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Abstract:



Polyacrylate polymer (PA) was modified with graphene oxide (GO) and the obtained composites were applied as coatings for controlled-release coated urea (CRU). The physicochemical properties of the different PA/GO coatings were characterized in detail and the nitrogen-release characteristics of the obtained CRU samples were determined in water at 25 °C. The experimental results revealed that addition of GO to PA reduced the swelling degree from 83.01% to 46.35% and improved its mechanical properties (the Young’s modulus was improved from 31.52 to 34.97 MPa and the glass transition temperature was increased from 4.21 to 6.11 °C), thus dramatically slowing down the cumulative nutrient release from the CRU fertilizer from 87.25% to 59.71%. These results suggest that GO enhances the properties of PA for CRU applications, which shows that GO-modified PA is a good coating material.
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1. Introduction


With the rapid population growth, the demand for grain production has raised significantly. In order to satisfy the food needs of our ever-growing population, the development of modern mechanical agriculture techniques and the extensive use of chemical fertilizers and pesticides are key. Fan and Pardey [1] have suggested that 21.7% of the agriculture production growth in China from 1965 to 1993 resulted from the increasing use of fertilizers. Nitrogen is an essential element for sustainable crop growth, playing a very important role in food safety. However, a series of environmental problems have arisen owing to its high loss susceptibility via (a) volatilization in the form of ammonia which contributes to the greenhouse effect; (b) leaching in the form of nitrates which leads to the eutrophication of waterbody; (c) runoff, and other possible forms [2]. The total fertilizer consumption is expected to increase to 208 million tons by 2020 [3], however, assimilation of fertilizer nitrogen by plants is approximately 50% on average [4,5,6,7]. Because of the low use efficiency of N and the maximum use of nitrogen fertilizer, the use of urea poses a dilemma. To increase the efficient use of urea and minimize its negative impact on the environment, controlled-release fertilizers have been proposed as one of the solutions [8,9].



In recent years, with the gradual emergence of new materials, more research is focusing on the application of new materials for the controlled release of fertilizers using coating materials [10,11,12,13]. Due to the excellent film-forming properties, low price and appropriate viscosity [14,15], waterborne polyacrylate does not influence the soil structure or activities of soil microorganisms [16], which (polyacrylate polymer, PA, Figure 1) has attracted much attention from the scientific community. However, PA still needs to be modified to obtain better release performances owing to its poor water resistance and film strength; in addition, the viscosity of waterborne PA is highly influenced by the temperature [17]. Thus, it is important to further improve the hydrophobicity and mechanical properties of such PA polymers. A potentially effective way to solve this problem is to modify PA through graphene oxide.


Figure 1. Chemical structures of (a) graphene oxide and (b) PA.
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Graphene, a molecular sheet of graphite, is a two-dimensional one-atom-thick carbon sheet with a planar honeycomb lattice, which was first successfully separated from graphite by Geim and Novoselov [18] through a mechanical stripping method. Graphene has attracted great attention from scientists since 2004 [18], whose extraordinary physicochemical properties [19,20,21,22] (e.g., high surface area, excellent electrical conductivity, strong mechanical strength, unparalleled thermal conductivity) make it promising nanoscale filler for the fabrication of polymer composites.



Owing to its high surface area and surface energy, graphene is not easily dispersed in solution. The most reproducible approach for the preparation of graphene-based polymer composites is by employing graphene oxide (GO) as the precursor (Figure 1). In contrast to pristine graphene, plenty of oxygen-containing groups exist on the GO surface [23,24]. These functional groups not only allow for good dispersion of GO in aqueous solution, but also facilitate the interactions between the host polymer and GO via covalent and/or noncovalent bonding [25,26,27]. By taking advantage of GO, several GO-water-soluble polymer composites with noticeably improved properties have been obtained [28,29,30].



In an extension to our previous studies, we have successfully prepared waterborne PA/GO composites by a physical blending method [31,32] with the aim of achieving improved nutrient release from fertilizers. In this article, PA was modified with different amounts of GO to form cross-linking networks, improving the physicochemical properties of PA, which were then applied as coating materials to delay the nutrient release cycle of fertilizers.




2. Materials and Methods


2.1. Materials


A single-layer GO dispersion (single layer ratio >80%, 0.5–5 microns of lateral size, average surface area of 700–800 m2/g, 7.0–7.5 at.% oxygen) was obtained from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China). Methyl methacrylate (MMA, AR), n-butyl acrylate (BA, CP), and methacrylic acid (MAA, CP) were purchased from Nanjing Chemical Regent Co., Ltd. (Nanjing, China). Sodium dodecylbenzene sulfonate (SDBS, AR) was supplied by Chengdu Kelong Chemical Reagent Co., Ltd. (Chengdu, China). Nonyl-phenyl-polyoxyethylene ether-10 (OP-10, CP) was received from Nanjing Chemical Regent Co., Ltd., and potassium persulfate (KPS, CP) from Sinopharm Chemical Regent Co., Ltd. (Shanghai, Country). Granular urea with 2–3 nm of diameter (LP) was provided by Shandong Luxi Fertilizer Co., Ltd. (Liaocheng, China).




2.2. Synthesis of Polyacrylate Polymer


PA was synthesized by a semicontinuous emulsion polymerization method, as shown in Figure 2. The aqueous phase was prepared by placing 8.24 g of OP-10 and 4.12 g of SDBS in a 500 mL glass bottle, which were then completely dissolved in 250 mL deionized water to form a foamy mixture; this mixture was finally transferred to a 1000 mL dried three-necked flask. The organic phase was prepared by mixing 110 g of BA, 90 g of MMA, and 3.5 g of MAA. Then, the two phases were mixed and stirred together for 30 min in the three-necked flask. Around 75% (by mass) of the oil–water mixture was separated for further use. The remaining 25% (by mass) of the oil–water mixture in the three-necked flask was used as the initial solution, whose temperature was raised to 80 °C. The remaining 75% of the oil–water mixture and the initiator solution (12 g, 0.01 g·L−1 KPS) were added alternately in four doses over 3 h, and the polymerization reaction was carried out under air atmosphere for another 3 h. The solid content of the emulsion was 40%.


Figure 2. Synthesis of polyacrylate polymer.
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2.3. Fabrication of PA/GO Composites and Preparation of Film Samples


Different composites were prepared by a physical blending method. Given amounts of a GO solution and PA were mixed in a 500 mL flask and the obtained reaction mixture was stirred for 30 min under 1000 rpm stirring. The above blends were then homogenized using 600 bars six times to obtain homogeneous emulsions, as shown in Figure 3.


Figure 3. Procedure to prepare the PA/GO composites: (A) the emulsions with magnetic stirring; picture; (B) the emulsions with homogenization treatment.
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Film samples were prepared by casting the prepared emulsions (250 g) on glass dishes with diameter of 15 cm, which were then dried in an oven at 60 °C for 72 h. The film samples were then removed from the glass dishes for future use.




2.4. Characterization of the Film Samples


An FTIR (Fourier Transform infrared spectroscopy) spectrometer (Nicolet 6700, Waltham, MA, USA) equipped with photoacoustic accessory (Model 300, MTEC, Des Moines, IA, USA) (FTIR-PAS) was used for the determination of the spectra of CRU (controlled-release coated urea) coated with pure polyacrylate and modified polyacrylate. The spectra were recorded in the wavenumber range of 650–4000 cm−1 with two different mirror velocities: 0.32 cm·s−1 and 0.64 cm·s−1, and 32 successive scans were conducted with a resolution of 4 cm−1. Black carbon was used as a reference.



Tensile measurements were performed with universal material testing machine (Instron 3366, Boston, MA, USA) at room temperature of 24 °C and 53% relative humidity with crosshead speed was 200 mm·min−1.



The degree of swelling is defined as [33]:
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(1)







The film samples were immersed into 50 mL deionized water at 25 °C in the wide mouth bottle of 50 mL, the mass of film samples before (w1) and after (w2) immersion were recorded. The samples were weighed every three days until the weight was constant.



The glass transition temperature was evaluated by differential scanning calorimeters (Pyris 1 DSC, Perkin-Elmer, Waltham, MA, USA), which was made at heating rate of 20 °C·min−1. The thermal behavior for the films were examined under the nitrogen atmosphere between −50–100 °C.




2.5. Preparation of Controlled-Release Coated Urea


The fertilizer granules were coated in a Wurster fluidized bed equipped with a bottom-spray pneumatic nozzle (LDP-3, Changzhou Zhiyang Machinery Equipment Co., Ltd., Changzhou, China). The process parameters were as follows: fluidized bed temperature of 30–50 °C, emulsion spray rate of 2.5 g·min−1, and atomization pressure of 0.1 MPa. The amount of emulsion was 98.28 g per 400 g of the original fertilizer granules. In all cases, the coated pellets were tray-dried in an oven at 60 °C for 72 h before use.




2.6. Nitrogen Release Characteristic of Controlled-Release Coated Urea


The release process for the controlled-release coated urea (CRU) can be divided into the following stages [9]: (1) water (mainly vapor) penetration; (2) dissolution in the solid core; and (3) pressure build-up and/or swelling (in the alkyd type only). There are two pathways in the third stage: “failure” release if rupture occurs or “diffusion” release. To determine the release characteristics of CRU, 5 g of the coated fertilizer was immersed in 100 mL of deionized water at 25 °C in an incubator. The coated fertilizers were ground to determine the content of residual nutrient in the 1, 3, 5, 7, 10, 14, 28 days [34]. The release characteristics were estimated as the cumulative release percentage versus time, after which the nitrogen release was over 80%. The urea solution (100 mL) was removed periodically and replaced with 100 mL of deionized water. The experiments were carried out in triplicate. The nitrogen concentration was evaluated by the p-dimethylaminobenzaldehyde colorimetric method (Epoch 2, Microplate Spectrophotometer, BioTek, Winooski, VT, USA). The release profiles were estimated as the cumulative dissolution versus time.





3. Results and Discussion


3.1. Synthesis of PA/GO Composites


Figure 3 illustrates the detailed synthetic process of PA/GO composites via the covalent interactions formed during the physical blending of GO and the water acrylic emulsions, where magnetic stirring and homogenizing treatments were included to ensure the uniform dispersion of GO and PA.



As shown in Figure 3, the solution obtained by magnetic stirring through this physical blending method was denoted dispersion 1 (Figure 3A). After magnetic stirring, a homogenization treatment was applied to obtain dispersion 2 (Figure 3B). By comparing the two different dispersions, one can easily observe the differences in color with the increasing amount of GO. Moreover, the dispersion 1 samples appear brighter and more delicate than the dispersion 2 samples.



As shown in the Figure 3, with the increase of the amount of graphene oxide, which could easily see the difference in color when the amount of 0.4 wt % graphene oxide was added; dispersion 1 appeared more bright and delicate in contrast with the dispersion 2.




3.2. Characterizations of the Film Samples


3.2.1. The Swelling Degree of the Film Samples


Experiments to determine the swelling degree were carried out to investigate the hydrophobicity of the film samples: lower swelling degrees indicate better water resistance [35]. The water swelling degree of the film samples is shown in Figure 4. Compared to 0 wt %, the swelling degree was significantly reduced after modification with GO. Upon addition of GO, the oxygen-containing functional groups in the surface of GO easily interact with PA to form a cross-linking networks structure that reduces the swelling, inducing such a big difference between the 0 and 0.1 wt % treatments [36,37]. With the increasing amount of GO, in general, the swelling degree displays first a rising trend to then decrease. From 0.1 to 0.3 wt % GO, the swelling degree increases, indicating poor water resistance, owing to the strong van der Waals attraction forces between adjacent layers, which induce GO to bundle together forming aggregates and eventually result in an increase of the swelling. At a GO content of 0.3 wt %, the swelling degree no longer increases. With the increasing amount of GO from 0.3 to 0.4 wt %, the number of network connections in the film samples increases gradually until reaching the equilibrium, and thus the swelling degree of the film decreases.


Figure 4. The swelling degrees of film samples prepared with different graphene oxide contents.
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3.2.2. The Glass Transition Temperature of Film Samples


The glass transition temperature (Tg) is a function of the chain flexibility. DSC analysis was preformed to investigate the influence of the GO content on the thermal behavior of polyacrylate emulsions. Low Tg values cause the fertilizer particles to easily stick together, thus affecting the packing of the fertilizer. If the Tg is too high, the coating is vulnerable to breakage and sudden fracture [38].



The glass transition temperature of the film samples were obtained from the DSC data. From Table 1, the difference in Tg of the GO modified polyacrylate films probably resulted from the higher degree of crosslinking reaction, which restricted the PA molecular movement [39]. From 0.1 to 0.3 wt %, the slightly decrease in Tg is probably because the functional groups of GO initiated cyclization at lower temperature by an ionic mechanism [40]. With the increasing GO content from 0.3 to 0.4 wt %, the GO layers become more compact, hindering the mobility of the polymer segments and reducing the plastic deformation of the polymer.



Table 1. The glass transition temperature (Tg) and physical properties of composites.







	
GO Content

(wt %)

	
Tg (°C)

	
Stress at Break (MPa)

	
Strain at Break (%)

	
Young’s Modulus (MPa)






	
0

	
4.21

	
4.88 ± 0.57

	
814.5 ± 24.6

	
31.52 ± 4.65




	
0.1

	
5.77

	
3.66 ± 0.41

	
742.8 ± 37.3

	
33.94 ± 1.85




	
0.2

	
5.80

	
3.68 ± 0.29

	
753.9 ± 29.8

	
34.76 ± 3.44




	
0.3

	
5.43

	
4.03 ± 0.40

	
724.2 ± 46.8

	
27.42 ± 3.83




	
0.4

	
6.11

	
5.57 ± 0.39

	
911.5 ± 14.1

	
34.97 ± 1.02











3.2.3. Mechanical Properties


Tensile testing was carried out to characterize the effect of the GO content on the mechanical properties of PA. For accuracy, five duplicate samples were measured at 24 °C and relative humidity of 53% and the obtained values were averaged.



The average stress at break, strain at break, and Young’s modulus are listed in Table 1. It can be seen that the strength and modulus of pure PA are smaller than those of the GO-modified PA samples. The additions of 0.4 wt % GO increased the modulus from 31.52 to 34.97 MPa, the stress at break from 4.88 to 5.57 MPa, and the strain at break from 814.5% to 911.5%. Such a significant improvement can be attributed to the layered structure of the GO surface. Based on the above results, it can be speculated that, in the PA/GO composites, GO provides anchoring sites to link the water acrylic emulsion chains via cross-linking reaction.




3.2.4. FTIR-PAS Analysis


FTIR analysis was conducted to investigate the interactions between GO and PA. Figure 5 shows the FTIR-PAS spectra of the different model films at different moving-mirror rates.


Figure 5. FTIR-PAS spectra of the film samples: (a) Infrared spectrum with a moving mirror velocity of 0.16 cm·s−1; (b) Infrared spectrum with a moving mirror velocity of 0.32 cm·s−1.
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In the spectra, the band at ~2950 cm−1 is ascribed to the aliphatic C–H stretch vibration, that at 2349 cm−1 to the C=O bond vibration (arising from the carbon dioxide in the background air), the band at 1730 cm−1 to the carboxyl C=O stretch vibration, the absorption band at 1450 cm−1 corresponds to the aliphatic hydrocarbon C–H deformation vibration, the absorption peak at 1160 cm−1 to the ester C–O stretch vibration, and the absorption bands at 900–990 cm−1 are ascribed to the lipid skeleton C–C stretch vibrations (see Table 2). These results confirm that the composites were successfully prepared.



Table 2. Assignments of main absorbance bands.







	
Wavenumber (cm−1)

	
Assignment






	
2950

	
C–H stretching (–CH3)




	
2349

	
C=O symmetrical stretching (CO2)




	
1730

	
C=O stretching (COOR)




	
1450

	
C–H deformation (–CH3, –CH2−)




	
1160

	
C–O–C stretching (–COOR)




	
900–990

	
C–C stretch(lipid skeleton)










In Figure 5, aliphatic characteristic peaks generally indicate the hydrophobic of the films, while carboxyl groups generally means the strong hydrophilicity of the films [41]. When the rate of moving mirror was 0.16 cm·s−1, the characteristic peaks of aliphatic group and carboxyl group were high. When the moving mirror velocity was 0.32 cm·s−1, the number of hydrophilic and water-absorbing groups decreased obviously. These variations confirmed the existence of cross-linking networks between the oxygen groups of GO and PA. The relative absorption intensity of the absorption bands varies obviously with the GO content, indicating changes in the membrane structure. Such spectra support the existence of strong interactions between GO and the water acrylic emulsions.





3.3. Nutrient Release Behavior of CRU


The controlled-release behavior, evaluated by the hydrostatic digestion method, is one of the most significant features of coated fertilizers. It can be used to select the optimum amount of GO for the PA coatings for CRU. Figure 6 shows the nutrient release curves of PA composites modified with different amounts of GO. Compared to CRU with pure PA (0.0 wt % GO), all the CRU samples coated with PA/GO show a significant slower nitrogen release throughout the 28-day experiment. With the increasing GO content, the nutrient release rate of the coated urea increased first and then decreased. The amount of nitrogen released in the initial 24 h was 7.58%, 6.60%, 8.03%, 9.47%, and 8.74% for the 0, 0.1, 0.2, 0.3 and 0.4 wt % PA/GO samples, respectively, and 87.25%, 69.35%, 78%, 77.68%, 59.71% after 28 days, respectively. Owing to the excellent mechanical properties of GO, its use as a reinforcing agent delays the nutrient release rate.


Figure 6. The cumulative release curves of graphene oxide modified polyacrylate polymer coated urea in water at 25 °C.
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With the increasing GO content, the cumulative nutrient release rate starts to decline due to the strong van Edward forces in GO [23], which facilitate the aggregation of GO. After precipitation in the emulsion owing to severe agglomeration, the dispersion of the emulsion becomes difficult, thereby affecting the performance of the controlled-release coated fertilizer. From 0.3 wt % to 0.4 wt % GO, the total release of nitrogen drops sharply. The interactions between PA and GO increase greatly by intermolecular intertwining, thus hampering the movement of the PA matrix molecular chains. This in turn improves the hydrophobicity, strength, ductility, toughness, and other mechanical properties of the coating, and prolongs the CRU cycle. After 28 days, the 0.4 wt % PA/GO-CRU sample exhibited a cumulative nutrient release of 59.71%, significantly lower than the 87.25% obtained for the CRU coated with pure PA. Therefore, it can be concluded that the release cycle of the coated fertilizer was elongated.





4. Conclusions


In this work, waterborne polyacrylate polymer was successfully modified with graphene oxide through a physical blending method. Compared to the fertilizer coated with pure waterborne polyacrylate polymer, the graphene oxide-modified polyacrylate polymer samples exhibited better performance as coating materials for controlled-release fertilizers, with a clear water resistance enhancement, resulting from the formation of a cross-linking network between graphene oxide and polyacrylate polymer. In addition, the mechanical properties of the film were greatly improved and the nutrient release was slowed down, e.g., the 28-day cumulative nutrient release was reduced from 87.25% to 59.71%. Overall, our findings show that simple blending of graphene oxide with polyacrylate polymer produced an excellent coating for delaying urea release when the amount of graphene oxide is 0.3 wt %, improving coating strength and weakening the tackiness. Waterborne polyacrylate polymer, particularly after graphene oxide modification, has therefore great potential in waterborne polymer-coated controlled-release fertilizer industry.
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