when selecting suitable adsorbent for oils and organic solvents 

absorption. To test the hydrophobic nature of the prepared Al2O3 power and the 

surface-modified Al2O3 power, contact angle measurements were performed using 

sessile drop method with water. For the measurements, the powder was compressed 

on the surface of a glass slide. As shown in Fig. 4A, when deionized water droplet 

was dropped onto the surface of Al2O3, it was completely spread out on the surface of 

unmodified Al2O3 suggesting the hydrophilic character. On the contrary, in Fig. 4B, 

the modified Al2O3 retained the water droplet on its surface, indicating its high 

hydrophobic character with static contact angle of 145.49°. In addition, it was 

observed that the dynamic absorbing process of water on the modified Al2O3 (Fig.5) 

within 30 s, which showed the efficient hydrophobic property of the modified Al2O3. 

With increasing time of contact with the modified Al2O3, the water droplet did not 

sink in the powders. The modified Al2O3 excellent hydrophobic property may likely 

be a consequence of the hydrophobic functional group induced by the A151 

organosilicone coating. Under an ethanol water system, the surface modification was 

assumed to proceed via following two steps: (ⅰ) hydrolysis of the A151 generated 

-Si-OH groups; and (ⅰ) the dehydration reactions between hydroxyl groups. The 

dehydration reaction between the -Si-OH groups and hydroxyl groups of hierarchical 
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Al2O3 clusters formed an organosilicone coating including double carbon bonds on 

the hierarchical Al2O3 clusters (as shown in Scheme 1).  

Successful surface modification of Al2O3 clusters was further demonstrated. Fig. 

6A and B shows the FT-IR spectra of the unmodified and modified Al2O3 clusters by 

A151, respectively. The characteristic absorption peaks in the two curves nearby at 

3460 cm
-1

 and 1633 cm
-1

 were assigned to the –OH bands absorption of typical 

spectrum of H2O. In 400-1000 cm-1 wave number range of two curves had a broad 

absorption band, which is the characteristic absorption band of the Al-O bond [36]. 

Compared with the absorption peak of the unmodified Al2O3 (Fig.6A) at 1390 cm
-1

, 

the absorption peak of the Al2O3 modified by A151 (Fig.6B) became sharp and weak, 

which indicated the decrease of hydroxyl group content and polarity on the surface of 

Al2O3 clusters. In addition, the absorption peak of unmodified Al2O3 at 1515 cm-1 

disappeared in the Fig.6B. The main reason may alkoxy of A151 hydrolyze to form 

silanol and take place condensation reaction with hydroxyl groups on the surface of 

the Al2O3 (Scheme 1). The weak and sharp absorption peak at 1610 cm
-1

 and 1278 

cm
-1

 (Fig. 6B) can be ascribed to the C=C bending vibration and the Si-C bending 

vibration of silane coupling agent, indicating the presence of organosilicone coating 

and the modification of Al2O3 by A151 successfully. 

3.3 Preparation of porous resin composites 

As an important type of functional nanomaterial, Al2O3 has been used as an 

absorbent with special hierarchical structures to improve the inner structure of resin 

composites, which are beneficial to oils and organic solvents absorption. Fig.7A and 
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B reveal the structures of raw acrylic resin and the resin composites at the same 

magnification, respectively. It is shown that the surface of the resin is smooth with a 

small amount of protrusions in Fig.7A. Some gaps in the surface of the resin are 

formed during the polymerization of the monomers to the three dimensional 

hierarchical structure and the gaps are favorable to improve the oil-absorbing rate. In 

comparison with raw acrylic resin, the surface of the resin composites (Fig.7B) is 

rather rougher than the raw resin because of the involvement of the modified 

hierarchical Al2O3 clusters during the polymerization of the monomer. In the process 

of synthesizing resin composites, the double carbon bonds of BA, MBA and the 

organosilicone coating of the modified Al2O3 clusters were transformed into free 

radicals under a microwave field, and with the help of free radical polymerization, a 

chain was initiated. At last, the bending and entangling of chains formed the 3D 

network structure, meanwhile the modified Al2O3 clusters were enveloped inside the 

chains (as shown in Scheme 2). In addition, it should be noted that several holes were 

observed on the surface of the resin composites, which is favorable to efficient 

improved the oil-absorbing properties of resin composites. 

The influence of hierarchical porous Al2O3 clusters on the thermal stability of 

acrylic resin was investigated by TGA under nitrogen atmosphere. Each sample was 

first heated to 200 °C to ensure standardized removal of residual water and solvents. 

The TG-DSC curves of acrylic eater resin and porous Al2O3/acrylic resin composites 

are showed in Fig.8. As shown in Fig.8A and B, the onset of a low and steady thermal 

degradation process of two samples is found to occur until rapid decomposition and a 
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rapid phase of mass loss appeared at 331-413 ℃ and 338-462 ℃ (Weight retention 

from 90% to 10%), respectively, which indicated that the thermal stability of resin 

composites had been improved because of synergistic effect of acrylic resin and 

hierarchical Al2O3 clusters. Each of TG-curves shows only one degradation stage, 

which is attributed to random chain scission of the resin. Moreover, the residue weight 

of acrylic eater resin is 3.22 wt%, owing to the residual carbon after the 

decomposition of the resin under nitrogen atmosphere; the residue weight of porous 

Al2O3/acrylic resin composites is 9.23 wt%, owing to the residue carbon of resin and 

the doped Al2O3 clusters. The DSC results of acrylic resin show that there are two 

endothermic peaks of acrylic resin at 391 ℃ and 757 ℃. The 95.1 % weight loss 

from 227 ℃ to 452 ℃ is because of the decomposition of the acrylic resin with the 

exothermic peak at about 391 ℃. Compared with acrylic resin, the resin composites 

show a similar DSC curve and it loses 86.2 % weight from 255 ℃ to 477 ℃. 

Interestingly, resin composites show a same endothermic peak at 391 ℃ and has a 

much broader and higher endothermic peak at 932 ℃ than the endothermic peak of 

acrylic resin at 757 ℃. After the endothermic peak at 391 ℃, the two samples 

decompose the remaining part products of resin and form the second endothermic 

peak. But, the crystal transition of Al2O3 in the resin composites from γ-phase to 

α-phase may be attributed to form the broader and higher endothermic peak at 932 ℃ 

[37]. 

3.4. Absorption properties of resin composites 

In the process of the formation of oil-absorbing resin, the content of hierarchical 
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Al2O3 clusters may play a critical role to form the 3D network structure and determine 

the oil absorption properties of porous Al2O3/acrylic resin composites, thereby it is 

necessary to discuss the effect of the modified Al2O3 powder content on oil 

absorbency. Qeq is the indicator of oil absorbency and all result of the oil adsorption 

amount of the different modified Al2O3 powder content are showed in the Fig.9. As 

shown in the Fig.9, oil absorbency varies with the modified Al2O3 power content. For 

carbon tetrachloride, the absorption properties of porous Al2O3/resin composites 

increase with increasing Al2O3 clusters content, reaches a maximum absorption 

property of 30 g/g at the content of 3 wt% Al2O3 clusters. It may be that hydrophobic 

modified Al2O3 clusters dispersed in the resin has a certain supporting function for the 

3D network structure and provides more space and channels for oil absorption. 

Whereas there is a decline in absorption properties for further increasing the Al2O3 

clusters content, because the excessive modified γ-Al2O3 clusters may occupy the 

space of three-dimensional net structure and reduce the swelling properties of the 

resin by hinder the stretching of chains, which is not conducive to oil absorption. A 

similar trend is observed for the methylbenzene and edible oils absorption. Hence, the 

content of 3% hydrophobic modified Al2O3 clusters has been chosen for further 

organic solvents and oils absorption experiments. It is noteworthy that the carbon 

tetrachloride absorption property of porous Al2O3/acrylic resin composites is higher 

than that of methylbenzene, because of the higher density and the smaller polar 

molecules of carbon tetrachloride. However, the edible oils absorption of porous 

Al2O3/acrylic resin composites is the lowest. This may be because the self-swelling 
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properties of porous Al2O3/acrylic resin composites are more preferably in small 

molecule solvents. 

It is extremely to measure the absorption properties of the porous Al2O3/acrylic 

resin composites. Six kinds of frequently encountered organic solvents and oils, 

namely dimethylformamide (DMF), edible oils, CCl4, CHCl3, engine oil, and toluene, 

were used to evaluate the absorption properties of porous Al2O3/acrylic resin 

composites, and the results are shown in Fig. 10. The porous Al2O3/acrylic resin 

composites show high absorbency for these oils and organic solvents. In general, the 

oil absorptions of the porous Al2O3/acrylic resin composites were 6.8-30.1 times its 

own weight and this is significantly superior to carbon nanotubes/polyurethane foam 

and oil absorption resins [25, 38]. 

To demonstrate the feasibility of the porous Al2O3/acrylic resin composites in the 

organic solvents absorption, the toluene dyed with Sudan ΙΙΙ was selected as the 

representative absorbate on behalf of organic solvents in the performance of the 

removal of oils and organic solvents from water. As shown in Fig. 11, a piece of resin 

composites was immersed into the mixture with several drops of toluene floating on 

the surface of water. It was observed to float on the mixture and absorb organic liquid 

rapidly without leaving a trace within ten minutes, indicating the high oil-absorbing 

ability of the porous Al2O3 resin composites. This commendable property indicated 

the possibility for environmental applications to remove organic liquid from water. 

3.5 Reusability and oil retention capacity of resin composites 

Reusability of oil-absorbents is a significant property for oil separation in 
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practical application. In order to evaluate the reusability of the porous Al2O3/acrylic 

resin composites, the as-synthesized resin composites were immersed in organic 

solvents for saturated absorption. Oil absorption capacities of resin composites after 

five cycles of the sorption process for carbon tetrachloride and methylbenzene are 

shown in Fig.12A. It was observed that with the increase of repetitions, the oil 

removal efficiency of resin composites decreased quite slowly. Even after five 

sorption cycles, the decrease in sorption capacity did not exceed 3% for carbon 

tetrachloride and 4% for methylbenzene, which may be not only the mild procedure 

without severe disruption of the materials to remove the absorbed organic solvents by 

the extraction of anhydrous ethanol, but also the robust three-dimensional network 

structure of resin composites. Fig.12B shows the excellent oil retention capacity of 

resin composites compared with traditional oil absorption materials including bamboo 

fiber, straw and clay. In experiment, these materials were weighed and immersed in 

the toluene for 2h. Then, the oil absorption materials were taken out from the solution 

and weighed for pre-set time intervals. Thus, the resin composites with high 

oil-absorbing ability, the excellent recyclability and high oil retention capacity have 

admirable potential application in oils and organic solvents absorption. 

4. Conclusions 

In summary, an all-around oil-absorbing material composed of hierarchical Al2O3 

clusters and acrylic resin by combined hydrothermal method and suspension 

polymerization method. The hierarchical porous AlOOH had been synthesized by a 

simple hydrothermal method and Al2O3 nanomaterial obtained by calcining AlOOH 
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remained the unique structure of AlOOH. To enhance the hydrophobic and oleophilic 

properties, silane coupling agent A151 was used to modify the surface of hierarchical 

Al2O3 clusters. With the help of A151, the wettability of Al2O3 obtained by calcining 

AlOOH was changed. The relevant results disclosed that the hydrophobic groups were 

successfully grafted on the surfaces of hierarchical Al2O3 clusters with water contact 

angle of 145.49°. By utilizing suspension polymerization method, the porous 

Al2O3/acrylic resin composites were fabricated by the polymerization of the MBA, 

BA and modified hierarchical Al2O3 clusters under microwave irradiation. The 

TG-DSC results indicated that the thermal stability of resin composites was improved 

by introduction of hierarchical Al2O3 clusters. It was found that the resin composites 

have a high absorbency, 30 g/g for carbon tetrachloride, 7 g/g for edible oils and 18 

g/g for methylbenzene. Even more excitingly, the resin composites exhibited excellent 

oil absorption properties and the excellent recyclability. Moreover, the high oil 

retention capacities of resin composites were also demonstrated. The as-synthesized 

resin composites can work as an efficient and durable oil-absorbing material for the 

separation of organic solvent. These outstanding performances endow the material to 

be an ideal candidate to separate oils and organic solvents from water. 
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Figure captions: 

Scheme 1. Schematic illustration for surface modification of hierarchical porous 

Al2O3. 

Scheme 2. Schematic illustration for porous Al2O3/acrylic resin composites. 
Fig.1 XRD patterns of γ-AlOOH (a) and γ-Al2O3 (b). 

Fig.2 (A) Low- and (B) high-magnification SEM images of Al2O3. 

Fig.3 Nitrogen absorption and desorption isotherms and pore size distribution (inset) 

of the obtained Al2O3 clusters. 

Fig. 4 Water contact angle measuemrnts for parpered Al2O3 (A) and modified Al2O3 

(B). 

Fig. 5 Dynamic absorbing process of water on the modified Al2O3 powder. 

Fig. 6 FT-IR spectra of hierarchical porous Al2O3 clusters (A, unmodified; B, 

modified). 

Fig. 7 SEM images of raw acrylic ester resin (A) and resin composites (B). 

Fig.8 TG-DSC curves for acrylic ester resin (A) and γ-Al2O3 resin composites (B). 

Fig.9 Effect of the modified Al2O3 powder content on oil absorbency. 

Fig.10. Absorbency of the porous Al2O3/acrylic resin composites for organics. 

Fig.11. Removing toluene droplets (labelled with oil Sudan ΙΙΙ dye) from the surface 

of water using the Al2O3 resin composites. 

Fig.12 Reusability (A) and oil retention capacity (B) of the porous Al2O3/acrylic resin 

composites.  

 

 

Scheme 1. Schematic illustration for surface modification of hierarchical porous 

Al2O3 
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Scheme 2. Schematic illustration for porous Al2O3/acrylic resin composites. 

 

 

Fig.1 XRD patterns of γ-AlOOH (a) and γ-Al2O3 (b). 
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Fig.2 (A) Low- and (B) high-magnification SEM images of Al2O3. 

 
Fig.3 Nitrogen absorption and desorption isotherms and pore size distribution (inset) 

of the obtained Al2O3 clusters. 
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Fig. 4 Water contact angle measuemrnts for parpered Al2O3 (A) and modified Al2O3 

(B). 
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Fig. 5 Dynamic absorbing process of water on the modified Al2O3 powder. 

 

 

 
Fig. 6 FT-IR spectra of hierarchical porous Al2O3 clusters (A, unmodified; B, 

modified). 
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Fig. 7 SEM images of raw acrylic ester resin (A) and resin composites (B). 

 

 
Fig.8 TG-DSC curves for acrylic ester resin (A) and Al2O3 resin composites (B). 
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Fig.9 Effect of the modified Al2O3 powder content on oil absorbency. 

 
Fig.10. Absorbency of the porous Al2O3/acrylic resin composites for organics. 
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Fig.11. Removing toluene droplets (labelled with oil Sudan ΙΙΙ dye) from the surface 

of water using the Al2O3 resin composites. 

 
Fig.12 Reusability (A) and oil retention capacity (B) of the porous Al2O3/acrylic resin 

composites. 
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Highlights 

� Hierarchical Al2O3 was prepared by using CTAB as a structure-directing 

agent.  

� Resin composites were synthesized by suspension polymerization.  

� The oil absorption properties are affected by the content of Al2O3. 

� Porous resin composites exhibited high oils absorption properties. 

� Oil absorbency and thermal stability of the composite resin were improved. 

 

 


