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Abstract

:

For effective utilization of the residues, calcium sulfate whiskers were prepared from semi-dry desulfurization residues by hydrothermal synthesis reactions. Aiming at collecting the products with a long length and large aspect ratio, the additives, including sodium oleate, sodium dodecyl benzene sulfonate (SDBS), and sodium citrate, were added to control the growth of the crystal. Compared with no additives, whiskers with relatively a longer length and larger aspect ratio could be obtained in the presence of sodium oleate or SDBS. The sodium citrate made the whiskers thicker and shorter. Then, the effects of the additives on crystal growth and the morphology of the hydrothermal products were investigated with the aid of X-ray diffraction (XRD) patterns and molecular dynamics simulations. According to the results of XRD, the diffraction intensity of the crystal face (400) increased under the influence of sodium oleate, promoting crystal growth along the c-axis. The molecular structures of the corresponding faces were built based on the strong peaks shown in the XRD patterns. The atomic distribution on the computed crystal faces was presented. The interaction energies on different faces were calculated to illustrate the different adsorption configurations of the additives. Among the calculated faces, the interaction energies on (400) were both most negative for sodium oleate and SDBS. Therefore, sodium oleate and SDBS preferred to adsorb on (400). As a result, the growth of (400) was thus inhibited and the crystal grew along the c-axis. Compared with sodium oleate and SDBS, the lowest adsorption energy of sodium citrate on the face (310) indicated that sodium citrate has no positive effect on the directional growth of the crystal parallel to c-axis. The molecular simulation results were virtually identical to the crystal faces analysis results.
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1. Introduction


Semi-dry desulfurization residues, which are the main byproducts of the semi-dry flue gas desulfurization (FGD) process, are a mixture of CaSO4, CaSO3, and CaO [1,2]. Coal-fired power plants currently produce tons of semi-dry desulfurization residues each day, so the problem of their utilization has become a focus of attention [3]. Much research has been conducted into utilizing the residues as cement retarders, soil amendments, and building materials [4,5,6,7,8,9]. However, desulfurization residue has a complex composition with a high content of sulfur and relatively high CaSO3 content, which seriously limits their applications [10]. The residue is typically stockpiled without any treatment, which could be a pollution threat to the environment [11]. Thus, profitably utilizing the large volume of these residues is vital for the sustainable development of coal-fired power plants. As a result of the high content of calcium, desulfurization residues have been used to produce gypsum or to prepare calcium sulfate whiskers after pretreatment [12,13,14,15,16,17]. Sun et al. synthesized calcium sulfate whiskers from the FGD gypsum using the atmospheric acidification method [18]. However, for efficient utilization of large volumes of desulfurization residues, hydrothermal synthesis is a promising approach. Wang et al. prepared calcium sulfate whiskers from purified FGD gypsum and investigated the morphology and phase structure of the hydrothermal products in the H2SO4–NaCl–H2O system [19]. Products of calcium sulfate hemihydrate were obtained.



The calcium sulfate whisker is a promising reinforcing material with a high aspect ratio [20]. Because of the remarkable advantages of high tensile strength and elastic modulus, calcium sulfate whiskers are often applied in rubber, paper, plastics, and ceramics as fillers to improve the comprehensive properties, including thermal stability, mechanical strength, chemical resistance, and electrical insulation [21,22,23,24]. The physical properties of the materials are highly dependent on the morphology of the whiskers [25]. The ones that have morphologies with smooth surfaces and fine sizes show outstanding insulation properties and chemical resistance [26]. Therefore, care was taken to control the crystal growth and the morphology, in order to improve the performance and application of the calcium sulfate whiskers. Organic reagents can promote or inhibit the crystal growth along specific planes to modify the morphology [27]. Liu et al. investigated the effects of particle size of FGD gypsum, slurry concentration, and additives on calcium sulfate whiskers prepared from FGD gypsum [28,29]. The results indicated that sodium dodecyl benzene sulfonate could improve the morphology of the calcium sulfate whiskers. Yang et al. analyzed the effects of citric acid and sodium oleate on the preparation of calcium sulfate and explored the adsorption mechanisms of the additives via thermogravimetry and differential scanning calorimetry (DSC-TG) analysis [30]. However, they did not consider the face structures of the whiskers.



Research has revealed that the modification mechanism of the additives on the morphology of calcium sulfate whiskers was due to the selective adsorption of the additives onto different crystal faces [31,32,33]. The molecular simulation technique appears to be a promising method of evaluating the interactions at interfaces and has been widely used to examine the details of crystal structures and the interactions between additives and crystal faces [34,35,36,37]. Yin et al. studied the intermolecular contact between additives and the crystal faces of salbutamol sulfate and concluded that molecular dynamics simulation was a powerful tool in terms of the selection of additives for crystallization [38]. Mao et al. studied the effects of sodium dodecyl sulfonate and sodium dodecylbenzene sulfonate on the morphology of calcium sulfate hemihydrate through experiments in aqueous system molecular dynamics simulations. They also concluded that molecular dynamics simulation is helpful in performance evaluation and in modifier selection [39].



For effective utilization of the semi-dry desulfurization residues, the synthesis of calcium sulfate whiskers was explored using hydrothermal methods. Different additives, including sodium oleate, sodium dodecyl benzene sulfonate (SDBS), and sodium citrate, were added to investigate the effects of additives on the morphologies of the hydrothermal products. The molecular structures of the predominant faces were built and the adsorption configurations of the additives on different faces were computed based on the faces determined by the X-ray diffraction (XRD) of the products. Thus, the growth of the calcium sulfate whiskers prepared from the semi-dry desulfurization residues could be controlled by different additives and the residues could ultimately be utilized properly and efficiently.




2. Materials and Methods


2.1. Materials


The semi-dry desulfurization residues were collected from a power plant of the Anshan Iron and Steel Group Corporation (AISG). First, the desulfurization residues were pretreated with dilute sulfuric acid solution. Samples with 92% calcium sulfate were thus obtained. Sulfuric acid (H2SO4, 95–98%, Liaoning Minsheng Chemical Co. Ltd., Shenyang, China) and sodium citrate (C6H5Na3O7∙2H2O, 90%, Tianjin Bodi Chemical Co. Ltd., Tianjin, China) were analytically pure. Sodium oleate (C18H33NaO2, 98%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) and sodium dodecyl benzene sulfonate (C18H29NaO3S, 90%, Shenyang Licheng Chemical Reagent Factory, Shenyang, China) were chemically pure.




2.2. Preparation of Calcium Sulfate Whiskers


The hydrothermal synthesis method was adopted to prepare calcium sulfate whiskers with and without additives. A high-pressure reactor with an inside diameter of 213 mm, an outside diameter of 225 mm, and a height of 600 mm was employed for the synthesis. The mixing blades and heating devices were set up inside the reactor. A temperature controller was used to regulate the temperature during the reaction. The semi-dry desulfurization residues were pre-treated by a sulfuric acid solution with a volume concentration of 20%. The concentration was the same as that of the waste acid in the power plant. Further research on utilizing waste acid in the synthesis process will be conducted. Residue slurry for the hydrothermal synthesis was prepared using 250 g of pre-treated residues. The mass concentration was set at 3%. On the basis of the results of the previous exploratory experiments, the mass ratio of the additives to the mass of the residues was set at 0.15%, 0.1%, and 0.1% for sodium oleate, SDBS, and sodium citrate, respectively. After the additives were added, the pH value of the slurry was adjusted to 9.25 and then the conditioned slurry was poured into the high-pressure reactor. The autoclave body was heated and then kept at 120 °C for 120 min, which was also determined via the exploratory experiments. The gas pressure in the reactor rose as the temperature rose and finally remained stable. At the end of the reaction, the gas with pressure was released. The hydrothermal products would be rapidly taken out, dehydrated, and dried as soon as the gas pressure of the reactor decreased to the normal atmospheric pressure.




2.3. Characterization of the Hydrothermal Products


The product was spread on a glass slide with the help of absolute ethanol. After the ethanol evaporated away completely, the slide was observed under the scope of an inverted microscope (BDS200, Chongqing Optec Instrument Co. Ltd., Chongqing, China). The captured images were then transferred to an implemented image processing software (Runzhi Tech Co. Ltd., Jinan, China), by which the lengths and diameters of the sampled products were measured and recorded, and the aspect ratios were calculated. For every product, 200 crystals were counted for the mean value. The morphology of the products was further observed by scanning electron microscopy (SEM, SSX-550, Shimadzu, Kyoto, Japan).



The XRD patterns were obtained by an X’Pert Pro diffractometer (X’Pert Pro MPDDY2094, PANalytical B.V., Almelo, The Netherlands), which was operated at 40 kV, 30 mA, with a diffraction angle range of 2θ from 5° to 90° by Cu Kα radiation. Then, the obtained XRD patterns were imported to MDI Jade software for spectra fitting and crystal face analysis. After phase retrieval, both phases and faces were compared with the database and it was noted that the No. 79529 PDF card matched the experimental XRD patterns well.




2.4. Details of Molecular Dynamics Simulations


The adsorption of the additives on different crystal faces was analyzed through the molecular dynamics simulation method. All the simulations were conducted in the Forcite module and the condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS) force field with the software package Materials Studio 7.0 (Accelrys Inc., San Diego, CA, USA).



The functional forms used in the COMPASS force field are as follows [40]:


E=Ebond+Eangle+Eoop+Etorsion+Ecross+Eelec+EvdW 



(1)






Ebond=∑b[k2(b−b0)2+k3(b−b0)3+k4(b−b0)4] 



(2)






Eangle=∑θ[H2(θ−θ0)2+H3(θ−θ0)3+H4(θ−θ0)4] 



(3)






Etorsion=∑θ[V1[1−cos(ϕ−ϕ0)2]+V2[1−cos(2ϕ−ϕ0)2]+V3[1−cos(3ϕ−ϕ0)2]] 



(4)






Eoop=∑χkχχ2 



(5)






Ecross=∑b∑b′Fbb′(b−b0)(b′−b′0)+∑θ∑θ′Fθθ′(θ−θ0)(θ′−θ′0) +∑b∑θFbθ(b−b0)(θ−θ0)+∑b∑ϕFbϕ(b−b0)[V1cosϕ+V2cos2ϕ+V3cos3ϕ+]+∑b′∑ϕFb′ϕ(b′−b′0)[V1cosϕ+V2cos2ϕ+V3cos3ϕ+]+∑θ∑ϕFθϕ(b−b0)[V1cosϕ+V2cos2ϕ+V3cos3ϕ+]+∑θ∑θ′∑ϕkϕθθ′cosϕFbϕ(θ−θ0)(θ′−θ′0)



(6)






Eelec=∑i,jqiqjεrij 



(7)






EvdW=∑i,jεij[2(rij0rij)9−3(rij0rij)6] 



(8)




where Ebond, Eangle, Eoop, Etorsion, Ecross, Eelec, and EvdW denote the energy of bond stretching, angle bending, out of plane angle coordinates, torsion, cross-coupling, electrostatic, and van der Waals, respectively. b, θ, φ, and χ represent bond lengths, bond angles, torsion angles, and out of plane angles, respectively.



The XRD patterns of hydrothermal products matched the No. 79529 PDF card well, and the unit cell model of the products, in which the main phase was calcium sulfate hemihydrates (CaSO4·0.5H2O), was constructed. This is a monoclinic crystal with a space group I121. The primitive structure showed that the cell parameters were a = 12.0317 Å, b = 6.9269 Å, c = 12.6712 Å, α = γ = 90°, and β = 90°27′ [41].



The geometry optimization was first performed on the unit cell. The morphologically apparent crystal faces (hkl) were obtained from the XRD patterns. Geometry optimization of the face models was carried out with the bottom atoms fixed. Supercells were established with the optimized crystal faces. To build the initial configurations of adsorption for further investigation, additive molecules that may react with the atoms on crystal faces needed to be optimized geometrically before being put on the crystal faces. The adsorption configuration was optimized to obtain the best position in a state of adsorption equilibrium using the Smart algorithm with a convergence level of 0.001 Kcal/mol. The group-based summation method and the Ewald summation method with ultrafine calculation accuracy were used to calculate the van der Waals force and electrostatic energy, respectively. Atomic charges were calculated by the charge equilibration (QEq) method [42]. Molecular dynamics simulations were then performed to make the configuration energy converge. Molecular dynamics simulation with a velocity scale thermostat was used to obtain the initial velocity of the configuration. An essential molecular dynamics simulation with an NVT ensemble (In the system, the particle number N, volume V, and temperature T are kept constant) was then carried out on at the nose thermostat at 393 K with a time step of 1 fs and a total simulation time of 50 ps. Configuration with the lowest energy is the optimal model of adsorption, with which the calculation of interaction energy was based on. The interaction energy was obtained by the following formula [38]:


ΔE=Etotal−Eadditive−Ecrystal 



(9)




where ∆E is the interaction energy; and Etotal, Eadditive, and Ecrystal are the total energy of the model, the energy of the additive, and the energy of the crystal, respectively.



The value of the interaction energy demonstrates the stability of the adsorption system. The more negative the value, the more stable the system. The additive could thus easily be adsorbed on the crystal faces. If the interaction energy is zero or even positive, the additive could not adsorb on the crystal faces [43].





3. Results and Discussion


3.1. Effect of Additives on the Morphology of the Products


Figure 1 shows the images of the hydrothermal products with and without additives. Compared with the products without additives, the length increased while the diameter decreased after sodium oleate and SDBS were added separately. When it comes to the products with sodium citrate, short columns with a large diameter were obtained. Combining the length and the aspect ratio shown in Figure 2, the calcium sulfate whiskers with an average length of 89 μm and an aspect ratio of 29.67 were obtained in the absence of additives. Both the length and the aspect ratio increased after sodium oleate or SDBS was added. Specifically, calcium sulfate whiskers with a length of 125 μm and an aspect ratio of 41.67 were obtained when 0.1% SDBS was added. They were the longest and thinnest among the four products. When 0.15% sodium oleate was added, whiskers with a length of 112 μm and an aspect ratio of 40 were obtained. However, when 0.1% sodium citrate was added, the thickness of the whiskers increased and the average aspect ratio decreased to 21.05.



Figure 3 shows the SEM images of the products for detailed morphologies of the products. In Figure 3a, the shape of the prepared crystals was nearly columnar with smooth surfaces and flat cross-sections in the absence of additives. When sodium oleate or SDBS was added, more slender products were synthesized. Furthermore, some of them were in the fascicular form because of the insufficient dispersion. With the addition of the additives, the cross-sections demonstrated obvious irregular dentate shapes. When sodium citrate was added, the hydrothermal products presented short-column and fascicular shapes. It could be deduced that sodium citrate could not improve the growth of the calcium sulfate whiskers.




3.2. XRD Patterns of the Hydrothermal Products


It was verified that the additives could adsorb on specific crystal faces selectively, which prevented the adsorption of Ca2+ and SO42−. Moreover, the additive molecules limited the movement of the ions. The products presented different morphologies due to the selective adsorption of the additives [44,45].



Figure 4 shows the XRD patterns of the hydrothermal products obtained without additives and with sodium oleate, SDBS, and sodium citrate, respectively. Different crystal faces were marked by the Miller indices. In the absence of additives, the diffraction strengths of (100), (200), and (110) were the top three peaks, as shown in Figure 4a. The crystal face (301), which is parallel with the b-axis, was the fourth strongest peak. The presence of (102), (201), and (301), showing the growth in the radial direction, was the main reason for the thick and short crystals. It should be noted that most products were in CaSO4 phase, so that most faces corresponded with those of CaSO4 crystal.



As for the hydrothermal products with sodium oleate, the diffraction strengths of (400) and (200), which were the top two peaks, both increased. The diffraction strength of (310), which was stronger than that of (530), was the third strongest. Obviously, the crystal growth along the c-axis was superior to that in the radial direction. The formation of calcium oleate on the crystal faces promoted the dissolution of dihydrate calcium sulfate, which in turn promoted the recrystallization of the hemihydrate calcium sulfate [46]. In addition, the formation and adsorption of the calcium oleate on (400) and (200) decreased the surface energies of the faces. The growth of the hydrothermal products along the c-axis was then accelerated. Ultimately, the aspect ratio of the hydrothermal products was increased. Therefore, sodium oleate could promote the crystal growth along the c-axis. With SDBS, the crystal faces of (400), (200), and (310) were the strongest peaks. Although the diffraction strength was lower than that with sodium oleate, the two had similar tendencies in terms of the face diffraction patterns, which might originate from the reaction between the organic acids and Ca2+, and the formation of stable compounds on the faces. The growth rate of the crystal faces was thus inhibited. The hydrothermal products grew along the c-axis.



As shown in Figure 4d, with sodium citrate, the crystal face of (310) was strengthened, whose diffraction strength was stronger than that of (200) and (400). It could be concluded that the crystals grew not only in the c-axis direction, but also in other directions. A combination of the perpendicular growth on the c-axis and along other directions made the hydrothermal products thick and short, which meant the faces in different directions had similar growth rates. As a result, most products eventually appeared in short columnar or even plate form. Thus, sodium citrate could not promote the synthesis of the calcium sulfate whiskers with a large aspect ratio.




3.3. Analysis of the Crystal Faces


The spectral fitting of the XRD patterns is summarized in Table 1. It could be seen that the calculated crystal parameters based on the experimental XRD patterns matched well with those in No. 79529 PDF card. Therefore, the molecular calculations on the referenced calcium sulfate hemihydrate (CaSO4·0.5H2O) cells were reliable.



As (200) and its harmonic (400) presented the same atomic distributions, it is rational to discuss the representative face of (400) for the face analysis and the interaction energy calculation [47,48]. On (400), regular distributions of calcium, oxygen, and hydrogen atoms indicated the similar adsorption of the calcium oleate and SDBS due to the similar carbon chain length and functional group. The steric hindrance caused by a long hydrocarbon chain prevented Ca2+ and SO42− gathering at the crystal face [49]. Then, the growth of (400) was inhibited and thus the diffraction peak of (400) could be observed in Figure 4. Moreover, the growth could also be inhibited by sodium citrate to some extent. However, the differences in the growth rates of all the faces resulted in different crystal morphologies.



The face structure of (310) in Figure 5b shows that calcium ions located behind the first layer, which consisted of the oxygen atoms. The long hydrocarbon chain of the acid group, as shown in Figure 6, inhibited the complexation effects of sodium oleate and SDBS with the calcium ions. The sulfate ions, which are small molecules, could easily penetrate and adsorb on the face of (310). Thus, the growth of (310) could not be totally inhibited by calcium oleate and SDBS. However, the citric acid group of sodium citrate could penetrate and adsorb on the face through electrostatic adsorption, which prevented the growth of the face. Therefore, the diffraction peak of (310) could be observed in the XRD patterns. Thus, it was demonstrated that with sodium citrate, the diffraction strength of (310) was stronger than that of (400). Other faces such as (530) had weak interactions with the additives because few calcium ions and hydrogen atoms were distributed on the faces. Ultimately, these faces grew at specific rates.




3.4. Molecular Dynamics Simulations


Although the intermolecular force is much weaker than the chemical bond, it plays a crucial role in molecular packing and arrangement. Both the stability and the interfacial properties of the molecules depend on the intermolecular forces [50]. The interaction energies between the additives and crystal faces can be used as a quantitative criterion to evaluate the adsorption differences.



Table 2 shows the interaction energies of the additives on parts of the crystal faces including (400), (310), and (530). Different additives on the same face and the same additive on different faces can be compared to illustrate the differences in face growth.



In Table 2, the negative adsorption energies on the face of (400) indicated that sodium oleate, SDBS, and sodium citrate could stably adsorb on the face. The face (400) of the hydrothermal products retained and the characteristic peak could be observed in the XRD patterns. Furthermore, among the three additives, SDBS had the lowest interaction energy with the face of (400), indicating that the adsorption of SDBS on the face was the most stable. The interaction energy of sodium citrate on (310) was −871.84 kJ·mol−1, which was much more negative than those of sodium oleate and SDBS. Thus, sodium citrate could adsorb on (310) more stably. Finally, all the faces presented similar growth rates and short columnar or plane products were synthesized in the presence of sodium citrate. As most of the atoms exposed on (310) and (530) were oxygen and hydrogen atoms, the additives could react with calcium atoms by penetrating the oxygen and hydrogen layers. However, the unique functional groups and the long hydrocarbyl groups of sodium oleate and SDBS limited their adsorption on (310) and (530). Compared with the strong interactions on (400), sodium oleate and SDBS could inhibit the growth of (310) and (530) to some extent. The selective adsorption of the additives and the interaction differences caused different crystal growth orientations. As a result, the hydrothermal products presented different morphologies.





4. Conclusions


The calcium sulfate whiskers could be prepared from the semi-dry desulfurization residues by hydrothermal synthesis reaction methods. Based on the experimental results of the hydrothermal synthesis reaction, sodium oleate and SDBS facilitate the preparation of calcium sulfate whiskers. Calcium sulfate whiskers with a length of 125 μm and an aspect ratio of 41.67 were synthesized with 0.1% (mass ratio to residues) SDBS. Because of the adsorption of the additives, both the surface and the cross-sections of the products were rougher than those without additives.



Considering differences in the structures of crystal faces and that the molecular characteristics of the additives resulted in different adsorption configurations, the adsorption of Ca2+ and SO42− could be influenced at different levels, which led to significantly different crystal orientation. Based on the XRD patterns of the hydrothermal products, (400), (200), (310), and (530) were identified as the predominant faces.



Employing molecular dynamics simulations, the interaction energies between the additives and the representative faces (400), (310), and (530) were calculated. Among the calculated faces, (400) had the lowest interaction energies with sodium oleate and SDBS, which was indicative of stable adsorption of sodium oleate and SDBS on it. The crystal growth along the c-axis was promoted. However, sodium citrate had the lowest adsorption energy with face (310), which was suggestive of stable adsorption configuration of sodium citrate on (310). No significant enhancement in the crystal growth along the c-axis was observed. As a result, targeted calcium sulfate whiskers with a large aspect ratio could be prepared by adding SDBS. Furthermore, the calculation results were consistent with the XRD patterns, and both results indicated that sodium oleate and SDBS could promote the growth of the rod-like or acicular products.



The present study experimentally realized the utilization of semi-dry desulfurization residues from which calcium sulfate whiskers were prepared, taking advantage of the hydrothermal synthesis method, with the addition of sodium oleate and SDBS. Based on this study, further insights into the controlling mechanism of the additives on the hydrothermal products, as well as the specified adsorption quantity of the additives, will be carried out in the following study, aiming to improve the quality and the homogeneity of the prepared calcium sulfate whiskers.
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Figure 1. Images of the synthesized products (a) without additives and in the presence of (b) sodium oleate, (c) sodium dodecyl benzene sulfonate (SDBS), and (d) sodium citrate. 
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Figure 2. Average length and aspect ratio of the synthesized products. 
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Figure 3. Morphologies of the synthesized products (a) without additives and in the presence of (b) sodium oleate, (c) SDBS, and (d) sodium citrate. 
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Figure 4. Diffraction strength of the crystal faces (a) with the absence of additives, (b) with sodium oleate, (c) with SDBS, and (d) with sodium citrate. 
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Figure 5. Structures of the crystal faces of (a) (400), (b) (310), and (c) (530). (Note: Red balls represent O. White balls represent H. Yellow balls represent S. Green balls represent Ca). 
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Figure 6. St