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Abstract:



As a recycled material, flue gas desulfurization gypsum has been used to prepare calcium sulfate hemihydrate whisker (CSHW) through hydrothermal synthesis for several decades. However, the subsequent utilization of this resultant material has not yet received considerable attention. In the present research, CSHW was successfully synthesized at a certain region, and was used for the adsorption of lead ions from aqueous solutions, thereby broadening the research field for the practical application of CSHW. Its adsorption capacity was significantly influenced by various parameters, particularly, the pH level and initial lead concentration. The pH value highly affected the hydrolysis degree of lead ions and dominated the adsorption of lead. The equilibrium isotherms under two different temperatures were simulated using Langmuir, Freundlich, and Temkin models. Both Langmuir and Temkin models showed a good fit to the data. Combined with the well-fitted pseudo-second-order model, the adsorption mechanism was thought to be a chemisorption process that was enforced by the ion exchange reaction. In addition, the specific crystal structure of CSHW revealed that ion exchange reaction occurred on the (010) and (100) facets due to their preferential growth and negatively charged property. The residual solid phase after adsorption was collected and detected using X-ray diffraction and scanning electron microscopy with energy dispersive X-ray spectroscopy. Results revealed that PbSO4 was formed on the surface of CSHW. The alkaline condition introduced the tribasic lead sulfate, and thus reduced the stability of the adsorption system.
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1. Introduction


Wet limestone–gypsum wet flue gas desulfurization (WFGD) has already been recognized as a relatively mature and efficient desulfurization technology for FGD treatment, and its actual application rate is approximately 90% worldwide [1]. However, the large amount of byproducts produced from this widespread technology results in massive accumulation of flue gas desulfurization (FGD) gypsum, and triggers a series of environment problems, such as resource wastage, land occupation, and soil erosion. As a high-quality gypsum resource, FGD gypsum is widely used in cement, agriculture, and building materials [2,3,4]. Nevertheless, the comprehensive utilization of FGD gypsum is remarkably lower in China than in Japan, USA, and European countries; these studies are mainly consumed in producing low and medium value-added materials [5]. The synthesis of FGD gypsum-based material, especially the production of calcium sulfate hemihydrate whisker (CSHW), must be improved to further widen the application value of FGD gypsum and achieve the target resource utilization.



CSHW is a kind of sub-nanoscale mineral, and its morphology is oriented by the differential growth velocity between axial and lateral directions [6]. CSHW has become popular due to its special properties, such as high aspect ratio [7], high tensile strength and elastic modulus [8,9], ease of surface modification [10], ease of dispersion [11], integrated internal structure [12], and nontoxicity [13]. This material is commonly obtained from industrial or natural gypsum through hydrothermal synthesis at a normal pressure level, which is perceived as an effective and easily controlled process. Since the achievements about CSHW were firstly proposed in the early 1970s [14,15], the research on this topic has focused on the following three directions [16,17,18]: (i) preparing target products from available wastes; (ii) modifying the crystal morphology through additives; and (iii) applying CSHW to produce constructional materials. Most studies have focused on technological modification or the mechanism of the preferred orientation growth. However, little effort has been made to deliberate the important role of CSHW with definite absorption performance in the field of heavy metal treatment.



Heavy metals, such as lead, cadmium, chromium, nickel, copper, zinc, and mercury, are detrimental, carcinogenic, and persistent inorganic contaminants that are found in human surroundings, and have been originated from natural or anthropogenic behavior [19]. The design and fabrication of common techniques have shown potential for treating polluted sewage with heavy metals [20,21,22]. Among all substances, lead is of particular concern, because it has high toxicity, is biorefractory, chronically accumulates, and has broad sources. Various techniques, including chemical precipitation, ion exchange, filtration, membrane separation, and adsorption, are utilized to deal with the lead contamination [23,24,25]. Compared with other processes, adsorption technology exhibits sufficient advantages, such as easy operation, low cost, secondary pollution-free, and extensive application scope.



Some natural materials, such as active carbon, kaolin, olive cake, sawdust, and fly ash, may serve as cost-effective sorbents for lead adsorption [24,26]. By contrast, synthetic or modified adsorbents are usually favorable because the manipulation of surface morphology and chemistry ensures enhanced uptake capacity. Goel et al. [27] showed that the adsorption of Pb(II) on sulfonated activated carbon exhibits a 35.0% increase in capacity (mg g−1) over normal activated carbon. In Gunay’s research [28], the maximum adsorption capacity of Pb(II) onto pretreated clinoptilolite is higher than that on the raw material. Gupta et al. synthesized an alumina-coated multi-wall carbon nanotube material and verified its effectiveness for the absorption of lead ions [29]. More recently, gypsum-based materials, such as CSHW, received considerable attention as alternative absorbents in the field of environmental governance. This material possesses great potential value in research and application, due to the remarkable characteristics of its crystal surface and chemical components. The strong chemical affinity of lead toward sulfate groups [27,30,31] serves as the theoretical basis for this paper. Yet, the interaction between lead and CSHW remains unclear.



The present study aims to explore the synthetic process and the substantial role of CSHW in removing lead ions. CSHW was acquired using FGD gypsum through the hydrothermal method. Actually, the important role of some metal ions on the generation of calcium sulfate crystals has been well investigated [32,33]. Mg2+ ions went against the formation of α-CSH, because of the association effect formed by stable MgSO40 in 4.50 M magnesium chloride solution [34]. Yang et al. [35] researched that when the potassium chloride concentration is up to 18.0 wt. %, pure calcium sulfate phase is difficult to obtain, due to the formation of syngenite or gorgeyite. In sodium chloride solution, the presence of cadmium, copper, ferrum, and chromium hindered the crystallization of calcium sulfate significantly, even at low concentrations [36]. That is to say, the nucleation and crystallization of gypsum crystals is closely related to added substances in the solution. In order to acquire products with high stability, the metastable lifetime zone of CSHW affected by calcium chloride and sulfuric acid was researched, and the transformation was further analyzed in this paper. The conversion from FGD gypsum to CSHW shows both economic and environmental benefits when low-grade wastes are used as a valuable absorbent. The influence of pH on adsorption was investigated extensively in practical experiments, and the appropriate scope was classified. Furthermore, the absorption performance was characterized and contrasted by data fitting using equilibrium isotherms and kinetic models, and the mechanism was proposed in detail.




2. Experiment and Characterization


2.1. Chemicals


All the chemicals used in this study were purchased from Sinopharm Chemical Reagent Corporation Ltd. (SCRC Ltd., Wuhan, China). Stock solutions of lead(II) were prepared by dissolving appropriate amounts of Pb(NO3)2 (SCRC Ltd., Wuhan, China) in deionized water to obtain desired different concentrations.




2.2. Synthesis of CSHW


As a raw material, FGD gypsum products were obtained from Jinzhou City in China, and its free water content was 9.95 wt. %. The gypsum was dried at 333 K for 24 h before use. In the practical operation, the dried samples were mixed with matrix solutions (sulfuric acid and calcium chloride) in deionized water to produce CSHW under hydrothermal conditions.



The main procedure was accomplished as follows. At the beginning of each run, sulfuric acid solution with the mass concentration of 1.0 wt. % was added into a 500 mL three-neckedround-bottomed flask, which was placed in a heat-collected magnetic stirring reactor (DF-101S, China). After preheating for 30 min at the fixed temperature of 369 K, 5 wt. % calcium chloride and 15 wt. % FGD gypsum were immediately added at the rotating speed of 300 rpm to form gypsum slurry. At a certain reaction time (4 h), the suspension samples were quickly detached, washed several times with nearly boiling water, and then rinsed twice by anhydrous ethyl alcohol with the purity of 99.5%. Finally, after vacuum drying to a constant weight at 333 K, the separated solids were the target CSHW applied in the next absorption process. Meanwhile, another 15 mL of supernatant liquor was collected for inductively coupled plasma quantitative analysis (ICP, IRIS Intrepid II XSP, Waltham, MA, USA). Under the limit of detection (LOD) of 9 mg L−1, the measured S abundance, with an uncertainty of 1.3 × 10−3, was united as g/100 mL for solubility characterization.




2.3. Adsorption Study of Lead Ions


Adsorption experiments were all conducted at a controlled temperature using freshly prepared solutions. Adequate mass of dried powder CSHW fixed at 2 g L−1 was added into 100 mL of several lead solutions (10, 30, 60, 80, and 100 mg L−1) in 150 mL centrifuge tubes. The resultant mixtures were subjected to a thermostatic water bath oscillator (SHA-BA, Jintan, China) at the controlled temperature (298 and 318 K) for a specific reaction time (5, 10, 15, 20, 25, 30, 60, 90, and 120 min). During absorption, a constant oscillation speed of 180 rpm was adopted for good mass transfer with continuous mixing. The pH values of initial solutions in the adsorption process were monitored and adjusted using 0.1 M hydrochloric acid and 0.1 M sodium hydroxide. In the course of the batch operation, the sample solution in the centrifuge tube was withdrawn from the device at the equilibration time, and was immediately placed in a low-speed autobalancing centrifuge for 5 min (TDZ5-W8, Shanghai, China). Afterward, 15 mL of supernatant liquid was obtained by using an injection syringe and was filtered with a 0.45 µm cellulose filter. After appropriate water dilution, the lead concentration in the clear filtrate was detected.



A series of experiments was conducted to determine the influence of pH level and initial lead concentration on adsorption. With an initial lead concentration of 30 mg L−1, the effect of pH values varied from 3 to 8 was studied at 298 K. To determine the adsorption capacity, varying initial lead concentrations were performed in the range of 10–100 mg L−1. The usability of CSHW for lead adsorption at different treatment times was also investigated to establish the most suitable kinetics model using with an initial lead concentration of 30 mg L−1.




2.4. Characterization


As common indexes used in studying the adsorption property, removal efficiency (RE, %) and adsorption capacity (Qe, mg g−1) were utilized to characterize the processing ability of CSHW in the uptake of heavy metal ions. RE and Qe can be calculated through Equations (1) and (2), respectively:
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(1)
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(2)




where [image: there is no content] (mg L−1), [image: there is no content] (mg L−1), and [image: there is no content] (mg L−1) are the lead concentrations at the initial stage, adsorption stage, and equilibrium stage, respectively; [image: there is no content] (g) represents the dosage of CSHW; and [image: there is no content] (L) indicates the solution volume.



The assessment of calcium sulfate sample formation was identified by determining the loss of crystal water content and the phase constitute, which was performed through thermogravimetry and differential scanning calorimetry (Diamond DSC TG-DTA 6300, PerkinElmer, Waltham, MA, USA). Density tester was used to detect the bulk density of materials based on the Chinese National Standard “Gypsum plasters—Determination of water physical properties of powder” (GB/T 17699.5-1999, eqv. ISO 3049:1974). The true density of powder materials was determined by the pycnometer method. The content of crystal water was tested in accordance with the Chinese National Standard “Gypsum plasters—Determination of water of crystallization content” (GB/T 17699.2-1999, eqv. ISO 3052:1974). Particle distribution was experimented with a laser particle size analyzer (R7HJ-S3500, Microtrac, Montgomeryville, PA, USA). X-ray fluorescence spectrometer (S4 Pioneer, Bruker AXS, Karlsruhe, Germany) was used to analyze chemical compositions of the raw materials and synthesized calcium sulfate hemihydrate whiskers. Phase constitution was examined by X-ray diffraction (XD-98) with Cu/Kα radiation at a scanning rate of 2°/min in the 2θ range of 5° to 85°. Crystal morphologies were observed and material composition was also performed by an energy-dispersive spectrometer device (EDAX, Santiago, Chile) facility united with a scanning secondary electron microscope (SEM) (Quanta 200, FEI, Hillsboro, OR, USA). Flame atom absorption spectrophotometer (F-AAS, TAS-990, Beijing, China) at its maximum wavelength of 283.31 nm was used to determine the concentrations of lead ions under the LOD of 10 mg L−1, and an uncertainty of 1.9 × 10−3 in the clarified liquors before and after adsorption.





3. Results and Discussion


3.1. Basic Characteristics of CSHW


As mentioned above, CSHW was successfully prepared from FGD gypsum through hydrothermal synthesis under the atmospheric pressure. The physical characteristics and chemical compositions are summarized and contrasted in Table 1 and Table 2, respectively.



Table 1. Main physical characteristics of flue gas desulfurization (FGD) gypsum and calcium sulfate hemihydrate whisker (CSHW).







	
Parameters

	
Value




	
FGD Gypsum

	
CSHW






	
Bulk density (g mL−1)

	
1.06

	
0.26




	
True density (g mL−1)

	
3.19

	
2.78




	
Particle median diameter (μm)

	
38.28

	
37.54










Table 2. Chemical compositions of FGD gypsum and CSHW (wt. %).







	
Materials

	
CaO

	
SO3

	
SiO2

	
Al2O3

	
Fe2O3

	
MgO

	
Crystal Water (%)






	
FGD gypsum

	
44.15

	
52.89

	
1.05

	
0.46

	
0.27

	
0.36

	
18.65




	
CSHW

	
43.43

	
53.12

	
1.36

	
0.61

	
0.25

	
0.39

	
6.82










A study of the experimental data in Table 1 indicated that actual measured values of CSHW were pretty close to the raw material, meaning the hydrothermal method did not affect physical properties much. The FGD gypsum and CSHW were also chemically characterized and exhibited in Table 2. The chemical substances were both found to be inorganic in nature, and their contents rather similar. Besides, the main component was shown as calcium sulfate, due to the high content (more than 96%). In this research, the crystal water content of FGD gypsum was tested as 18.65 wt. %, which was approximate to the theoretical value of pure CSD (20.93 wt. %). Whereas, that of CSHW was 6.82 wt. %, similarly to pure CSH of 6.21 wt. % calculated from the chemical formulae. Thus, the large discrepancies in the hydration property between FGD gypsum and CSHW could be conceived as their different crystal morphologies and major ingredients.



The microstructures of the raw material (FGD gypsum) and the resultant material (CSHW) are shown in Figure 1. As displayed in the SEM graphs of Figure 1a, the FGD gypsum crystals show an uneven size distribution, and most exhibited a kind of rhombohedral structure. During dehydration reaction, whisker-shaped crystals (Figure 1b), which are longer than 100 μm, are observed during the dehydration reaction. Statistical analysis showed that the aspect ratio is 63, while the raw material of FGD gypsum is detected with an aspect ratio ranging from 1 to 4. These results, combined with the XRD patterns in Figure 2, showed three characteristic peaks at 11.62°, 20.72°, and 29.11° for FGD gypsum, indicating that the main component of the raw material is calcium sulfate dihydrate (CSD). Many literature studies have revealed that CSD can easily dehydrate into products with improved performance under specific conditions [37,38]. In this paper, the major product in CSHW is pure α calcium sulfate hemihydrate (α-CSH), which has been verified by the XRD pattern in Figure 2 and TG/DTA curve in Figure 3. In general, calcium sulfate hemihydrate owns two structures, including α-CSH and β-CSH, and TG/DSC has proved to be the essential approach to differentiate the two types [39]. Figure 3a manifests the sample detached 1.5 and 0.5 crystal water successively at exothermic DSC peaks of 155.6 °C and 172.5 °C. The mass change value is calculated to be 18.65%, denoting that the raw material is CSD crystal. As shown in Figure 3b, the exothermic peak is detected at 203.4 °C following the endothermic peak at 165.5 °C with a weight loss of 6.82%, which is characteristic of α-CSH.


Figure 1. SEM graphs of (a) FGD gypsum and (b) CSHW derived from FGD gypsum by hydrothermal synthesis.
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Figure 2. X-ray diffraction patterns of FGD gypsum and CSHW derived from FGD gypsum by the hydrothermal synthesis.
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Figure 3. TG-DTA pattern of (a) FGD gypsum and (b) CSHW derived from FGD gypsum by the hydrothermal synthesis.
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3.2. Metastable Lifetime Zone of CSHW during the Hydrothermal Reaction


As always, dissolution recrystallization theory has been regarded as the elementary mechanism underlying the transformation of α-CSH from FGD gypsum. This theory supports that supersaturation is the main impetus for α-CSH nucleation and growth. Fu et al. revealed that temperature and water activity are important factors affecting the solubility difference [40]. Based on previous research [41], the relationship between solubility and temperature has been verified. By contrast, the significant influence of electrolyte solution on water activity is a domain worthy of further exploration. In order to explain the dehydration and hydration behavior affected by the matrix solution, Figure 4 presents the solubility data gained from CSD and α-CSH dissolution with different calcium chloride (1, 2, 3, 4, 5, 6, 7, and 8 mg L−1) and sulfuric acid (0.5, 1, 1.5, 2, 3, 4, and 6 mg L−1) concentrations at 369 K.


Figure 4. Solubility data of calcium sulfate dihydrate (CSD) and calcium sulfate hemihydrate (CSH) and phase composition obtained with different CaCl2 (a,b) and H2SO4 (c,d) concentrations.
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Figure 4 shows that the different types of matrix solution have a similar effect on the solubility values. At a given initial concentration of raw material and temperature, the solubility values of CSD and CSH first increase and subsequently decrease with the increasing concentration of the matrix solution. The increased soluble matrix content, causing the constant decrease of water activity, should account for the increasing trend of solubility values. Furthermore, the solubility data versus the concentration of either calcium chloride or sulfuric acid can be empirically simulated with the cubic polynomial curves in a range of given concentrations:
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(3)
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(4)
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(5)
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(6)







These models were highly fitted and proven to be capable of predicting the solubility of calcium sulfate dehydrate and hemihydrate. The solubility changes induced by calcium chloride and sulfuric acid at different concentrations may be interpreted as follows. Seen from Figure 4a, when the calcium chloride content increases gradually in the solution, the solubility data of CSD are always higher than those of CSH, which indicated that calcium chloride is beneficial for the precipitation of CSH. This advantage is reflected within a certain range of calcium chloride concentrations (e.g., 2–5 M), which is shown in the phase composition graph in Figure 4b. Given the excessive addition of calcium ions, the influence of common ion effect on the solubility of gypsum is higher than that of the ionic strength effect, which suppresses the formation of CSH. In addition, the presence of calcium chloride promotes the effect of the preferential adsorption on the facets of (100) and (010), by slowing down their surface energy, which might be the main reason for the crystallization of CSHW [32].



Figure 4d illustrates that CSHs are not produced until the sulfuric acid concentration increases to 2 M; thus, the solubility of CSH is greater than that of CSD at low sulfuric acid concentrations and should be responsible for the phenomenon depicted above, which corresponds with the result of Li [42]. Combined with Equations (5) and (6), the solubility values of CSH and CSD are equal at the sulfuric acid concentration of 2.59 M. Therefore, CSD would not dehydrate to CSH when the sulfuric acid concentration is below this specific value. However, excessive amounts of sulfuric acid trigger further dehydration reaction from CSH to CSA (anhydrite), finally reducing the purity and quality of final products to some extent. Deduced on the basis of Figure 4, both calcium chloride and sulfuric acid can increase the solubility difference between CSD and CSH, and the former can also push the crystal modification of CSHW. In summary, the formation of target product is easily promoted with the calcium chloride concentration of 2–5 M and sulfuric acid concentration of 2.59–4 M.




3.3. Sorption of Lead Ions


3.3.1. Equilibrium Isotherms


In order to lucubrate the adsorptive behavior of lead ions on CSHW, it is meaningful to process a satisfactory and fitted description of the equilibrium state. In this research, different forecasting results were compared with three kinds of equilibrium equations to fit the experimental data [43]. According to the monolayer adsorption, the Langmuir model assumes that interaction occurs on the homogeneous surface with a limited amount at bonding sites [44]. The linear expression is expressed in Equation (7):
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(7)




where [image: there is no content] (mg g−1) is the equilibrium amount of lead ions on CSHW, [image: there is no content] (mg g−1) is the maximum amount of lead ions on CSHW, [image: there is no content] (mg L−1) is the equilibrium lead concentration, and [image: there is no content] (L mg−1) is the Langmuir equilibrium constant.



Assuming that the adsorption process occurs on the heterogeneous surface, the Freundlich model is assumed as a semi-empirical equation [45], which is presented in a logarithmic form as in Equation (8):


[image: there is no content]



(8)




where [image: there is no content] (mg g−1) represents the adsorption capacity, and [image: there is no content] is the Freundlich equilibrium constant.



Considering the interactions among the adsorbates in the system, the Temkin model is proposed, as the following, Equation (9):


[image: there is no content]



(9)




where [image: there is no content] (J K−1 mol−1) indicates the gas constant and the value is always set as 8.314, [image: there is no content] (K) signifies the absolute temperature, [image: there is no content] (KJ mol−1) is the heat of Temkin isothermal adsorption, and [image: there is no content] is the Temkin equilibrium constant.



Figure 5 shows the adsorption isotherms of lead ions by CSHW at the temperature of 298 and 318 K. The adsorption isotherms were tested using 30 mg L−1 lead solutions with constant temperature. After the linear fitting, various parameters for equilibrium isotherms of lead ions on CSHW were calculated based on Equations (7)–(9), and the results are presented in Table 3. According to the [image: there is no content] value, the matching degree of the three selected models is in the descending order of Langmuir > Temkin > Freundlich at each temperature value. The high applicability of the Langmuir model may suggest that lead removal is controlled by the homogenous distribution of active sites on the CSHW surface.


Figure 5. Adsorption isotherms of lead ions on CSHW at 298 and 318 K at a balance time of 60 min.
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Table 3. Parameters calculated by using the equilibrium models of lead on CSHW.







	
Isotherm

	
Parameter

	
Temperature




	
298 K

	
318 K






	
Langmuir

	
[image: there is no content] (mg g−1)

	
9.461

	
9.681




	
[image: there is no content] (L mg−1)

	
152.59

	
526.12




	
[image: there is no content]

	
0.991

	
0.996




	
Freundlich

	
[image: there is no content] (mg g−1)

	
4.814

	
2.718




	
[image: there is no content]

	
2.7334

	
2.8305




	
[image: there is no content]

	
0.828

	
0.829




	
Temkin

	
[image: there is no content] (KJ mol−1)

	
4.025

	
5.328




	
[image: there is no content]

	
3.455 × 10−3

	
3.495 × 10−4




	
[image: there is no content]

	
0.972

	
0.981










In the Freundlich model, the equilibrium constant ([image: there is no content]) is higher than 2.0, indicating that CSHW is favorable for lead adsorption, and the maximum capacity would not significant change at the equilibrium state [46]. In contrast to the two other common isotherms, the application of the Temkin model considers the influence of absolute temperature. The Temkin constant ([image: there is no content]) at 318 K can increase approximately one order of magnitude compared with that at 298 K, which could be ascribed to the enhancement of mass transformation at high temperature. Based on the Langmuir model, the [image: there is no content] values of CSHW toward lead ions at 298 K and 318 K are calculated as 9.461 and 9.681 mg g–1, respectively. Many researches have experimented other materials as low-cost adsorbents for lead removal, and the adsorption capacities of lead onto other materials range from 2.0 mg g−1 to 108 mg g−1 [47]. Actually, adsorption capacities are significantly affected by many parameters, such as the pH of the solution, initial lead concentration, reaction time, and adsorbent dosage.



Besides, what should be of concern is that the relatively high lead adsorption capacities are acquired by using absorbents after surface modification. The low adsorption capacity in the present study could be affected by the limited active sites, which can be remarkably increased through modified processing. However, extra modification treatments require additional expenses in actual application, and the influence of additives on the system have to be considered. Therefore, this paper aims to study the stability of the calcium sulfate system, without other chemicals and with gypsum products as the adsorbent, in removing lead ions from wastewater.




3.3.2. Adsorption Kinetics


The characteristic curves of the initial lead concentration (10−100 mg L−1) versus time ranged in 0−120 min are drawn out and illustrated in Figure 6. Empirical equations were proposed and widely used to describe the sorption kinetics and verify the control mechanism underlying adsorption.


Figure 6. Adsorption kinetic models for lead ions on CSHW at different initial lead concentrations (a) 10, (b) 30, (c) 60, (d) 80, and (e) 100 mg L−1 at an operating temperature of 298 K.
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Pseudo-second-order model was used for the clinical fitting of data through the linear form using Equation (10) [48]:


[image: there is no content]



(10)




where [image: there is no content] (mg g−1) and [image: there is no content] (mg g−1) are the amount of lead ions on CSHW at any time and equilibrium, respectively, and [image: there is no content] is the rate constant.



Experimental data were fitted and are depicted in Table 4. It could be observed that the pseudo-second-order model is well-fitted for the experimental results ([image: there is no content] ≥ 0.995). According to the simulated linear equation at the initial lead concentration of 30 mg L−1, [image: there is no content] was calculated as 14.124 mg g−1. This result is in agreement with the experimental data of sorption capacity from Equation (2).



Table 4. Parameters from the kinetic modeling of lead on CSHW.







	
C0 (mg L−1)

	
k (min−1)

	
Qe a (mg g−1)

	
Qe b (mg g−1)

	
R2






	
100

	
0.00419

	
50.50

	
48.18

	
0.999




	
80

	
0.00174

	
43.10

	
38.06

	
0.995




	
60

	
0.00183

	
31.45

	
27.30

	
0.996




	
30

	
0.0104

	
14.12

	
13.91

	
0.996




	
10

	
1.122

	
0.43

	
0.42

	
0.998








a lead adsorption amount from kinetic modeling prediction. b lead adsorption amount from practical experiment.








Evident gaps exist among the experimental adsorption capacities at different initial lead concentrations, which could be attributed to the mass transfer effect. The initial adsorption rate increases with the initial lead concentration before the curves reach the plateau. The rate constant presents an opposite trend, except for the initial concentration at 10 mg L−1. In the batch mode, high lead concentrations provide many lead ions in the aqueous solution, thus increasing the driving force towards the bounding layer on the surface of CSHW; consequently, the influence of diffusion is enhanced, and the adsorption capacity of the adsorbent at equilibrium is strengthened [49]. Nevertheless, the adsorption capacity calculated as 0.42 mg g−1 signified that CSHW slightly affects lead at the low concentrations of 10 mg L−1. Thus, CSHW cannot be used to treat wastewater of heavy metals at low concentration. These analyses revealed that the interaction between lead ions and CSHW may be commanded by a chemical process involving valence bonds through sharing or exchanging of electrons [50].





3.4. Adsorption Envelopes


The initial pH of the solution is a crucial parameter during the sorption study of target metals, because the pH controls the surface charge density of the adsorbent and ultimately determines the speciation of metal ions [51]. Therefore, the optimal value for pH (adsorption envelopes) should be ascertained to gain the highest removal effectiveness. In batch tests, sodium and chloride ions were undertaken for pH adjustment, and the influence of their existence on the metallic form is negligible. In order to determine the effect of the initial pH on lead removal, the initial lead concentration of 30 mg L−1 with 2 g L−1 CSHW was applied in the adsorption experiments at 298 K, and the results with different pH values (3–8) are presented and contrasted in Figure 7.


Figure 7. Adsorption capacity of lead ions on CSHW with respect to various pH values at an initial lead concentration of 30 mg L−1, balance time of 60 min, and operating temperature of 298 K.
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As revealed in Figure 7, the uptake amount of lead on CSHW increases rapidly from 3.80 mg g−1 to 13.55 mg g−1, and shows typical exponential growth with the increasing pH, from 2.51 to 5.98. After reaching a peak value of 13.55 mg g−1, the adsorption capacity decreases gradually to a relatively stable value of 11.77 mg g−1. When the pH is as extremely low as 2.5–3.3, the uptake amount of lead is less than 9 mg g−1, which could be explained by the surface properties of the adsorbent. At low pH, the large accumulated hydrogen ions exhibit strong affinity to CSHW in the solution. Consequently, the adsorbent surfaces are positively charged. When handled with similarly charged lead ions, the increasing shielding effect of the electrostatic repulsion induced by the addition of acid, should be considered in this adsorption state. In addition, the H+ competes with the sorption sites of the lead ions on the CSHW surface, thereby affecting the interface potential and the binding energy of the adsorbed species, and finally reducing the effective adsorption of lead in the solution [52]. With the increasing pH value, the CSHW surface possesses a high negative charge, which attracts lead ions. In general, the initial pH definitely influences the uptake of lead on the adsorbents in the solution.



Analysis on the pH trend during adsorption showed agreement between the pH values at initial and equilibrium states, and the removal efficiency (RE, %) was united and recorded in Table 5. Removal efficiency is clearly related with the pH difference between the equilibrium and initial values. Changes in H+ concentration ([image: there is no content], mmol L−1) were calculated to quantitatively reflect this relationship and express the hydrogen ion variation in the solution [53], which was also demonstrated in Table 5.



Table 5. Changes in the pH and hydrogen ions at the initial and equilibrium states.







	
pH Value

	
H+ Changes (mmol L−1)

	
Removal Efficiency (%)




	
Initial Value

	
Equilibrium Value






	
2.51

	
2.89

	
−1.802

	
25.32




	
2.99

	
3.15

	
−0.315

	
40.26




	
3.30

	
3.45

	
−0.146

	
56.73




	
3.98

	
4.11

	
−0.0271

	
66.73




	
4.48

	
4.60

	
−7.99 × 10−3

	
81.76




	
5.00

	
5.12

	
−2.41 × 10−3

	
87.12




	
5.42 a

	
5.62

	
−1.40 × 10−3

	
88.50




	
5.98

	
5.99

	
−2.38 × 10−5

	
90.30




	
6.59

	
6.38

	
1.60 × 10−4

	
86.27




	
7.02

	
6.39

	
3.12 × 10−4

	
76.30




	
7.62

	
6.46

	
3.23 × 10−4

	
67.61




	
8.08

	
6.65

	
2.26 × 10−4

	
67.44








a actual pH value of the initial lead solution.








With the increasing of pH, [image: there is no content] values continue to increase with the increasing pH, except at the pH value of 8.08, which suggested the increasing number of hydrogen ions discharged from the CSHW is on the increase. However, the removal efficiency exhibits a different trend under the same constraints. This changing phenomenon could be explained by the ion exchange and the metal speciation, especially at the falling stage. At pH values ranging from 2.5 to 6.0, the ion exchange is assumed to be the dominant mechanism for lead uptake. In this adsorption scope, high [image: there is no content] values of the solution are beneficial to enhance the ion exchange potential, which results in high removal efficiency.




3.5. Adsorption Mechanism


3.5.1. Lead Ion Speciation and Chemical Reaction


Aqueous speciation of lead affected by pH in the NaNO3 system is drawn in Figure 8. In this research, the optimal pH region for lead adsorption is verified as 5.42–5.98 which has been listed in Table 5, and lead occurs only as Pb2+ species from the initial pH value up to 6.0. Therefore, the complexation process of Pb2+ with CaSO4 is bonded, as per the following reaction:


[image: there is no content]



(11)
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Figure 8. Effect of pH values on the aqueous speciation of lead in 0.01 M NaNO3.
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When the initial pH value is raised over 6.0, the Pb2+ species concentration remarkably decreases, and the concentrations of other lead species, such as Pb(OH)+, Pb3(OH)42− and Pb(OH)2 (aq) increase continually within the pH range [54]. This result is in agreement with the previous finding that 6.0 is the theoretical pH of initial precipitation for a 30 mg L−1 lead concentration [55]. More specifically, the lead removal efficiency is restricted due to the increment of hydroxyl products when the pH value exceeds 6.0, which should be responsible for the decreasing tendency of the lead removal efficiency. In a neutral environment, hydrolysis products, such as Pb(OH)+, would occupy the bonding sites, contend sulfate ions with Pb2+ species, and finally increase the soluble lead compounds in the solution.
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In alkaline conditions, the constant production of negative oxygen ion of hydroxyl groups consequently and rapidly increases the amount of lead hydroxide solution [56]. Furthermore, excessive OH− possesses strong adhesion in capturing lead complexes, and the final result is characterized as tribasic lead sulfate, which can be reflected in the Equations (14)–(17) [57]. However, this ternary substance can decompose spontaneously due to its inherent volatility, and thus, further influence the stability of adsorption reactions and composition of final products.




3.5.2. Adsorption Property of Lead Ions on CSHW Surface


The dominant mechanism underlying lead removal by CSHW was proposed as the ion exchange [58], which is closely related with the surface properties of adsorbents. The crystal lattice of CSHW is constructed with [SO4] tetrahedrons and [CaO8] octahedrons in the linear chain style and finally grows into the hexahedron structure, where a 1/2 molecule of water is bound to one sulfate ion by hydrogen bonding [59,60]. The transformation of crystalline lies on the different preferred orientation growths of lattice planes (010), (100), and (111). Finally, the atom density of CSHW is arranged in the depressed sequence of (111) > (100) > (010), which indicated that the facets of (100) and (010) are the main planes for crystal nucleation and growth. On this basis, this finding explains that the larger aspect ratio of CSHW than of FGD gypsum during conversion, as shown in Figure 1.



Figure 9 shows the schematic diagram for the adsorption process of lead ions on the CSHW. Once CSHW adds into the lead-containing wastewater, the lead ions bind to the crystal surface in at least two courses, namely, fast dispersion in the matrix, and progressive complexation with active groups on the surface of adsorbents. Their equilibrium is dependent on the experimental conditions. Actually, characteristic groups in the solution, such as Ca2+ ions, bind to the SO42− ions primarily through the ionic bonds on the CSHW surface. The characteristic structure of CSHW crystals reveals that Ca2+ ions are concentrated on the axial facets of (111), and the SO42− ions are preferentially distributed on the lateral facets of (010) and (100). Besides, the dipole on water molecules can trigger the electrostatic force on the crystals, which consequently results in that the (010) and (100) facets of the CSHW crystal are negatively charged, and are anticipated to combine tightly with the lead ions [60]. When the CSHW contacts the lead matrix, the lead ions occupy the active sites on the (010) and (100) facets to complex with SO42−, which further promotes the dissociation reaction on the surface of CSHW [61]. Furthermore, the dynamic process between Ca2+ and SO42− ions exacerbates their activities and heightens the driving force in the liquid phase. Finally, the CSHW achieves the optimal adsorption for the lead ions on the surface.


Figure 9. Schematic diagram for the adsorption of lead ions on the CSHW.
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3.5.3. Post Adsorption Characteristics


Figure 10 shows a component comparison of raw adsorbent and post adsorption products acquired at different pH values of 5.42 and 8.08 by using XRD determination. As a gypsum-based product, CSHW is an air hardening inorganic binding material. Once it has come into contact with water, the hydration transition occurs immediately, which can be clearly represented by the chemical reaction in Equation (12). Such a process is thought to be the primary way that the major ingredient of final product transforms from hemihydrate (CSH) to dihydrate (CSD), as seen in Figure 10. The final resultants, PbSO4 and 3PbO PbSO4 H2O, are separately detected at pH values of 5.42 and 8.08, respectively. That is to say, during adsorption, lead uptake capacity relies heavily on the pH of the system. Moreover, the optimum removal behavior is obtained at the initial pH of 5−6.5, which includes the actual value of the solution itself.


Figure 10. XRD patterns of materials before and after adsorption at different pH values: (a) CSHW, (b) product acquired at pH = 5.42, and (c) product acquired at pH = 8.08.
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The SEM graphs and EDS spectra of CSHW before and after lead ion sorption are shown and contrasted in Figure 11. As shown in Figure 11a, the fresh CSHW is shaped with a kind of whisker morphology, and shows a growth advantage in the lateral facets due to the hydrothermal synthesis derived from FGD gypsum. The SEM image in Figure 11b revealed that a large amount of white substances are generated and dispersed on the surface of CSHW. Ascribed to the hydration reaction, calcium sulfate hemihydrates continued to be consumed and dihydrates were constantly renewed, embodying, specifically, the fact that crystals had obviously thickened up, compared with Figure 11a. The relative content percentages of particles obtained from EDS analysis are presented in Figure 10c,d. The calcium content of the post adsorption product is less than fresh CSHW, which indicated calcium ions are partially replaced and dissolved into the solution. In addition, element Pb appears, and the O content increases after the reaction, which supported the uptake of lead ions on the CSHW surface. Figure 11d shows that the white substance is mainly composed of lead compound with other various amounts of inorganic elements, indicating that complexation process is mainly involved in lead removal. Under relatively high lead concentrations, hydrolysis reactions should be considered because the major reacting process is probably dominated by homogeneous nucleation, which might change the final products [62].


Figure 11. SEM graph and EDS spectra of the particles before and after adsorption: (a,c) fresh CSHW; (b,d) post adsorption product.
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4. Conclusions


In this study, the calcium sulfate hemihydrate whisker was considered as a favorable adsorbent for lead uptake in aqueous solutions. This material was successfully fabricated from FGD gypsum at limited metastable lifetime zones through hydrothermal synthesis. The results provided a method for the resource treatment of this industry byproduct. CSHW exhibited distinct properties, such as crystal structures and surface compositions, which are suitable for lead removal. The most vital parameter for lead ion removal by adsorbents was the initial pH of the adsorption matrix. The pH value highly affected the hydrolysis degree of lead and determined the dominant mechanism. The maximum sorption capacity (48.18 mg g−1) for lead ions on CSHW was observed at the initial lead concentration of 100 mg g−1 without pH adjustment. Langmuir and Temkin isotherms best fit the equilibrium data for lead ions, as compared with the Freundlich isotherm. Results combined with the well-fitted pseudo-second-order model concluded that adsorption was primarily enforced by the ion exchange reaction in essence. The different preferred orientation growth determines the main crystal facets of CSHW. The negatively charged (010) and (100) facets contributed to the lead combination on the surface. PbSO4 was the major species of lead ions adsorbed on the CSHW surface. Furthermore, the excessive SO42− ions easily generated a number of unstable substances under alkaline conditions. In summary, this research paves way for a new research field and allows the broad use of CSHW for the adsorption of lead-containing wastewater.
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