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Abstract: This study is aimed at achieving the optimum conditions of hydrothermal 

treatment and acetylation of Populus fiber to improve its oil sorption capacity (OSC) in an 

oil-water mixture. The characteristics of the hydrolyzed and acetylated fibers were 

comparatively investigated by FT-IR, CP-MAS 13C-NMR, SEM and TGA. The optimum 

conditions of the hydrothermal treatment and acetylation were obtained at170 °C for 1 h and 

120 °C for 2 h, respectively. The maximum OSC of the hydrolyzed fiber (16.78 g/g) was 

slightly lower than that of the acetylated fiber (21.57 g/g), but they were both higher than  

the maximum OSC of the unmodified fiber (3.94 g/g). In addition, acetylation after 

hydrothermal treatment for the Populus fiber was unnecessary as the increment of the 

maximum OSC was only 3.53 g/g. The hydrolyzed and the acetylated Populus fibers both 

displayed a lumen orifice enabling a high oil entrapment. The thermal stability of the 

modified fibers was shown to be increased in comparison with that of the raw fiber.  

The hydrothermal treatment offers a new approach to prepare lignocellulosic oil sorbent. 
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1. Introduction 

Oil is one of the most important energy reserves in the contemporary industrial society. It is  

widely used in petrochemical, transportation, machinery manufacturing, and other important fields [1].  

As long as oil is exploited, transported, used and stored, there is a risk of spillage causing significant 

environmental impact due to tanker disasters, operation failures, equipment damage or natural  

disasters [2–4]. Oil spillage does not only lead to the loss of non-renewable resources, but also threatens 

the health of marine creatures and human beings. The environmental pollution caused by oil spills has 

attracted increasing concern, thus, it has become imperative to develop strategies to remedy the  

oil spillage. 

Burning, dispersants, skimmers, oil booms, sorbents and bioremediation are some of the measures 

that are commonly resorted to solve these oil leakage problems [5]. Wherein, burning and most 

dispersants can cause secondary pollution, skimmers and oil booms are ineffective for trace oil removal 

from an oil-water mixture, while bioremediation is efficient but expensive [6,7]. Application of sorbents, 

however, is an efficient, economical and environmental friendly way to deal with oil spillage [5], not 

only for the possibility of complete oil cleanup, but also for the convenient post-treatment of oil-loaded 

sorbents [6]. When it comes to sorbent materials, they usually can be categorized into inorganic mineral 

materials, synthetic organic materials and organic natural materials [8]. These three kinds of materials have 

been widely studied for oil removal. Inorganic mineral materials, including clay, perlite, graphite, 

zeolites, sand and diatomite, show inadequate buoyancy, low oil sorption capacity (OSC) and poor 

reusability [3,9]. The most often used synthetic organic materials are polypropylene, superhydrophobic 

sponges and polyurethane [10,11]. These sorbents are quite efficient, but their non-biodegradability is a 

major disadvantage. Meanwhile, the application of organic natural materials derived from plant sources 

works as a vital development in sustainable environmental technology [10]. As compared with inorganic 

mineral and synthetic organic materials, naturally derived sorbents are attractive because of their 

convenient collection, complete oil removal and simple disposal with minimum environmental  

hazard [3]. The representative organic natural materials include kapok fiber, wheat straw, sugarcane 

bagasse, wool fiber, milkweed, rice husks, etc. [10–17]. However, most of these raw materials absorb 

not only oil but also water, which reduces the separation selectivity and efficiency [18]. An ideal sorbent 

should have highly hydrophobic or lipophilic properties, and as a consequence, a high OSC in an  

oil-water mixture can be achieved. 

Numerous previous works reported that the hydrophobicity of organic natural sorbents could be 

increased by appropriate modification, such as acetylation, silylation, grafting with oleic acid, thermal 

carbonization and coating with poly-n-butylmethacrylate (PBMA)/SiO2 [4,7,13,19–21]. Acetylation 

with acetic anhydride is one of the simplest, cheapest and safest methods to improve the OSC, strength, 

dimensional stability and decay resistance of biocomposites among these modifications [22,23]. However, 

catalysts such as pyridine, dimethylaminopyridine or N-bromosuccinimide, are necessary to accelerate the 

acetylation reaction, which are toxic and expensive for a large-scale application. Taking all these factors 

into consideration, it is urgent that a new modification approach should be explored for preparing natural 

sorbents with a high OSC in an economical and environmentally friendly way. 

Hydrothermal treatment is an economical and eco-friendly technology since the medium merely 

contains feedstock and water, and can be applied to all types of lignocellulosic biomass [24]. In the 
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process of hydrothermal treatment, hemicelluloses are hydrolyzed at elevated temperature and pressure, 

and the hydroxyl groups in the plant cell walls are reduced [25]. Crystalline cellulose is mainly 

hydrolyzed on its crystal surface, and the internal crystal structure of the cellulose is maintained [26]. 

As a result, the proportion of crystalline region of the hydrothermal treated material is increased [27,28]. 

Once the treatment temperature rises above the phase transition temperature of lignin, the lignin droplets 

deposit on the residual surfaces [29,30]. All these reasons contribute to a decrease of the hydroscopicity 

of the hydrothermal treated lignocellulosic materials. 

In this study, the hydrothermal treatment of Populus fiber was applied as a new method to prepare 

lignocellulosic oil sorbent. The acetylation of Populus fiber without any catalysts was also carried out. 

The optimum conditions of these two different modification methods and the characteristics of the 

prepared sorbents were comparatively investigated. 

2. Results and Discussion 

2.1. Effects of Reaction Conditions on Sorption Capacity 

Table 1 shows the OSC of acetylated Populus fiber (APF), hydrolyzed Populus fiber (HPF) and 

acetylated Populus fiber after hydrothermal treatment (AHPF) under different reaction conditions. It was 

observed that over 30% of raw Populus fiber (RPF) sunk to the bottom of the flask in the oil sorption 

experiment. RPF had a low OSC (3.94 g/g). Apparently, the acetylation and hydrothermal treatment 

substantially increased the OSC of Populus fiber. The different conditions of both of the treatments were 

the factors influencing the OSC. 

Table 1. The effects of different reaction conditions on oil sorption capacity. 

Hydrothermal  

Treatment Condition 
Acetylation Condition Modified Fiber 

Temperature 

(°C) 

Reaction 

Time (h) 

Temperature 

(°C) 

Reaction 

Time (h) 

Sample 

No. 

OSC  

(g oil/g fiber) 

– a – – – 1 3.94 

– – 100 2 2 17.40 

– – 120 2 3 21.57 

– – 140 2 4 19.79 

– – 120 1 5 13.54 

– – 120 3 6 17.74 

170 0.5 – – 7 16.02 

170 1 – – 8 16.78 

180 1 – – 9 16.39 

200 1 – – 10 12.65 

220 1 – – 11 7.66 

170 0.5 120 2 12 17.98 

170 1 120 2 13 20.30 

180 1 120 2 14 19.04 

200 1 120 2 15 8.49 

220 1 120 2 16 8.33 
a Not conducted. Oil sorption capacity (OSC). 
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The reaction temperature plays a significant role on the effect of acetylation. Upon increasing the 

acetylation temperature in samples 2–4, the OSC value passed through a maximum, recorded for  

sample 3, the OSC of 21.57 g/g was 5.5 times that of the unmodified material (3.94 g/g). An increase of 

temperature from 100 to 120 °C led to an increment of OSC from 17.40 g/g (sample 2) to 21.57 g/g 

(sample 3). The reason for this change was probably due to the favorable effect of temperature on 

swellability of the fiber and compatibility of the reagent [31]. Furthermore, extensive hydrogen bonding 

networks within the matrix formed by the hydroxyl groups of the cell wall polymers were broken during 

the acetylation process [32]. Increasing temperature favored swelling the fiber, breaking hydrogen 

bonds, and diffusing the acetylation reagent, thus enhancing the reaction rate and degree, improving the 

hydrophobic properties of sorbents and then raising the OSC. Of note, a small decrease of OSC was 

observed when the reaction temperature reached 140 °C, which was in accordance with a previous  

study [33]. This may be caused by the change of morphology of the fiber.  

Table 1 also shows the effect of reaction time on the OSC of APF (samples 3, 5 and 6). The change 

regularity of the OSC of the fiber with increasing reaction time was similar to the influence of reaction 

temperature. At 120 °C, an increase of reaction time from 1 to 2 h led to an increment of OSC value by 

8.03 g/g, whereas a decrease by 3.83 g/g with duration from 2 to 3 h. This increment of OSC by 

prolonging the reaction duration was a direct consequence of the favorable effect of time on diffusion 

and sorption of the reactants between the acetic anhydride and the Populus fiber molecules [31]. Acetic 

acid as the by-product reduced the concentration of acetic anhydride with the extension of time and then 

decreased the reaction rate [34]. An optimum OSC (21.57 g/g) was assigned to sample 3, prepared by 

the reaction at 120 °C for 2 h, which served for the following experimental conditions. 

The Populus fiber was obtained from a fiber board factory with a grinding temperature of 168 °C, so 

the hydrothermal treatment temperature was started with 170 °C. At 170 °C, the OSC was enhanced at 

the initial reaction as given by an OSC value of 16.02 g/g for 0.5 h. After that, a slight increase of the 

OSC of 0.75 g/g occurred when the reaction duration was extended to 1 h. This increment of the OSC 

value by prolonging the reaction time was the result of the beneficial effect of time on the diffusion of 

hot-water, dissolution of hemicelluloses and deposition of the lignin droplets. In addition, hydrothermal 

treatment greatly increased the surface area of cellulose [35]. According to previous studies performed, 

duration has a trivial influence on hydrothermal treatment efficiency and severity compared with the 

temperature factor [24]. In order to eliminate the effect of reaction duration for obtaining a higher OSC, 

1 h was chosen as the reaction time for the following research. 

The reaction temperature has a major effect on the degree of hydrothermal treatment. In 

samples 8–11, the OSC value decreased from 16.78 to 7.66 g/g with increasing reaction temperature 

from 170 to 220 °C. The maximum OSC of HPF (16.78 g/g) was 4.3 times higher than that of RPF  

(3.94 g/g). In the process of hydrothermal treatment, easily degradable extractives and hemicelluloses 

are first extracted and separated [36]. Hemicelluloses began to hydrolyze when the temperature was  

170 °C followed by lignin dissolution at intermediate temperatures [37]. The lignin droplets deposited 

on the residual surfaces when the hot water temperature was above the phase transition temperature of 

lignin [30]. This may be the reason why sample 8 possessed the highest OSC. The amorphous structure 

of the cellulose decomposed above 180 °C and lignin began to degrade at 190 °C [37]. When the 

treatment temperature was above 200 °C, the fiber went through a severe swelling progress, and all of 

the hemicelluloses and much of the lignin dissolved in water at 220 °C to form intermediates [38,39]. 
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Crystalline cellulose hydrolyzed mainly on its crystal surface and therefore the internal crystal structure 

of the cellulose was maintained intact [26]. The OSC should have been improved due to the increase of 

hydrophobicity of sorbents, but was reduced instead. This may have been caused by the severe swelling 

and change of morphology of the fiber. The materials looked like powder rather than fiber. Therefore, 

the OSC was more strongly influenced by the porous structure of the sorbents rather than by the 

composition and quantity of dispersed superficial functional groups [40]. In any case, this was a 

satisfactory result from the economic and environmental point of view since hydrothermal treatment 

under relatively low temperature would reduce energy cost. 

The OSC values of AHPF for samples 12–16 are shown in Table 1. The preparation of AHPF was 

conducted under the same acetylation conditions after hydrothermal pretreatment of fibers at five 

different conditions. Therefore, the regularity of the OSC of AHPF was similar to that of HPF, and the 

development of the trend was also similar. Meanwhile, the OSC values of the pretreatment fiber obtained 

with and without acetylation were compared. As envisaged, the OSC values of the further acetylated 

fiber were higher than those without acetylation, except samples 13 to 14. The maximum increment of 

3.53 g/g appeared under pretreatment conditions at 170 °C for 1 h. Even so, the general increase of OSC 

by acetylation was relatively low. When the temperature was below 180 °C, hemicelluloses were 

removed incompletely and cellulose remained intact. Further acetylation could still convert the acetyl 

groups to hydroxyl groups, and then improved the hydrophobicity of the sorbents. At 200 °C, cellulose 

began to decompose, and most of hemicelluloses were dissolved. Instead of raising hydrophobicity, the 

fiber further degraded under the action of acetic anhydride and by-product acetic acid. Hemicelluloses 

decomposed to small compounds at the initial lower temperature stage, and then these compounds 

rearranged through polymerization to form acid-insoluble solid residues above 220 °C [37]. Therefore, 

it was concluded that it was unnecessary to acetylate the fiber after hydrothermal pretreatment. 

2.2. FT-IR Spectra 

FT-IR spectra of RPF (sample 1), HPF (sample 8), AHPF (sample 13), and APF (sample 3) are shown 

in Figure 1. The detailed assignments of bands in the spectra of untreated and modified Populus fiber 

are listed in Table 2. The acetylated fiber at 120 °C for 2 h (sample 3) is characterized by the occurrence 

of three important ester bands at 1747, 1372, and 1241 cm−1, which are attributed to absorption by 

carbonyl bonds (C=O in ester), C–H bending vibration (–C–CH3), and C–O stretching vibration in esters 

(–O–C–CH3), respectively [6,22]. As compared with sample 1, the absorption intensity of these three 

ester bands of samples 3 and 13 increased, but those of sample 8 decreased, indicating that ester bonds 

formed after the acetylation reaction with or without hydrothermal treatment; whereas, in sample 8, most 

of the acetyl groups were found to be cleaved during the treatment at a high temperature. In samples 3 

and 13, the reduced intensity of the band at 1163 cm−1 indicated that acetylation cleaved the β-glucosidic 

linkages but hydrothermal treatment did not. Four intensive bands at 1595, 1506, 1459, and 1427 cm−1 

correspond to aromatic ring vibrations and ring breathing with C–O stretching in lignin [41]. Obviously, 

the intensity of these four intensive bands of samples 8 and 13 was reduced, which was attributed to 

desorption of lignin by washing after hydrothermal treatment. However, sample 3 was similar to sample 1, 

which indicated that lignin in the wood did not change too much during the acetylation process.  



Materials 2014, 7 6738 

 

 

Figure 1. FT-IR spectra of raw Populus fiber (RPF) (sample 1), acetylated Populus fiber 

(APF) (sample 3), hydrolyzed Populus fiber (HPF) (sample 8), and Populus fiber after 

hydrothermal treatment (AHPF) (sample 13). 

 

Table 2. Assignments of bands in FT-IR spectra of untreated and modified Populus fiber. 

Band 

Number 

Wavenumber 

(cm−1) 
Assignments 

1 3345 O–H stretching 

2 2940 C–H stretching of –CH2– and –CH3 

3 1747 C=O stretching in ester 

4 1595 Aromatic skeletal vibrations plus C=O stretching 

5 1506 Aromatic C–C stretching from aromatic ring of lignin 

6 1459 Aromatic C–H deformation; asymmetric in –CH3 and –CH2– 

7 1427 Aromatic skeletal vibration combined with C–H in plane deformation 

8 1372 C–H bending vibration in –C–CH3 

9 1330 Phenolic O–H 

10 1241 C–O stretching vibration 

11 1163 C–O–C vibrations at β-glucosidic linkages in cellulose and hemicelluloses 

12 1113 C–O, C–C stretching in cellulose and hemicelluloses 

13 1060 C–O stretching in C–O–C linkages 

14 902 C–O–C stretching at β-glucosidic linkages 

2.3. CP-MAS 13C-NMR Spectra 

In order to compare the characteristics of the lignocellulosic materials under different treatment 

conditions, the samples were also subjected to CP-MAS 13C-NMR spectroscopy analysis. Figure 2 

shows the spectra of raw Populus fiber (sample 1) and modified samples 3, 8 and 13. Obviously, the 

carbohydrate region (55–110 ppm) is dominant and similar in all spectra. The chemical shifts at  



Materials 2014, 7 6739 

 

 

88.3 ppm and 64.5 ppm correspond to the crystalline cellulose C-4 and C-6 carbons, respectively [33], 

while the signal at 82.6 ppm is due to the amorphous cellulose C-4, and a weak signal at 62.9 ppm is 

attributed to the amorphous cellulose C-6. The sharp signal at 104.6 ppm is assigned to cellulose C-1. 

The signals at 71–75 ppm are due to cellulose C-2, C-3, and C-5. The signals at 20.6 ppm and  

170.4 ppm are attributed to methyl and carboxylic groups of the acetyl functions of hemicelluloses [42]. 

Evidently, an increase of the relative intensity of both signals at 20.6 and 170.4 ppm in samples 3 and 8 

is observed in Figure 2, and a reduction in sample 13 as well. 

Figure 2. CP-MAS 13C-NMR spectra of RPF (sample 1), APF (sample 3), HPF (sample 8), 

and AHPF (sample 13). 

 

Corresponding to the FT-IR results, the absorption intensities of three ester bands (carbonyl bonds, 

C–H stretching and C–O stretching) of samples 3 and 13 increased, while those of sample 8 decreased. 

It indicated that the acetyl groups of sample 13 observed in Figure 1 formed during acetylation after 

hydrothermal treatment (sample 13) were converted from the hydroxyl groups of cellulose. Acetyl 

groups of hemicelluloses cleaved under hydrothermal treatment at 170 °C for 1 h (sample 8). The reason 

may be that hemicelluloses dissolved and deposited on the fiber surface in the hydrothermal treatment, 

which were then further washed away by acetone and ethanol after acetylation. The broader region 

between 110 and 155 ppm is specific for aromatic carbons of lignin [42–45]. As shown in Figure 2, the 

relative intensity of the signal at 55.2 ppm, which corresponds to the methoxyl groups of aromatic 

moieties, was similar under the four different treatment conditions. The signal at 152.5 ppm is assigned 

to the C-3 and C-5 carbons of S (syringyl) and C-4 carbon of G (guaiacyl) units, and that at 121.8 ppm 
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is assigned to the C-6 carbon of G units [42]. The signals of the samples at 152.5 ppm were almost 

similar, except sample 13. The intensity of the signal at 121.8 ppm increased in samples 3 and 8. A weak 

signal at 148.1 ppm, which is attributed to the C-3 and C-5 carbons in non-etherified S units and the  

C-3 carbons of G units [42], occurred in sample 13. This indicated that S and G units of lignin 

transformed under the severest conditions. 

2.4. Morphology Analyses 

The morphology of Populus fiber was naturally changed after treatment, which can further affect the 

oil sorption capacity. Figure 3 shows the surface of Populus fiber before and after modification. It is 

obvious that RPF had a hollow structure and a highly fibrillar morphology with a tiny orifice  

(Figure 3A-1,A-2). Acetylation and hydrothermal treatment resulted in defibration of fiber, together with 

serious structural breakdown. APF had an intermediate orifice and small amounts of pores. Some cracks 

were also apparent on the surface, which were ascribed to the swelling function of acetic anhydride and 

acetic acid (Figure 3B,C). HPF and AHPF showed an open lumen orifice. Numerous micropores and 

small debris were on the surface, which were attributed to the dissolution of trace amounts of 

hemicelluloses and lignin (Figure 3D–G). The molten lignin formed at compressed pressure and 

subsequently condensed. This kind of lumen structure enabled maximum oil entrapment within their 

empty lumens [3,46]. The rough surface and entangled pore structure of sorbent surfaces provided more 

active sites for oil adsorption compared to smooth surfaces [47]. The surface of AHPF (Figure 3F) was 

smoother than HPF (Figure 3D), but the OSC was higher than the latter. The result may be caused by 

the comprehensive action of the morphology and superficial hydrophobic functional groups of the fiber. 

Figure 3. Scanning electron microscopy (SEM) images at various magnifications for 

untreated and modified Populus fiber. (A) sample 1; (B) sample 3; (C) sample 4; (D) sample 8; 

(E) sample 9; (F) sample 13; and (G) sample 14. 
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Figure 3. Cont. 

 

2.5. Thermal Analysis 

The thermal decomposing patterns of original Populus fiber and modified samples 3, 8 and 13 were 

examined by thermogravimetric analysis (TGA) in the temperature range from 25 to 600 °C. TGA and 

DTG curves of the samples are shown in Figure 4A,B. At 10% weight loss, the decomposition 

temperature was observed at 218, 278, 300 and 318 °C for sample 1, 3, 8 and 13, respectively. Similarly, 

at 50% weight loss, the decomposition temperature of RPF and the three modified samples 3, 8 and 13 

occurred at 328, 356, 377 and 381 °C, respectively.  

Figure 4. (A) Thermogravimetric analysis (TGA) and (B) DTG curves of RPF (sample 1), 

APF (sample 3), HPF (sample 8), and AHPF (sample 13). 

(A) (B) 
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Moreover, the maximum DTG in DTG curves (Figure 4B) representing the maximum decomposition 

rate, could be used to compare the thermal stability of different samples [48]. As illustrated in  

Figure 4B, DTGmax of modified samples 3, 8 and 13 started at 366 °C, 377 °C and 382°C, respectively, 

while RPF had two DTGmax values at 326 °C and 470 °C. 

The thermal stability is closely related to the inner structure and the chemical properties of samples. 

The data indicated that these modified samples were more stable than the raw fiber, and the stability 

followed the order: sample 3 < sample 8 < sample 13. Among the three major components in wood cell 

wall, the thermal stability of hemicelluloses was the lowest. Acetylation of the fiber after hydrothermal 

pretreatment removed hemicelluloses and the amorphous region of the cellulose, leading to an increase 

of thermal stability. 

3. Experimental Section  

3.1. Materials 

Populus fiber was supplied by a fiber board factory. The Populus fiber is principally composed of 

cellulose (49.0%), hemicelluloses (25.6%) and lignin (23.1%). The fiber was firstly dried in air, and then 

the powder was removed by a 20-mesh screen while the loose fiber was obtained as raw material. The 

loose fiber was further dried in a cabinet oven with air circulation for 16 h at 60 °C. The resulting Populus 

fiber was used as raw material (RPF) for further modification and characterization. Acetic anhydride 

(analytical pure) was obtained from Beijing Chemical Works. Corn oil came from the local commercial 

market, Beijing, China. 

3.2. Sample Preparation 

3.2.1. Acetylation of Populus Fiber (APF) 

RPF (2 g) was placed in a round bottom flask equipped with a mechanical stirrer, and then 60 mL 

acetic anhydride was added. The flask was placed in an oil bath at the required temperature (100, 120 

and 140 °C) at atmospheric pressure with a reflux condenser. After the reaction for the required time  

(1, 2 and 3 h), the flask was removed from the oil bath, and the hot reagent was decanted off. Then the 

product was filtered and washed with acetone and ethanol to remove unreacted acetic anhydride and 

acetic acid, and dried in an oven at 60 °C to a constant weight. 

3.2.2. Preparation of Hydrothermal Treatment Populus Fiber (HPF) 

A quantity of RPF (15 g) and 600 mL of distilled water were put into a 1 L stainless steel autoclave. 

The reactor consisted of a reaction cylinder and a pressure gauge assembly (Parr Instrument Company, 

Moline, IL, USA). The reactor was heated to the required temperature (170, 180, 200, and 220 °C) and 

held for 30 or 60 min. Upon completion of the operation, the reactor was cooled to room temperature by 

the cooling system, then, the device was dismantled and the autoclave was opened. The reaction mixture 

was filtered to separate the water-soluble and water-insoluble fraction. Then the later was washed with 

hot water and distilled water until the pH value turned neutral. Then the washed fiber was dried by freeze 

dehydration for further modification and characterization. 



Materials 2014, 7 6743 

 

 

3.2.3. Acetylation of the Fiber after Hydrothermal Pretreatment (AHPF) 

The hydrolyzed fiber was further acetylated at 120 °C for 2 h. The specific steps were completed as 

described in Section 3.2.1. 

3.3. Characterization of the Modified Fiber 

APF, HPF and AHPF were evaluated by FT-IR and solid-state 13C-NMR spectroscopies. The FT-IR 

spectra were collected on a Thermo Scientific Nicolet iN10 FT-IR Microscopy instrument  

(Thermo Nicolet Corporation, Madison, WI, USA) equipped with a liquid nitrogen-cooled MCT detector. 

Before data collection, background scanning was performed for correction. 

The solid-state CP-MAS 13C-NMR experiments were performed at 100 MHz using a Bruker AV-III 

400 M spectrometer (Bruker, Karlsruhe, Germany). Each of the dried samples was packed in a 4 mm 

zirconia (ZrO2) rotor, and the measurement was performed using a CP pulse program with 1 ms match 

time and a 2 s delay between transients. The spinning rate was 5 kHz. 

Scanning electron microscopy (SEM) of these samples was carried out with a Hitachi S-3400 N II 

(Hitachi, Japan) instrument at 15 kV. Before SEM observations, all samples were mounted with 

conductive glue and coated with a thin layer of gold to improve the conductivity and the quality of the 

SEM images. The images were obtained at magnifications ranging from 500× to 2000× dependent on 

the features to be traced. 

Thermal stability of the unmodified and modified fiber was performed using thermogravimetric 

analysis (TGA) on a simultaneous thermal analyzer (DTG-60, Shimadzu, Japan). The sample weighing 

between 2 and 4 mg in an aluminium oxide crucible was heated from ambient temperature to 600 °C at 

a heating rate of 10 °C/min. The apparatus was continually flushed with nitrogen.  

3.4. Measurements of Oil Sorption Capacity 

The corn oil (50 g) was mixed with water (250 mL) in a 500 mL conical flask for 10 min at  

100 r/min over an orbital shaker. After agitation, the oil floated on the surface of the water and formed 

an oil layer (with little bubbles). Then, 1.0 g sorbent was added and mixed for 10 min at room 

temperature. The weight of oil was enough for oil sorption of the fiber. Finally, the sample was removed 

from the flask using a mesh screen and drained for 3 min. The OSC (Q, g-oil/g-sorbent) of the sorbents 

was calculated according to Equation (1): 

Q
i

wid

M

MMM 
 (1)  

where, Md (g) is the weight of the wet sorbent after draining, Mi (g) is the initial weight of sorbent and 

Mw (g) is the weight of water absorbed in the sorbent. The sorbent after draining was dried in a cabinet 

oven for 24 h at 105 °C. The weight of sorbent before and after drying was measured, and the difference 

between the two weights was the weight of water absorbed in the sorbent. All tests were conducted in 

triplicate and an average value was used. 

  



Materials 2014, 7 6744 

 

 

4. Conclusions 

In short, the use of hydrothermal treatment instead of acetylation is advantageous because of 

obtaining an adequate OSC as well as characteristics of economy and environmental compatibility. The 

optimum condition of the hydrothermal treatment was 170 °C for 1 h, while acetylation was 120 °C for 

2 h. The maximum OSC of HPF (16.78 g/g) was 4.3 times that of RPF (3.94 g/g), which was slightly 

lower than APF (21.57 g/g). Furthermore, acetylation after hydrothermal treatment was unnecessary 

with the maximum OSC increment of 3.53 g/g. At 10% weight loss, the decomposition temperature of 

HPF (300 °C) was obviously higher than RPF (218 °C). The thermal stabilities of these modified samples 

were more stable than the raw fiber. RPF had a hollow structure with a tiny orifice, APF had an 

intermediate orifice, while HPF and AHPF showed an open lumen orifice. This kind of lumen structure 

enabled maximum oil entrapment. Consequently, hydrothermal treatment of Populus fiber is a promising 

method for the preparation of oil sorbent.  

Acknowledgments 

This work was supported by the State Forestry Administration (201204803), National Natural 

Science Foundation of China (31110103902), and the open fund project of State Key Laboratory of  

Pulp and Paper Engineering, South China University of Technology, China (201364). 

Author Contributions 

Yue Zhang carried out the experimental work and prepared the manuscript. Sheng Yang and  

Jian-Quan Wu performed literature review and participated in preparing the manuscript. Tong-Qi Yuan 

and Run-Cang Sun designed the experimental plan and revised the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Hussein, M.; Amer, A.A.; Sawsan, I.I. Oil spill sorption using carbonized pith bagasse: Trial for 

practical application. Int. J. Environ. Sci. Technol. 2008, 5, 233–242.  

2. Rengasamy, R.S.; Das, D.; Karan, C.P. Study of oil sorption behavior of filled and structured fiber 

assemblies made from polypropylene, kapok and milkweed fibers. J. Hazard. Mater. 2011, 186, 

526–532.  

3. Abdullah, M.A.; Rahmah, A.U.; Man, Z. Physicochemical and sorption characteristics of Malaysian 

Ceibapentandra (L.) Gaertn. as a natural oil sorbent. J. Hazard. Mater. 2010, 177, 683–691. 

4. Banerjee, S.S.; Joshi, M.V.; Jayaram, R.V. Treatment of oil spill by sorption technique using fatty 

acid grafted sawdust. Chemosphere 2006, 64, 1026–1031.  

5. Peng, D.; Lan, Z.L.; Guo, C.L.; Yang, C.; Dang, Z. Application of cellulase for the modification of 

corn stalk: Leading to oil sorption. Bioresource Technol. 2013, 137, 414–418.  



Materials 2014, 7 6745 

 

 

6. Wang, J.T.; Zheng, Y.; Wang, A.Q. Investigation of acetylated kapok fibers on the sorption of oil 

in water. J. Environ. Sci. 2013, 25, 246–253.  

7. Singh, V.; Jinka, S.; Hake, K.; Parameswaran, S.; Kendall, R.J.; Ramkumar, S. Noval natural 

sorbent for oil spill cleanup. Ind. Eng. Chem. Res. 2014, 53, 11954–11961.  

8. Deschamps, G.; Caruel, H.; Borredon, M.E.; Bonnin, C.; Vignoles, C. Oil removal from water by 

selective sorption on hydrophobic cotton fibers. 1. Study of sorption properties and comparison 

with other cotton fiber-based sorbents. Environ. Sci. Technol. 2003, 37, 1013–1015.  

9. Wang, J.T.; Zheng, Y.; Wang, A.Q. Superhydrophobic kapok fiber oil-absorbent: Preparation and 

high oil absorbency. Chem. Eng. J. 2012, 213, 1–7.  

10. Ali, N.; El-Harbawi, M.; Jabal, A.A.; Yin, C.Y. Characteristics and oil sorption effectiveness of 

kapok fibre, sugarcane bagasse and rice husks: Oil removal suitability matrix. Environ. Technol. 

2012, 33, 481–486.  

11. Pham, V.H.; Dickerson, J.H. Superhydrophobic silanized melamine sponges as high efficiency oil 

absorbent materials. ACS Appl. Mater. Interfaces 2014, 6, 14181–14188.  

12. Pan, Y.; Shi, K.; Peng, C.; Wang, W.; Liu, Z.; Ji, X. Evaluation of hydrophobic polyvinyl-alcohol 

formaldehyde sponges as absorbents for oil spill. ACS Appl. Mater. Interfaces 2014, 6,  

8654–8659.  

13. Wang, J.T.; Zheng, Y.; Kang, Y.R.; Wang, A.Q. Investigation of oil sorption capability of 

PBMA/SiO2 coated kapok fiber. Chem. Eng. J. 2013, 223, 632–637.  

14. Sun, R.C.; Sun, X.F.; Sun, J.X.; Zhu, Q.K. Effect of tertiary amine catalysts on the acetylation of 

wheat straw for the production of oil sorption-active materials. C. R. Chim. 2004, 7, 125–134.  

15. Rajakovic, V.; Aleksic, G.; Radetic, M.; Rajakovic, L.J. Efficiency of oil removal from real 

wastewater with different sorbent materials. J. Hazard. Mater. 2007, 143, 494–499.  

16. Chol, H.M.; Cloud, R.M. Natural sorbents in oil spill cleanup. Environ. Sci. Technol. 1992, 26, 

772–776.  

17. Khan, E.; Virojnagud, W.; Ratpukdi, T. Use of biomass sorbents for oil removal from gas station 

runoff. Chemosphere 2004, 57, 681–689.  

18. Liu, Y.; Ma, J.K.; Wu, T.; Wang, X.R.; Huang, G.B.; Liu, Y.; Qiu, H.X.; Li, Y.; Wang, W.;  

Gao, J.P. Cost-effective reduced graphene oxide-coated polyurethane sponge as a highly efficient 

and reusable oil-absorbent. ACS Appl. Mater. Interfaces 2013, 5, 10018–10026.  

19. Thompson, N.E.; Emmanue, G.C.; Adagadzu, K.J.; Yusuf, N.B. Sorption studies of crude oil on 

acetylated rice husks. Arch. Appl. Sci. Res. 2010, 2, 142–151.  

20. Hussein, M.; Amer, A.A.; Sawsan, I.I. Oil spill sorption using carbonized pith bagasse. 1. 

Preparation and characterization of carbonized pith bagasse. J. Anal. Appl. Pyrolysis 2008, 82,  

202–211.  

21. Rattanawong, O.; Kaewsichan, L.; Grisdanurak, N.; Yuasa, A. Sorption of oil emulsified in water 

on oil palm fibers. Korean J. Chem. Eng. 2007, 24, 67–71.  

22. Sun, X.F.; Sun, R.C.; Sun, J.X. A convenient acetylation of sugarcane bagasse using NBS as a 

catalyst for the preparation of oil sorption-active materials. J. Mater. Sci. 2003, 38, 3915–3923.  

23. Hill, C.A.S.; Khalil, H.P.S.; Hale, M.D. A study of the potential of acetylation to improve the 

properties of plant fibres. Ind. Crop. Prod. 1998, 8, 53–63.  



Materials 2014, 7 6746 

 

 

24. Cybulska, I.; Brudecki, G.; Lei, H. Hydrothermal Pretreatment of Lignocellulosic Biomass.  

In Green Biomass Pretreatment for Biofuels Production; Gu, T., Ed.; Springer Netherlands: 

Dordrecht, The Netherlands, 2013; pp. 87–106. 

25. Wan, C.; Zhou, Y.; Li, Y. Liquid hot water and alkaline pretreatment of soybean straw for 

improving cellulose digestibility. Bioresource Technol. 2011, 102, 6254–6259.  

26. Toor, S.S.; Rosendahl, L.; Rudolf, A. Hydrothermal liquefaction of biomass: A review of subcritical 

water technologies. Energy 2011, 36, 2328–2342.  

27. Pérez, J.A.; González, A.; Oliva, J.M.; Ballesteros, I.; Manzanares, P. Effect of process variables 

on liquid hot water pretreatment of wheat straw for bioconversion to fuel-ethanol in a batch reactor. 

J. Chem. Technol. Biotechnol. 2007, 82, 929–938.  

28. Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y.Y.; Holtzapple, M.; Ladisch, M. Features of 

promising technologies for pretreatment of lignocellulosic biomass. Bioresource Technol. 2005, 96, 

673–686.  

29. Li, H.; Pu, Y.; Kumar, R.; Ragauskas, A.J.; Wyman, C.E. Investigation of lignin deposition on 

cellulose during hydrothermal pretreatment, its effect on cellulose hydrolysis, and underlying 

mechanisms. Biotechnol. Bioeng. 2014, 111, 485–492.  

30. Selig, M.J.; Viamajala, S.; Decker, S.R.; Tucker, M.P.; Himmel, M.E.; Vinzant, T.B. Deposition of 

lignin droplets produced during dilute acid pretreatment of maize stems retards enzymatic 

hydrolysis of cellulose. Biotechnol. Prog. 2007, 23, 1333–1339.  

31. Khalil, M.I.; Hashem, A.; Hebeish, A. Preparation and characterization of starch acetate.  

Starch Stärke 1995, 47, 394–398.  

32. Hill, C.A.S.; Jones, D.; Strickland, G.; Cetin, N.S. Kinetic and mechanistic aspects of the acetylation 

of wood with acetic anhydride. Holzforschung 1998, 52, 623–629.  

33. Sun, X.F.; Sun, R.C.; Sun, J.X. Acetylation of sugarcane bagasse using NBS as a catalyst under 

mild reaction conditions for the production of oil sorption-active materials. Bioresource Technol. 

2004, 95, 343–350.  

34. Rowell, R.M.; Simonsen, R.; Tillman, A.M. Acetylation balance for the acetylation of wood 

particles by a simplified procedure. Holzforschung 1990, 44, 263–269.  

35. Mosier, N.S.; Hendrickson, R.; Brewer, M.; Ho, N.; Sedlak, M.; Dreshel, R.; Welch, G.; Dien, B.S.; 

Aden, A.; Ladisch, M.R. Industrial scale-up of pH-controlled liquid hot water pretreatment of corn 

fiber for fuel ethanol production. Appl. Biochem. Biotechnol. 2005, 125, 77–97.  

36. Liu, S.J. Woody biomass: Niche position as a source of sustainable renewable chemicals and energy 

and kinetics of hot-water extraction/hydrolysis. Biotechnol. Adv. 2010, 28, 563–582.  

37. Liu, H.M.; Li, M.F.; Yang, S.; Sun, R.C. Understanding the mechanism of cypress liquefaction in 

hot-compressed water through characterization of solid residues. Energies 2013, 6, 1590–1603.  

38. Xiu, S.; Shahbazi, A.; Shirley, V.; Cheng, D. Hydrothermal pyrolysis of swine manure to bio-oil: 

Effects of operating parameters on products yield and characterization of bio-oil. J. Anal. Appl. Pyrol. 

2010, 88, 73–79.  

39. Sun, P.; Heng, M.; Sun, S.H.; Chen, J. Analysis ofliquid and solid products from liquefaction of 

paulownia in hot-compressed water. Energy Convers. Manag. 2011, 52, 924–933.  

40. Uzunov, I.; Uzunova, S.; Angelova, D.; Gigova, A. Effects of the pyrolysis process on the oil 

sorption capacity of rice husk. J. Anal. Appl. Pyrol. 2012, 98, 166–176.  



Materials 2014, 7 6747 

 

 

41. Sun, R.C.; Lu, Q.; Sun, X.F. Physico-chemical and thermal characterization of lignins from 

Caligonum monogoliacum and Tamarix spp. Polym. Degrad. Stabil. 2001, 72, 229–238.  

42. Nuopponen, M.H.; Wikberg, H.I.; Birch, G.M.; Jääskeläinen, A.S.; Maunu, S.L.; Vuorinen, T.; 

Stewart, D. Characterization of 25 tropical hardwoods with Fourier transform infrared, ultraviolet 

resonance Raman, and 13C-NMR cross-polarization/magic-angle spinning spectroscopy. J. Appl. 

Polym. Sci. 2006, 102, 810–819.  

43. Delmotte, L.; Ganne-Chedeville, C.; Leban, J.M.; Pizzi, A.; Pichelin, F. CP-MAS 13C-NMR 

and FT-IR investigation of the degradation reactions of polymer constituents in wood welding. 

Polym. Degrad. Stab. 2008, 93, 406–412.  

44. Popescu, C.M.; Larsson, P.T.; Vasile, C. Carbon-13 CP/MAS solid state NMR and X-ray diffraction 

spectroscopy studies on lime wood decayed by Chaetomium globosum. Carbohydr. Polym. 2011, 83, 

808–812.  

45. Wikberg, H.; Maunu, S.L. Characterisation of thermally modified hard- and softwoods by 13C 

CPMAS NMR. Carbohydr. Polym. 2004, 58, 461–466.  

46. Likon, M.; Remškar, M.; Ducman, V.; Švegl, F. Populus seed fibers as a natural source for 

production of oil super absorbents. J. Environ. Manage. 2013, 114, 158–167.  

47. Wahi, R.; Chuah, L.A.; Choong, T.S.Y.; Ngaini, Z.; Nourouzi, M.M. Oil removal from aqueous 

state by natural fibrous sorbent: An overview. Sep. Purif. Technol. 2013, 113, 51–63.  

48. Nadji, H.; Diouf, P.N.; Benaboura, A.; Bedard, Y.; Riedl, B.; Stevanovic, T. Comparative study of 

lignins isolated from Alfa grass (Stipa tenacissima L.). Bioresour. Technol. 2009, 100, 3585–3592.  

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


