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Abstract

:

The formation of CaCO3 crystals on the cathode surface and the scale-inhibition performance of scale inhibitor 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA) on the cathode surface were studied by methods of solution analysis, gravimetric analysis, SEM, FTIR, and XRD techniques. They were then compared with the results of the formation and suppression of CaCO3 crystals in aqueous solution. PBTCA had a good solution-scale-inhibition performance and good lattice-distortion effects on CaCO3 crystals in solution, which could change the CaCO3 from calcite to vaterite and aragonite crystals. The solution-scale-inhibition efficiency exceeded 97% when the PBTCA concentration reached 8 mg/L. Under cathodic polarization conditions, the surface-scale-inhibition efficiency of the cathode and solution-scale-inhibition efficiency near the cathode surface both exceed 97% at polarization potential of −1V. The addition of PBTCA significantly reduced the amount of CaCO3 crystals formed on the cathode surface and had good surface and solution-scale-inhibition effect. However, the lattice-distortion effect of PBTCA on CaCO3 crystals disappeared on the cathode surface, and the resulting CaCO3 contained only calcite crystals. The high-scale-inhibition effect of PBTCA under cathodic polarization was mainly due to the inhibition of the formation of calcium carbonate crystals by PBTCA, and not because of the lattice distortion of CaCO3 crystals.
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1. Introduction


The scaling phenomenon is common in industrial production processes, such as circulating cooling water systems, oil field facilities, and pipe flow systems [1,2,3]. In most cases, the scale-forming substances are apt to appear on heat-exchange surfaces. As the solubility of most scale-forming substances such as CaCO3 decreases with increasing temperature, it is easy for scale-forming substances to form on heat exchange surfaces which have higher temperatures [4]. However, there are exceptions. For examples, when a piece of electrocatalytic oxidation equipment is used to degrade organic pollutants, such as printing and dyeing wastewater, petroleum, and chemical wastewater [5,6], the pH value of solution near the cathode surface would increase due to the hydrogen evolution reaction at the cathode [7], causing the precipitation of insoluble substances, such as calcium salt, on the surface of the cathode. The nature of scaling is usually the precipitation, adhesion, and film formation of inorganic salt crystals on the solid surfaces. The scaling on the heat-exchange surfaces causes a decrease in heat-exchange efficiency and an increase in the energy consumption of the system [8,9]. Scaling on the cathode surface of an electrocatalytic oxidation device would reduce the output current of the device, greatly reducing the degradation efficiency to organic pollutants, until the device cannot operate normally. The deposition of these scaling substances on metal surfaces can also cause problems, such as local overheating and under-scale corrosion [10], which shortens the service life of the equipment.



There are relatively mature techniques for controlling the scaling on heat-exchange surfaces, such as cooling water pipes [11]. The commonly used scaling-control methods can be divided into chemical and physical methods, including the use of scale inhibitor, dilute acid, ion-exchange resin, ultrasonic descaling device, magnetization treatment, membrane treatment, electrostatic water treatment, and so on [12,13,14,15]. Chemical scale inhibitors are the most widely used scale-inhibition method in industrial production. A series of scale inhibitors have been developed [16,17,18]. PBTCA (2-phosphonobutane-1,2,4-tricarboxylic acid) is currently widely used as a scale and corrosion inhibitor because of its low phosphorus content and good scale- and corrosion-inhibition performance [19,20,21]. However, there are few reports on the formation and control of scaling substances on the surface of cathodes in equipment such as electrocatalytic oxidation. Tang et al. [22] established an evaluation method of scale-inhibition performance by electrochemical means. They used electrochemical method to promote scale formation and evaluate scale-inhibition performance by means of weighing. However, there was almost no analysis of morphology and crystal-form changes of scale generated by electrochemistry.



In this paper, the formation of CaCO3 crystals on the cathode surface under the condition of cathodic polarization was studied, as well as the scale-inhibition effect of the commonly used scale inhibitor PBTCA on the cathode surface. The results were compared with the formation and suppression trend of calcium carbonate crystals in the traditional aqueous solutions. It is hoped to provide a reference for scaling control on the surface of cathodes in equipment such as electrocatalytic oxidation.




2. Materials and Methods


2.1. Experimental Medium


PBTCA was provided by the Shanghai Duojia Water Treatment Company in China. Reagents such as CaCl2, NaHCO3, and disodium edetate (EDTA) for titration were purchased from Sinopharm chemical Reagent Co., Ltd., in China, and the chemicals used were analytical grade. All test solutions were prepared with deionized water.




2.2. Solution-Scale-Inhibition Experiments


The scaling solution containing 6 mmol/L CaCl2 and 12 mmol/L NaHCO3 was prepared according to the national standard of China numbered GB/T 16632-2008 (named “determination of scale-inhibition performance of water treatment agents—Calcium carbonate precipitation method”). The initial pH of the solution was kept at 9.0 by using borax buffer. Scale-formation experiments were carried out in a water bath, at 50 °C for 10 h, and then the scaling solutions were filtered, and the calcium ion concentrations in the filtrate were determined by titration of disodium edetate (EDTA) standard solution. According to the change in calcium ion concentration in the solution before and after the experiments, the solution-scale-inhibition efficiency, ηs, was calculated according to the following formula:


   η s  =    c 2  −  c 1     c 0  −  c 1    × 100 %  



(1)




where c0 is the concentration of calcium ions in the scaling solution before the experiment (mol/L), c1 is the concentration of calcium ions in the blank scaling solution after the experiment (mol/L), and c2 is the concentration of calcium ions in the scaling solution containing PBTCA after the experiment (mol/L).




2.3. Scale-Inhibition Experiments under the Cathodic Polarization


The cathodic polarization was performed on a potentiostat. The material of the working electrode was 316 stainless steel, with dimensions of 20 mm × 50 mm × 2 mm and a total effective working area of 18 cm2. The auxiliary electrode was a platinum plate, and the reference was a saturated calomel electrode (SCE). The stainless steel was sanded with 500 to 1500 mesh sandpapers, wiped with alcohol, and washed with deionized water before each test.



The scale-forming experiments were carried out on a stainless-steel cathode by applying different polarization potentials (−1.0 and −1.5 V) for 1 h. The scaling solution was the same as that in Section 2.2. The stainless-steel cathode was weighed before and after the experiment, with weight increase after the experiment being the amount of scale formed on the stainless-steel surface (the weight of the stainless-steel cathode itself did not change during the experiment). The surface-scale-inhibition efficiency ηw was calculated as follows:


   η w  =   Δ  m 1  − Δ  m 2    Δ  m 1    × 100 %  



(2)




where Δm1 is the weight increase of the stainless-steel cathode after the experiment in the scaling solution with no additives, and Δm2 is the weight increase of the stainless-steel cathode after the experiment in the scaling solution with the scale inhibitor.




2.4. Morphology and Structure Analysis of CaCO3 Crystals


The CaCO3 crystals were dried and sprayed with Au, and the surface morphology was observed by a scanning electron microscopy (SEM) (JSM-7800F), under an acceleration voltage of 15 kV. The crystal structure and type of the CaCO3 crystals was analyzed by Fourier transform infrared (FTIR) spectroscopy (Spectrum Two) (FTIR-8400 S, Shimadzu Co. Ltd., Japan), in the range of 400 to 2000 cm−1, and the X-ray diffraction (XRD) was recorded on (D8 ADVANCE, Germany)(Cu, Kα); the diffraction angle (2θ) in the range of 20°–80° was scanned.





3. Results and Discussion


3.1. Formation and Inhibition of CaCO3 Crystals in Solution


First, the scale-inhibition performance of PBTCA in the scaling solution was measured. The results of the solution-scale-inhibition efficiency, ηs, of the scale inhibitor PBTCA with different concentrations are shown in Table 1. PBTCA is an organic phosphone carboxylic acid scale inhibitor and is commonly used in cooling water systems. Table 1 shows that the scale-inhibition efficiency, ηs, increased as the raise of PBTCA concentration. When the PBTCA concentration reached 4 mg/L, the ηs value reached 96%. The value of ηs changed little when the PBTCA concentration continued to increase. Many scale inhibitors, including PBTCA can adsorb and chelate with calcium ions, reducing the supersaturation of the scaling solution and thus reducing the nucleation rate of CaCO3 crystals, therefore inhibiting the deposition of CaCO3 [23,24]. During the nucleation of the crystal, the scale inhibitor might also form slightly soluble calcium salts with calcium ions and encapsulate the surface of solid impurities which act as a crystal center, thereby preventing the nucleation and growth of CaCO3 crystals on the solid impurities [25]. During the growth period of the crystal, the scale inhibitor can be adsorbed on the active site of the surface of the calcium carbonate crystal, inhibit, and delay the crystallization and growth of calcium carbonate [26,27].



CaCO3 crystals formed in the scaling solution or heat-exchange surface that do not use any scale-inhibition technique exhibit a sharp-edged cube structure, as shown in Figure 1(1). These crystals have smooth surfaces and exhibit regular calcite morphology. The chemical scale inhibitor PBTCA was added for scale control. Figure 1(2) shows the morphology of CaCO3 crystals formed in the scaling solution containing 8 mg/L PBTCA. It can be found that most of CaCO3 crystals have been transformed into spherical vaterite or petal-shaped aragonite. Among the crystal forms of calcium carbonate, calcite is the thermodynamically most stable CaCO3 crystal with four major growth surfaces of (104), (102), (113), and (202) [28,29]. Compared with calcite, vaterite or aragonite is less likely to adhere on solid surfaces, which is one of the reasons why scale inhibitors play a role in preventing scaling.



FTIR spectra can be used to further analyze the crystal form of CaCO3 and the effect of scale inhibitor. Figure 2 shows the infrared spectrum of CaCO3 crystals generated in the scaling solution. For CaCO3 crystals formed in the blank scaling solution (Figure 2(1)), only the absorption peaks of calcite appeared at 713 and 873 cm−1 [30]. In the scaling solution containing 8 mg/L of PBTCA (Figure 2(2)), in addition to the absorption peaks of calcite at 713 and 873 cm−1, the absorption peak of vaterite also appeared at 745 cm−1, and a weaker absorption peak of aragonite appeared at 854 cm−1 [31].



Figure 3 shows the XRD pattern of the CaCO3 crystals formed in the blank scaling solution and in the solution containing 8 mg/L PBTCA. The CaCO3 crystals formed in the blank scaling solution exhibit only the characteristic diffraction peaks of calcite, as shown in Figure 3(1). In addition to the characteristic diffraction peaks of calcite, the characteristic peaks of vaterite appeared for the CaCO3 crystals formed in the scaling solution containing PBTCA (as shown in Figure 3(2)).




3.2. Formation and Inhibition of CaCO3 on the Cathode Surface


3.2.1. CaCO3 Crystals Formed on the Cathode Surface


Figure 4 shows photographs of the CaCO3 crystals obtained on the cathode surface in the blank scaling solution under polarization at −1.0 and −1.5 V, respectively. The results show that the formed CaCO3 were mostly typical calcite crystals. There was also a small amount of vaterite with a rough surface, which might be due to the effect of the electric field under cathodic polarization. Comparing the particle size of CaCO3 crystals attached to the cathode surface at different polarization potentials, it could be found that the particle size of CaCO3 crystals produced on the cathode surface was larger under −1.5 V polarization.



Figure 5 presents the FTIR spectra of CaCO3 crystals obtained on the cathode surface in the blank scaling solution under polarization potentials of −1.0V and −1.5V, respectively. The absorption peaks of calcite located at 713 and 875 cm−1 mainly appeared, which were consistent with the results observed by SEM. A weak absorption peak at 745 cm−1 corresponding to vaterite was also found, indicating that the application of cathodic polarization had a certain effect on the CaCO3 crystal form.




3.2.2. Scale Inhibition of PBTCA on the Formation of CaCO3 on the Cathode Surface


The cathode surface-scale-inhibition efficiency (ηw) and the solution-scale-inhibition efficiency (ηs) near the cathode surface of PBTCA at various concentrations under different polarization potentials are shown in Table 2. Compared with the blank solution, the addition of PBTCA at all concentrations used in this paper has both solution and cathode surface-scale-inhibition effects, and with the increase of PBTCA concentration, the scale-inhibition efficiency increases significantly. Under a polarization potential of −1.0 V, the cathodic-scale-inhibition efficiency and solution-scale -inhibition efficiency of 8 mg/L PBTCA both reached 97%. When the cathodic polarization potential was shifted to −1.5 V, the cathodic-scale-inhibition efficiency and solution-scale-inhibition efficiency of 8 mg/L PBTCA has decreased to 72% and 87%, respectively.



Figure 6 shows photographs of the CaCO3 crystals obtained on the cathode surface in the scaling solution containing 8 mg/L PBTCA, under polarization at −1.0 and −1.5 V, respectively. Compared with Figure 4, it can be found that the CaCO3 crystals attached to the cathode surface were significantly reduced. There was less CaCO3 crystals adhesion on the cathode surface, and the crystal size was smaller when polarized at −1.0 V than that polarized at −1.5 V. In addition, the CaCO3 crystals generated under cathodic polarization gradually began to lose their edges and corners from the original hexagonal structure, but still showed the morphological characteristics of calcite.



In the scaling solution containing 8 mg/L PBTCA, the FTIR spectra of CaCO3 crystals formed on the cathode surface at polarization potentials of −1.0 and −1.5 V are shown in Figure 7. Only the absorption peaks at 713 and 873 cm−1 corresponding to calcite appeared. Compared with Figure 2(2), the characteristic absorption peaks of vaterite and aragonite no longer appear, indicating that, in the case of cathodic polarization, the effect of the scale inhibitor PBTCA on the lattice distortion of CaCO3 disappeared. The addition of PBTCA suppressed the formation of vaterite or aragonite on the cathode surface.



Figure 8 shows the XRD pattern of the CaCO3 crystals obtained on the cathode surface under polarization at −1.5 V in the blank solution and in solution containing 8 mg/L PBTCA. It was found that, under the condition of cathodic polarization, the CaCO3 crystals formed on the cathode surface in the blank scaling solution mainly exhibited the characteristic diffraction peaks of calcite, as well as a small diffraction peak of vaterite (curve (1) in Figure 8). However, for CaCO3 crystals formed on the cathode surface in the solution containing PBTCA, only diffraction peaks of calcite (curve (2) in Figure 8) appeared. This result was consistent with the results of SEM and FTIR.





3.3. Mechanism Analysis


The crystallization of CaCO3 begins with the combination of Ca2+ and CO32− to form crystal embryos in the scaling solution. When these crystal embryos reach a critical size, the CaCO3 can form vaterite, aragonite, or calcite crystals, based on the solution conditions [32]. According to the mechanism of dissolution and recrystallization, the formation of the CaCO3 crystals could be divided into three stages: the appearance and disappearance of amorphous CaCO3, the appearance and disappearance of metastable vaterite or aragonite, and the development of stable calcite [33].



In general systems such as heat exchange surfaces, there are two main ways for PBTCA to inhibit the formation of CaCO3: complexation effect and lattice distortion of crystals [34]. PBTCA exists in the form of ions in neutral and weakly alkaline solutions. It contains phosphonic acid group (-PO3H2) and carboxylic acid group (-COOH), where -PO3H- and -COO- can adsorb and chelate with Ca2+ to inhibit the formation of calcium carbonate crystal [20]. The lattice distortion of CaCO3 by PBTCA is mainly due to the adsorption of the groups -PO3H2 and -COOH in PBTCA on the surface of vaterite crystals, occupying the active sites of crystal growth, changing the stereochemical orientation of CaCO3 growth, thereby inhibiting the transformation of vaterite to calcite [35,36,37]. From a thermodynamic point of view, the metastable vaterite crystals have a high free enthalpy and are unstable during the crystallization process [26]. The adsorption of a scale inhibitor can reduce the surface energy and minimize the free enthalpy of the crystals. Thereby, the metastable vaterite can be stably present in a solution containing a scale inhibitor such as PBTCA. The key factor of lattice distortion of the CaCO3 crystals is the adsorption of the scale inhibitor on the crystal surface.



In the electrocatalytic oxidation system, the hydrogen evolution reaction mainly occurs on the cathode surface, which will increase the pH value of the solution near the cathode surface and promote the formation and adhesion of CaCO3 crystals on cathode surface. The following reactions occur on the cathode surface:


   H 2  O ⇌  H +     + OH   -   



(3)






       2 H   +   + 2 e  →  H 2   



(4)






    Ca    2 +       + HCO   3    -  +   OH  -  ⇌   CaCO  3     + H   2  O  



(5)







With the negative shift of the cathodic polarization potential, the rate of the hydrogen evolution reaction, Equation (2), on the cathode surface increases, which further increases the pH value of the solution near the cathode surface and accelerates the scale formation reaction, Equation (3), resulting in more CaCO3 crystals with larger particle sizes on the cathode surface (see Figure 4). In addition, under the action of an electric field during cathodic polarization, possibly because the scale inhibitor PBTCA anions are aligned toward the anode, it is difficult for the PBTCA anion to adsorb on the active sites of the CaCO3 crystals on the cathode surface. Therefore, the lattice distortion of the CaCO3 crystals by PBTCA is not easy to occur under cathodic polarization. The pH value of the solution near the cathode in the blank scaling solution and the scaling solution containing PBTCA was measured after the cathodic polarization experiments. The pH near the cathode was between 9.0 and 9.5. Under different pH conditions, the types and contents of the complex products of PBCTA and calcium ions are different [38]. In this pH range, the main product of complexation between PBTCA and calcium ions is [Ca(H3PBTC)(H2O)2⋅2H2O]n, with a stability constant of 7.55 [39], which is relatively stable in solution. Therefore, under cathodic polarization conditions, the scale-inhibition effect of PBTCA was achieved by preventing the formation of calcium carbonate crystals on the cathode surface, rather than by lattice distortion of CaCO3 crystals. The scale-inhibition efficiency of the scale inhibitors under cathodic polarization was almost independent of the crystal-distortion effect of CaCO3 crystals, which is similar to the results of Popov et al. [40].





4. Conclusions


PBTCA had strong solution-scale-inhibition and lattice-distortion effects on the CaCO3 crystals generated in the scaling solution. When the PBTCA concentration reached 8 mg/L, the solution-scale-inhibition efficiency exceeded 97%, and the solution-scale-inhibition efficiency increases with the increase of PBTCA concentration. The CaCO3 crystals generated in the blank scaling solution were mostly regular hexagonal. The FTIR and XRD results showed that they were calcite crystals, and the CaCO3 crystals generated in the scaling solution, containing PBTCA, were spherical and irregular petal-shaped vaterite and aragonite.



In the scaling solution containing PBTCA, the amount of CaCO3 crystals formed on the cathode surface was greatly reduced, showing good surface scale inhibition of PBTCA. Under a polarization potential of -1.0 V, the cathodic-scale-inhibition efficiency and solution-scale-inhibition efficiency of 8 mg/L PBTCA both reached 97%. The scale-inhibition performance of PBTCA was enhanced with the increase of its concentration and decreased with the negative shift of the polarization potential. Under cathodic polarization conditions, the more negative the polarization potential, the more CaCO3 crystals generated on the cathode surface and the larger the particle size. Most of the CaCO3 crystals formed on the cathode surface in the blank scaling solution and the scaling solution containing PBTCA were calcite crystals. PBTCA no longer had a lattice-distortion effect on CaCO3 crystals on the cathode surface. The scale-inhibition effect of PBTCA under cathodic polarization has no obvious relationship with the crystal-distortion effect caused by PBTCA.
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Figure 1. SEM images of CaCO3 crystals generated in scale solution: (1) blank; (2) containing 8 mg/L PBTCA. 
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Figure 2. FTIR spectra of CaCO3 crystals in the scaling solution: (1) blank; (2) containing 8 mg/L PBTCA. 
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Figure 3. XRD pattern of CaCO3 crystals in the scaling solution: (1) blank; (2) containing 8 mg/L PBTCA. 
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Figure 4. The morphology of CaCO3 crystals generated on the cathode surface in the blank scaling solution, under different polarization potentials. (1) Polarization at −1.0 V; (2) Polarization at −1.5 V. 
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Figure 5. FTIR spectra of CaCO3 crystals on the cathode surface in the blank scaling solution, under different polarization potentials. (1) Polarization at −1.0 V; (2) Polarization at −1.5 V. 
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Figure 6. The morphology of CaCO3 crystals on the cathode surface in the scaling solution containing 8 mg/L PBTCA, under different polarization potentials. (1) Polarization at −1.0 V; (2) Polarization at −1.5 V. 
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Figure 7. FTIR spectra of CaCO3 crystals on the cathode surface in the scaling solution with 8 mg/L PBTCA, under different polarization potentials. (1) Polarization at −1.0 V; (2) Polarization at −1.5 V. 
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Figure 8. XRD pattern of CaCO3 crystals formed on the cathode surface under polarization at −1.5 V: (1) blank; (2) containing 8 mg/L PBTCA. 
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Table 1. Solution-scale-inhibition rate (ηs) of solutions with different concentrations of PBTCA.
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	Concentration of PBTCA (mg/L)
	2
	4
	8





	ηs (%)
	75 ± 2
	96 ± 3
	97 ± 3
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Table 2. The cathode surface-scale-inhibition efficiency (ηw) and the solution-scale-inhibition efficiency near the cathode surface (ηs) of PBTCA under different polarization potentials.
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Potentials (V)

	
−1.0

	
−1.5






	
Concentration of PBTCA (mg/L)

	
2

	
4

	
8

	
2

	
4

	
8




	
ηw (%)

	
25 ± 1

	
47 ± 2

	
97 ± 3

	
18 ± 1

	
38 ± 2

	
72 ± 3




	
ηs (%)

	
43 ± 2

	
83 ± 3

	
97 ± 3

	
32 ± 2

	
62 ± 2

	
87 ± 3
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