

  ijerph-17-06648




ijerph-17-06648







Int. J. Environ. Res. Public Health 2020, 17(18), 6648; doi:10.3390/ijerph17186648




Article



Optimization of Cadmium Adsorption by Magnetic Graphene Oxide Using a Fractional Factorial Design



Hui Wang 1,2, Yiming Zhou 1,2, Xinjiang Hu 1,2, Yuan Guo 3, Xiaoxi Cai 4[image: Orcid], Chunjie Liu 3, Ping Wang 1,2,* and Yunguo Liu 5,*





1



College of Environmental Science and Engineering, Central South University of Forestry and Technology, Changsha 410004, China






2



Faculty of Life Science and Technology, Central South University of Forestry and Technology, Changsha 410004, China






3



Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences, Changsha 410205, China






4



College of Art and Design, Hunan First Normal University, Changsha 410205, China






5



College of Environmental Science and Engineering, Hunan University, Changsha 410082, China









*



Correspondence: wangping@csuft.edu.cn (P.W.); liuyunguo@hnu.edu.cn (Y.L.)







Received: 29 July 2020 / Accepted: 9 September 2020 / Published: 11 September 2020



Abstract

:

Graphene materials have attracted increasing interest in water remediation. In this study, magnetic graphene oxide (MGO) was prepared through the modified Hummers method and the adsorption behaviors of cadmium were investigated. Firstly, the sorption kinetics, isotherms, as well as the effects of pH were investigated. Then, fractional factorial design (FFD) was used to optimize the effects of pH, temperature, time, initial concentration of cadmium ion and NaCl on cadmium adsorption. The results indicate that MGO could effectively remove cadmium ions from an aqueous solution and the sorption data could be described well by pseudo-second-order and Freundlich models, showing that the adsorption rate of cadmium ions on MGO is multilayer adsorption and dominated by the chemical adsorption. According to the FFD results, the maximum adsorption capacity of cadmium ions was 13.169 mg/g under the optimum condition of pH value 8, 45 °C, contact time 60 min, initial cadmium concentration of 70 mg/L and NaCl concentration of 100 mg/L. Higher levels of the pH value, temperature and initial cadmium concentration are beneficial to the adsorption process. These results are important for estimating and optimizing the removal of metal ions by MGO composite.
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1. Introduction


In recent years, with the rapid development of industry, arbitrary discharge of waste water has caused serious heavy metal pollution. It also poses a serious threat to the health of humans and other creatures [1]. Cadmium is a very toxic heavy metal and is widely used in electroplating, coating and metallurgy industries [2]. Cadmium can enter the body through respiratory and digestive systems, endangering human health [3]. Various diseases such as emphysema, kidney damage, diabetes, cardiovascular disorders and bone malformations are associated with cadmium ion hazards [4,5,6]. In addition, cadmium ions also have toxic effects on plants [7]. Cadmium that is absorbed by plants can destroy various dehydrogenases of plants, thus inhibiting plant growth and even causing plant death. The use of water contaminated with cadmium to irrigate crops will cause cadmium to accumulate in agricultural crops, causing the cadmium enriched in crops such as wheat, soybeans and rice to exceed standards, and then threatening human health through the food chain [8].



Since cadmium ions have many harmful effects on the human body, animals and plants, and cannot be easily degraded in nature, we need to find a suitable treatment. In general, there are many methods for removing heavy metal ions in aqueous solutions, such as coprecipitation, biosorption, ion exchange, membrane separation, and adsorption [9,10]. Among them, the adsorption method has the advantages of simple operation, good treatment effect and low cost, is one of the most important water treatment methods and is widely used in the field of wastewater treatment [11,12]. Many materials such as silica, titanium dioxide (TiO2), montmorillonite, chitosan, kaolinite and magnetic particles have been used as adsorbents [13,14,15]. However, the traditional adsorbent has low adsorption capacity, and it is difficult to realize solid and liquid separation after adsorption. Therefore, it is urgent to develop new and efficient adsorbents to overcome the inherent defects of conventional adsorbents.



Graphene is a single-layer honeycomb lattice structure formed by the hybridization of carbon atoms via sp2 electron orbit [16,17,18,19]. The large specific surface area makes graphene a good adsorption material [20]. However, there is a strong interaction between graphene sheets, which results in inactive surface chemistry and makes the dispersion of graphene in aqueous solution poor and easy to agglomerate, affecting its adsorption performance, and eventually limiting the application of graphene in wastewater treatment [21]. Graphene oxide (GO) is an oxide of graphene. It is produced by oxidizing exfoliated graphite by a strong oxidant [22]. Its surface is rich in oxygen-containing groups, including hydroxyl groups, epoxy groups, and carboxyl groups [23]. These functional groups provide the basis for a high-performance adsorption material for GO. In the previous study, we found that the oxygen-containing groups on the surface of the GO have hydrophilic properties and are not easily separated from the solution after adsorption [11]. Hence, a magnetic graphene oxide (MGO) may be prepared by coupling magnetic nanoparticles with GO, which may effectively remove pollutants from water and achieve rapid and efficient separation under the action of an external magnetic field.



Usually, the effects of different factors on the adsorption process are different [24,25,26]. Conventional studies on optimizing adsorption conditions alone separately would take a long time. In this study, the fractional factorial design (FFD) was used to optimize the effects of the interaction on cadmium adsorption. The application of this method will be more effective and comprehensive.



The present work is focused on: (1) synthesizing an easily separated MGO composite; (2) examining the sorption capacity of MGO to cadmium ions in aqueous solution; (3) investigating the effects of pH, time, initial concentration, temperature and other conditions on the cadmium ions adsorption of MGO; (4) exploring the adsorption mechanism of MGO on cadmium ions by kinetic and isotherm models; (5) studying the main effect and interaction effect of various factors on the cadmium ion adsorption process using FFD.




2. Materials and Methods


2.1. Material


Graphite powder was purchased from Tianjin Hengxing Chemical Preparation Co., Ltd. (Tianjin, China) Sodium formate, sodium benzoate, and sodium chloride were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals used in this research were of analytical grade and underwent no further purification during the entire process. Deionized water (DW) was used to prepare the desired solutions in all the experiments. MGO was synthesized from natural graphite powder following a modified Hummers method according to previous studies [2,17].




2.2. Characterization of MGO


The surface morphology and elemental composition of the MGO was investigated by scanning electron microscopy (SEM, Quanta−200, The Netherlands). Energy dispersive spectroscopy (EDS) spectra were measured by an energy-dispersive X-ray spectrometer (EDAX Genesis 2000, USA). X-ray diffraction (XRD) patterns of MGO were obtained by using a powder diffractometer (Rigaku D/max−2500) with a Cu Kα source. A Fourier transform infrared (FT-IR) spectroscopy (PerkinElmer S pectrum One, Waltham, MA, USA) was applied to characterize the samples by using the KBr pellet technique. The X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher, Waltham, MA, USA).




2.3. Adsorption Studies


The Cd(II) stock solution (1000 mg/L) was prepared by dissolving 1.000 g pure cadmium powder in 20 mL HNO3 solution (20%) in a 1000 mL flask, with Milli-Q water added up to the mark. Working solutions were prepared by appropriate dilution of stock solution using Milli-Q water. All adsorption experiments were performed by adding MGO suspensions to achieve the required adsorbent concentration, and performed in a constant temperature shaker with a rotating speed of 180 rpm. The solution pH was adjusted using 0.01 mol/L NaOH or 0.01 mol/L HCl [27]. After 24 h of adsorption, MGO was separated from the solution with magnets. The Cd(II) concentration in the supernatant was measured using flame atomic adsorption spectrometry (PerkinElmer AA700, USA) [28]. All trials were in triplicate. The adsorption capacity (qe) of MGO was calculated by the following formula:


qe = (C0 − Ce) × V/m



(1)




where C0 and Ce are the initial concentrations and equilibrium concentration of cadmium (mg/L), respectively. V is the volume of the suspension and m is the mass of MGO.




2.4. Optimization of the Adsorption Conditions


The adsorption experiments were conducted based on a fractional factorial design (FFD) to evaluate the effects of process variables including pH value, temperature, time, initial concentration of cadmium ions and NaCl concentration. A 25−1 fractional factorial design (FFD) with a resolution of V was developed. Table 1 shows the level of each factor above, and Table 2 describes the 25−1 FFD. Here, FFD was established by Minitab software (Minitab Inc, version 16) and the experimental data were analyzed.





3. Results and Discussions


3.1. Characterization


Figure 1a shows the SEM figure of MGO. According to Figure 1a, after ferro ferric oxide is loaded onto the surface of GO, some graphene oxide sheets are aggregated. This causes a loss to some adsorption sites, thus affecting the adsorption effect against heavy metal ions. Figure 1b shows the energy spectrum diagram about MGO. Compared with the GO specified in the previous chapter, the GO here contains a large quantity of Fe element, which is mainly available from the Fe3O4 magnetic nanoparticles deposited on the surface of GO.



Figure 2 shows the results of XRD analysis when the 2θ of MGO ranges from 20° to 70°. The characteristic peaks available at the 2θ of 30.1°, 35.2°, 37.1°, 43.1°, 53.4°, 56.9° and 62.5°, respectively, correspond to the position index of (220), (311), (222), (400), (422), (511) and (440) [29], thus revealing obvious characteristics of iron oxides (JCPDS Card No. 19−0629). This shows that the Fe3O4 magnetic nanoparticles are successfully loaded onto the surface of graphene oxide. Compared with the XRD diagram on GO specified in the previous research [9], no characteristic peak of GO at the 2θ of 11.5° is detected in the XRD diagram on MGO. This is mainly due to the fact that Fe3O4 nanoparticles mainly exist between graphene oxide sheets, thus destroying the stacking structure of graphene oxide sheets [30,31].



Figure 3a shows the infrared spectrogram (FT-IR) of magnetic graphene oxide. In this figure, the characteristic peak at 1725 cm−1 is the characteristic peak of C = O in carboxyl and carbonyl groups, the characteristic peak at 1387 cm−1 is the stretching vibration peak of C-OH in carbonyl groups, the characteristic peak at 1050 cm−1 is the stretching vibration peak of C-O-C in epoxy groups, and the characteristic peak at 560 cm−1 is the characteristic peak of Fe-O in Fe3O4. The above analysis results show that there are still a variety of active groups on the surface of MGO, and Fe3O4 nanoparticles are also loaded successfully onto the surface of GO [24].



Figure 3b shows the Raman spectrum diagram about MGO. For magnetic graphene oxide and graphene oxide, there are obvious characteristic peaks at the positions of 1332 cm−1 and 1581 cm−1, indicating a good bonding of Fe3O4 nanoparticles and graphene oxide. The two characteristic peaks represent sections D and G, respectively. Peak G near to the position of 1581 cm−1 is the characteristic peak of sp2 of carbon structure, reflecting its symmetry and degree of crystallization; Peak D near to the position of 1332 cm−1 is a defect peak, reflecting the disorderliness and defect level of graphene sheets. Usually, the intensity ratio of Peak D to Peak G (ID/IG) can be used to measure the size and defect density of the graphene conjugate plane. The ID/IG value of magnetic graphene oxide is higher than that of graphene oxide; this is possibly due to the fact that Fe3O4 nanoparticles are introduced to the carbon sp2 orbit of graphene oxide [32].



As shown in Figure 3c, MGO has three obvious peaks, which are associated with C1s, O1s and Fe2p respectively. Figure 3d shows the XPS diagram of C1s. In the magnetic graphene oxide, carbon atoms are bonded with other elements in five forms: C-C (284.6 eV), C-O (286.2 eV), C-O-C (epoxy group, 286.9 eV), C = O (carbonyl, 288.1 eV) and O-C = O (289.0 eV) [25,33,34]. Therefore, certain active groups are nevertheless retained on the surface of GO, although Fe3O4 magnetic nanoparticles are loaded on the surface of GO.




3.2. Effect of pH


In general, the pH range of wastewater is wide. In the process of the adsorption reaction, the solution pH is one of the most important influence factors, and it will affect the combination of heavy metal ions and the surface of the adsorbent [35], because the solution pH can affect the adsorption properties of chemical properties and the binding sites on the surface of the adsorbent. Therefore, in the process of wastewater treatment, the influence of the pH value on the adsorption process needs to be considered. Figure 4 shows the change in the adsorption capacity of MGO on cadmium ions when the pH is from 2.5 to 9.5. The results indicate that with the increase in solution pH, the cadmium ions’ adsorption capacity also gradually increases; this suggests that the pH has a great influence on the adsorption process. According to our previous work [2], the main existing forms of cadmium ions in different pH values are Cd2+, Cd(OH) +, Cd(OH)2, Cd2(OH)3+, Cd(OH)3− and Cd(OH)42−. While pH < 8, the main existing form of cadmium ion is Cd2+. The zeta potential of the MGO was measured to be 4.2. This means that the MGO surface is positively charged at solution pH < 4.2, and negatively charged at pH > 4.2. Hence, adsorption when pH > 4.2 is more likely to occur between the positively charged cadmium (Cd2+) ions and negatively charged surface. So, as pH increases, the amount of cadmium adsorption will continue to increase. However, when the solution pH > 8, the cadmium ions in the solution begin to form precipitation, which may affect the calculation results of the adsorption process.




3.3. Adsorption Kinetics


Adsorption rate is one of the most important parameters for evaluating the efficiency of an adsorption process [36]. In order to understand the adsorption mechanism of cadmium ions on MGO, we analyzed the adsorption kinetics of MGO for three different cadmium ion concentrations. The results are shown in Figure 5a. It was found that MGO can adsorb cadmium ions at a very high rate, where the adsorption equilibrium was reached within 1 h. The experimental data were further fitted using the pseudo-first-order, pseudo-second-order, and Elovich kinetic models, as shown in Figure 5b–d, respectively. The corresponding parameters used in these fittings are summarized in Table 3. Combining these fitting results with the calculation results, it can be seen that the pseudo-second-order yields the highest R2 value. In addition, the maximum adsorption capacity predicted by the pseudo-second-order kinetic model for cadmium ion concentrations of 5, 10, and 20 mg/L are 8.667, 10.65, and 15.13 mg/g, respectively. These values are closest to the experimental data among those predicted by the different models. This finding suggests that the pseudo-second-order model is the most appropriate for describing cadmium ion adsorption on MGO. Furthermore, the experimental results confirm the assumption made in the pseudo-second-order model. It can be stated that the most probable mechanism is chemical sorption involving adsorbent–adsorbate electron exchange [37]. The initial adsorption rate h can be calculated according to the constant k2 used in the pseudo-second-order model. Based on the results shown in Table 3, the value of h for the three different cadmium concentrations (5, 10, and 20 mg/L) was 6.235, 8.734, and 8.699 mg/g min, respectively. This shows that a higher initial cadmium ion concentration can yield a higher initial adsorption rate. However, when the initial concentration reached 20 mg/L, the reaction rate decreased slightly. This phenomenon can be explained by the following effects. When the cadmium ion concentration is very small in the solution, the collision frequency between the cadmium ions and the MGO is quite low at the adsorption sites. With increasing cadmium ion concentration, there is a higher possibility for the ions to collide with the MGO at the adsorption sites, and the reaction rate increases. With a further increase in cadmium ion concentration, the high-energy adsorption sites on the MGO surface become saturated. Therefore, the cadmium ions can now only adsorb on the low-energy sites, and this results in a lower reaction rate [38,39].




3.4. Adsorption Isotherms


In actual wastewater, the concentration of cadmium ions can vary greatly. In order to analyze the adsorption capacity of MGO to cadmium ions at different initial concentrations, the effects of temperature on the adsorption capacity of cadmium ions at different initial concentrations were investigated at 15, 30, and 45 °C. The results are shown in Figure 6a. The amount of cadmium ions adsorbed by MGO increased with increasing initial cadmium ion concentration under all three temperature conditions. However, the increase became insignificant and eventually plateaued when the initial cadmium ion concentration reached 60 mg/L. This trend indicates that the adsorption of cadmium ions on MGO reached the equilibrium condition. In summary, the experimental results demonstrate that the amount of cadmium ions adsorbed by MGO varies with the initial cadmium ion concentrations. With a fixed amount of MGO, the total number of active adsorption sites is fixed. Therefore, until saturation, a sufficient number of adsorption sites are always available for the increasing number of cadmium ions in the solution. Consequently, a higher cadmium ion concentration will lead to higher adsorption capacity. Once the adsorption sites are saturated, the adsorption capacity will no longer increase with a further increase in the cadmium concentration.



The adsorption of Cd(II) by magnetic graphene oxide was fitted using the Langmuir model, Freundlich model, and Temkin model at 15, 30, and 45 °C. The fitting results are shown in Figure 6b–d. The relevant parameters used in the models are shown in Table 4. Combining the fitting results with the relevant data, it was found that the Freundlich model yielded the highest correlation coefficient under all the three temperature conditions. Furthermore, the adsorption capacity predicted by this model was the closest to the experimental measurements. These findings show that the Freundlich model can better describe the multilayer adsorption phenomenon of cadmium ions on MGO than the Langmuir and Temkin model, which further suggested that the Cd(II) adsorption could be described as chemisorption on heterogeneous surface. The constant KF used in the Freundlich model represents the adsorption capability of the adsorbent. The KF values associated with the adsorption of cadmium ions by MGO at 15, 30, and 45 °C is 0.763, 2.309, and 11.78, respectively. This result demonstrates that higher temperatures can promote the adsorption of cadmium ions.




3.5. Fractional Factorial Design


FFD enables people to obtain the same information as a full-factorial experiment through a small number of experiments, thus improving research efficiency [40,41]. The 25−1 FFD with a resolution of V is conducted to analyze the combined influence of five factors (including pH value, temperature, time, initial concentration of cadmium ion, and NaCl concentration) on the adsorption of cadmium ions by MGO. Figure 7 shows the experimental results. When the five factors are all at their intermediate levels (specifically, pH value is 6, temperature is 30 °C, time is 35 min, initial concentration of cadmium ions is 40 mg/L, and NaCl concentration is 55 mM), the adsorption capacity of cadmium ions is 8.674 mg/g (the running order is 8). Cadmium adsorption is affected by different factors in different degrees, and the absorption capacity of cadmium ion is between 2.761 and 13.169 mg/g. This shows that the adsorption process is influenced significantly by the selected factors. The adsorption capacity of cadmium ions under running orders 7 and 10 is larger than that under other running orders. The three factors (including pH value, temperature, and initial concentration of cadmium ions) at the two experimental points are all at high levels. This shows that higher levels of the three factors are beneficial to the adsorption of cadmium ions. At three experimental points (running orders 5, 6 and 9), the pH value and temperature are both at their minimum levels, and the adsorption capacity of cadmium ions were very small.



Figure 8 shows the normal plot and Pareto diagram regarding the influence on the adsorption process exerted by different factors and interactions between them. The Pareto diagram can be used to compare the absolute values of different factors and interactions between them, while the normal plot can be used to analyze the significant influence on the adsorption process exerted by different factors and interactions between them more accurately [42]. As shown in Figure 8a, factor A (pH value) has a significant influence on the adsorption process. As shown in Figure 8b, the adsorption process is influenced by the respective factors in the following order: A (pH value) > B (temperature) > E (NaCl concentration) > D (initial concentration of cadmium ions) > C (time). Figure 9 shows the main effect plot regarding the adsorption of cadmium ions. As shown in this figure, the adsorption capacity of cadmium ions increases most significantly when the level of Factor A goes up gradually. The variations in adsorption capacity arising from the changes in Factors B (temperature) and D (initial concentration of cadmium ions) are more significant than those arising from the changes in Factor C (time). While Factor E (NaCl concentration) increases from 10 to 100 mM, the adsorption capacity of cadmium ions decreases. This shows that the changes in ion strength will reduce the adsorption capacity of cadmium ions, and cadmium ions are transformed into outer-surface complex compounds on the surface of magnetic graphene oxide [43]. Figure 8b also shows that the two interactions (including Factors C and E, and Factors B and C) will influence the adsorption process most significantly.



The interaction diagram is a graph tool used to analyze the average response of all possible combinations of two interactive factors [44]. If the two straight lines in a cell are parallel with each other, it indicates that the interaction of the two corresponding factors is not obvious. If the two straight lines in a cell intersect with each other, it indicates that there is an obvious mutual influence between the two corresponding factors [45]. Figure 10 shows the influence on the adsorption of cadmium ions exerted by the interactions of five factors (pH value, temperature, time, initial concentration of cadmium ions, and NaCl concentration). In the ten cells, the two straight lines in A-E, B-D and C-D are approximately parallel with each other, indicating that the interactions between them are not obvious. In the C-E cell, the included angle composed by the two straight lines is the largest, indicating that Factors C and E have the most significant influence on the adsorption of cadmium ions. The results here are consistent with the results shown in Figure 8b. In addition, Figure 10 shows the changes in the adsorption capacity of cadmium ions when the value of each factor increases gradually. Judging from Row A and Columns B, C and D, the adsorption capacity of cadmium ions goes up with the rise in pH value, temperature, time, and initial concentration of cadmium ions. Judging from Column E, the adsorption capacity of cadmium ions continues to decrease with the rise in NaCl concentration.





4. Conclusions


In this work, MGO was synthesized with a variety of active groups on the surface, and Fe3O4 nanoparticles were successfully loaded on the surface of graphene oxide. The cadmium ions’ adsorption on MGO is remarkably pH-dependent, and the adsorption efficiency improved with the pH value due to the positively charged cadmium (Cd2+) ions and negatively charged surface. The sorption kinetics studies illustrated that the kinetics data can be described well with the pseudo-second-order model. The equilibrium data can be well fitted with the Freundlich model. The FFD results show that the adsorption process is influenced by the respective factors in the following order: A (pH value) > B (temperature) > E (NaCl concentration) > D (initial concentration of cadmium ions) > C (time). Among the interactions of the five factors, the two interactions (including time and NaCl concentration, and temperature and time) have the most significant influence upon the adsorption process. In conclusion, MGO is a simple adsorbent with a solid–liquid separation, and represents a potentially cost-effective sorbent for metal ions in wastewater.







Author Contributions


Conceptualization, H.W. and X.H.; writing—original draft preparation, H.W. and Y.Z.; data curation, Y.Z. and H.W.; Methodology, Y.G.; software, X.C., H.W. and X.H.; validation, H.W. and Y.G.; formal analysis, X.H. and X.C.; investigation, C.L. and H.W.; resources, H.W. and Y.L.; writing—review and editing, Y.L. and P.W.; visualization, H.W.; supervision, P.W. and G.L.; project administration, X.H., P.W. and Y.L.; funding acquisition, P.W. and Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by the National Natural Science Foundation of China (Grant No. 51909284), the Natural Science Foundation of Hunan Province, China (Grant No. 2019JJ51005), the Key Project of Research and Development Plan of Hunan Province (Grant No. 2016SK2030), the Key International Cooperation Project of Changsha Science and Technology Bureau (Grant No. kq1801078) and the Humanities and Social Science Fund of Ministry of Education of China (Grant No. 20YJCZH003).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, H.; Reynolds, M. Cadmium exposure in living organisms: A short review. Sci. Total Environ. 2019, 678, 761–767. [Google Scholar]

	



Hu, X.-J.; Liu, Y.-G.; Zeng, G.-M.; Wang, H.; Hu, X.; Chen, A.-W.; Wang, Y.-Q.; Guo, Y.-M.; Li, T.-T.; Zhou, L.; et al. Effect of aniline on cadmium adsorption by sulfanilic acid-grafted magnetic graphene oxide sheets. J. Colloid Interface Sci. 2014, 426, 213–220. [Google Scholar]

	



Wu, C.-Y.; Wong, C.-S.; Chung, C.-J.; Wu, M.-Y.; Huang, Y.-L.; Ao, P.-L.; Lin, Y.-F.; Lin, Y.-C.; Shiue, H.-S.; Su, C.-T.; et al. The association between plasma selenium and chronic kidney disease related to lead, cadmium and arsenic exposure in a Taiwanese population. J. Hazard. Mater. 2019, 375, 224–232. [Google Scholar] [PubMed]

	



Wu, L.; Song, J.; Xue, J.; Xiao, T.; Wei, Q.; Zhang, Z.; Zhang, Y.; Li, Z.; Hu, Y.; Zhang, G.; et al. MircoRNA-143-3p regulating ARL6 is involved in the cadmium-induced inhibition of osteogenic differentiation in human bone marrow mesenchymal stem cells. Toxicol. Lett. 2020, 331, 159–166. [Google Scholar] [PubMed]

	



Pruvost-Couvreur, M.; Le Bizec, B.; Béchaux, C.; Rivière, G. A method to assess lifetime dietary risk: Example of cadmium exposure. Food Chem. Toxicol. 2020, 137, 111130. [Google Scholar] [PubMed]

	



García-Esquinas, E.; Carrasco-Rios, M.; Navas-Acien, A.; Ortolá, R.; Rodríguez-Artalejo, F. Cadmium exposure is associated with reduced grip strength in US adults. Environ. Res. 2020, 180, 108819. [Google Scholar] [PubMed]

	



Farooq, M.; Ullah, A.; Usman, M.; Siddique, K.H.M. Application of zinc and biochar help to mitigate cadmium stress in bread wheat raised from seeds with high intrinsic zinc. Chemosphere 2020, 260, 127652. [Google Scholar] [PubMed]

	



Luo, L.Y.; Xie, L.L.; Jin, D.C.; Mi, B.B.; Wang, D.H.; Li, X.F.; Dai, X.Z.; Zou, X.X.; Zhang, Z.; Ma, Y.Q.; et al. Bacterial community response to cadmium contamination of agricultural paddy soil. Appl. Soil Ecol. 2019, 139, 100–106. [Google Scholar]

	



Yuan, W.; Cheng, J.; Huang, H.; Xiong, S.; Gao, J.; Zhang, J.; Feng, S. Optimization of cadmium biosorption by Shewanella putrefaciens using a Box-Behnken design. Ecotoxicol Environ. Saf. 2019, 175, 138–147. [Google Scholar] [PubMed]

	



Naushad, M.; Mittal, A.; Rathore, M.; Gupta, V. Ion-exchange kinetic studies for Cd(II), Co(II), Cu(II), and Pb(II) metal ions over a composite cation exchanger. Desalin. Water Treat. 2015, 54, 2883–2890. [Google Scholar]

	



Wang, H.; Hu, X.; Guo, Y.; Qiu, C.; Long, S.; Hao, D.; Cai, X.; Xu, W.; Wang, Y.; Liu, Y. Removal of copper ions by few-layered graphene oxide nanosheets from aqueous solutions: External influences and adsorption mechanisms. J. Chem. Technol. Biotechnol. 2018, 93, 2447–2455. [Google Scholar] [CrossRef]

	



Trakal, L.; Veselská, V.; Šafařík, I.; Vítková, M.; Číhalová, S.; Komárek, M. Lead and cadmium sorption mechanisms on magnetically modified biochars. Bioresour. Technol. 2016, 203, 318–324. [Google Scholar] [CrossRef] [PubMed]

	



Jadhav, S.A.; Garud, H.B.; Patil, A.H.; Patil, G.D.; Patil, C.R.; Dongale, T.D.; Patil, P.S. Recent advancements in silica nanoparticles based technologies for removal of dyes from water. Colloid Interface Sci. Commun. 2019, 30, 100181. [Google Scholar] [CrossRef]

	



Hu, X.-J.; Wang, J.-S.; Liu, Y.-G.; Li, X.; Zeng, G.-M.; Bao, Z.-L.; Zeng, X.-X.; Chen, A.-W.; Long, F. Adsorption of chromium (VI) by ethylenediamine-modified cross-linked magnetic chitosan resin: Isotherms, kinetics and thermodynamics. J. Hazard. Mater. 2011, 185, 306–314. [Google Scholar] [CrossRef]

	



Chenchen, Q.; Ma, M.; Chen, W.; Cai, P.; Huang, Q. Surface complexation modeling of Cu(II) sorption to montmorillonite–bacteria composites. Sci. Total Environ. 2017, 607–608, 1408–1418. [Google Scholar]

	



Zhao, G.; Li, J.; Ren, X.; Chen, C.; Wang, X. Few-Layered Graphene Oxide Nanosheets As Superior Sorbents for Heavy Metal Ion Pollution Management. Environ. Sci. Technol. 2011, 45, 10454–10462. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, Y.-G.; Zeng, G.-M.; Hu, X.-J.; Hu, X.; Li, T.-T.; Li, H.-Y.; Wang, Y.-Q.; Jiang, L.-H. Grafting of β-cyclodextrin to magnetic graphene oxide via ethylenediamine and application for Cr(VI) removal. Carbohydr. Polym. 2014, 113, 166–173. [Google Scholar] [CrossRef]

	



Hu, X.; Wang, W.; Xie, G.; Wang, H.; Tan, X.; Jin, Q.; Zhou, D.; Zhao, Y. Ternary assembly of g-C3N4/graphene oxide sheets /BiFeO3 heterojunction with enhanced photoreduction of Cr(VI) under visible-light irradiation. Chemosphere 2019, 216, 733–741. [Google Scholar] [CrossRef]

	



Fang, Y.; Lv, Y.; Tang, J.; Wu, H.; Jia, D.; Feng, D.; Kong, B.; Wang, Y.; Elzatahry, A.A.; Al-Dahyan, D.; et al. Back Cover: Growth of Single-Layered Two-Dimensional Mesoporous Polymer/Carbon Films by Self-Assembly of Monomicelles at the Interfaces of Various Substrates (Angew. Chem. Int. Ed. 29/2015). Angew. Chem. Int. Ed. 2015, 54, 8566. [Google Scholar] [CrossRef]

	



Chen, W.; Xiao, P.; Chen, H.; Zhang, H.; Zhang, Q.; Chen, Y. Polymeric Graphene Bulk Materials with a 3D Cross-Linked Monolithic Graphene Network. Adv. Mater. 2019, 9, e1802403. [Google Scholar] [CrossRef]

	



Hu, X.-J.; Liu, Y.-G.; Wang, H.; Chen, A.-W.; Zeng, G.-M.; Liu, S.-M.; Guo, Y.-M.; Hu, X.; Li, T.-T.; Wang, Y.-Q.; et al. Removal of Cu(II) ions from aqueous solution using sulfonated magnetic graphene oxide composite. Sep. Purif. Technol. 2013, 108, 189–195. [Google Scholar] [CrossRef]

	



Wang, Z.; Wu, S.; Zhang, J.; Chen, P.; Yang, G.; Zhou, X.; Zhang, Q.; Yan, Q.; Zhang, H. Comparative studies on single-layer reduced graphene oxide films obtained by electrochemical reduction and hydrazine vapor reduction. Nanoscale Res. Lett. 2012, 7, 161. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Strezov, V.; Kumar, R.; Weldekidan, H.; Jahan, S.; Dastjerdi, B.H.; Zhou, X.; Kan, T. Pyrolysis of heavy metal contaminated Avicennia marina biomass from phytoremediation: Characterisation of biomass and pyrolysis products. J. Clean. Prod. 2019, 234, 1235–1245. [Google Scholar] [CrossRef]

	



Zhou, Y.; Cao, S.; Xi, C.; Li, X.; Zhang, L.; Wang, G.; Chen, Z. A novel Fe3O4/graphene oxide/citrus peel-derived bio-char based nanocomposite with enhanced adsorption affinity and sensitivity of ciprofloxacin and sparfloxacin. Bioresour. Technol. 2019, 292, 121951. [Google Scholar] [CrossRef]

	



Huang, D.; Wu, J.; Wang, L.; Liu, X.; Meng, J.; Tang, X.; Tang, C.; Xu, J. Novel insight into adsorption and co-adsorption of heavy metal ions and an organic pollutant by magnetic graphene nanomaterials in water. Chem. Eng. J. 2019, 358, 1399–1409. [Google Scholar] [CrossRef]

	



Liu, S.-B.; Tan, X.-F.; Liu, Y.-G.; Gu, Y.-L.; Zeng, G.-M.; Hu, X.-J.; Wang, H.; Zhou, L.; Jiang, L.-H.; Zhao, B.-B. Production of biochars from Ca impregnated ramie biomass (Boehmeria nivea (L.) Gaud.) and their phosphate removal potential. RSC Adv. 2016, 6, 5871–5880. [Google Scholar] [CrossRef]

	



Huang, B.; Liu, Y.; Li, B.; Wang, H.; Zeng, G. Adsorption mechanism of polyethyleneimine modified magnetic core–shell Fe3O4@SiO2 nanoparticles for anionic dye removal. RSC Adv. 2019, 9, 32462–32471. [Google Scholar] [CrossRef]

	



Xu, H.; Zhu, B.; Ren, X.; Shao, D.; Tan, X.; Chen, C. Controlled synthesized natroalunite microtubes applied for cadmium(II) and phosphate co-removal. J. Hazard. Mater. 2016, 314, 249–259. [Google Scholar] [CrossRef]

	



Kaur, N.; Kaur, M.; Singh, D. Fabrication of mesoporous nanocomposite of graphene oxide with magnesium ferrite for efficient sequestration of Ni (II) and Pb (II) ions: Adsorption, thermodynamic and kinetic studies. Environ. Pollut 2019, 253, 111–119. [Google Scholar] [CrossRef]

	



Lei, L.; Kang, X.; Zhang, Y.; Jia, C.; Yang, Q.; Chen, Z. Highly efficient magnetic separation of organic dyes from liquid water utilizing Fe3O4@graphene composites. Mater. Res. Express 2019, 6, 106106. [Google Scholar] [CrossRef]

	



Lingamdinne, L.P.; Koduru, J.R.; Karri, R.R. A comprehensive review of applications of magnetic graphene oxide based nanocomposites for sustainable water purification. J. Environ. Manag. 2019, 231, 622–634. [Google Scholar] [CrossRef] [PubMed]

	



Fang, G.; Liu, C.; Gao, J.; Dionysiou, D.D.; Zhou, D. Manipulation of persistent free radicals in biochar to activate persulfate for contaminant degradation. Environ. Sci. Technol. 2015, 49, 5645–5653. [Google Scholar] [CrossRef] [PubMed]

	



Dai, M.; Zhai, Y.; Wu, L.; Zhang, Y. Magnetic aligned Fe3O4-reduced graphene oxide/waterborne polyurethane composites with controllable structure for high microwave absorption capacity. Carbon 2019, 152, 661–670. [Google Scholar] [CrossRef]

	



Yang, H.; Yu, H.; Cui, Q.; Xie, W.; Xia, J.; Li, Y.; Xing, L.; Xu, H.; Zhang, X. A simple synthesis of magnetic ammonium 12-molybdophosphate/graphene oxide nanocomposites for rapid separation of Cs+ from water. J. Radioanal. Nucl. Chem. 2018, 318, 955–966. [Google Scholar] [CrossRef]

	



Zhao, L.; Chen, J.; Xiong, N.; Bai, Y.; Yilihamu, A.; Ma, Q.; Yang, S.; Wu, D.; Yang, S.T. Carboxylation as an effective approach to improve the adsorption performance of graphene materials for Cu2+ removal. Sci. Total Environ. 2019, 682, 591–600. [Google Scholar] [CrossRef] [PubMed]

	



Lipatova, I.M.; Makarova, L.I.; Yusova, A.A. Adsorption removal of anionic dyes from aqueous solutions by chitosan nanoparticles deposited on the fibrous carrier. Chemosphere 2018, 212, 1155–1162. [Google Scholar] [CrossRef] [PubMed]

	



Namvar-Mahboub, M.; Khodeir, E.; Bahadori, M.; Mahdizadeh, S.M. Preparation of magnetic MgO/Fe3O4 via the green method for competitive removal of Pb and Cd from aqueous solution. Colloids Surf. A Physicochem. Eng. Asp. 2020, 589, 124419. [Google Scholar] [CrossRef]

	



Albadarin, A.B.; Collins, M.N.; Naushad, M.; Shirazian, S.; Walker, G.; Mangwandi, C. Activated lignin-chitosan extruded blends for efficient adsorption of methylene blue. Chem. Eng. J. 2017, 307, 264–272. [Google Scholar] [CrossRef]

	



Rafi, M.; Samiey, B.; Cheng, C.-H. Study of Adsorption Mechanism of Congo Red onGraphene Oxide/PAMAM Nanocomposite. Materials 2018, 11, 496. [Google Scholar] [CrossRef]

	



Hu, X.; Xu, J.; Wu, C.; Deng, J.; Liao, W.; Ling, Y.; Yang, Y.; Zhao, Y.; Zhao, Y.; Hu, X.; et al. Ethylenediamine grafted to graphene oxide@Fe3O4 for chromium(VI) decontamination: Performance, modelling, and fractional factorial design. PLoS ONE 2017, 12, e0187166. [Google Scholar] [CrossRef]

	



Liu, S.; Wang, H.; Chai, L.; Li, M. Effects of single- and multi-organic acid ligands on adsorption of copper by Fe3O4/graphene oxide-supported DCTA. J. Colloid Interface Sci. 2016, 478, 288–295. [Google Scholar] [CrossRef] [PubMed]

	



Secula, M.S.; Cretescu, I.; Cagnon, B.; Manea, L.R.; Stan, C.S.; Breaban, I.G. Fractional Factorial Design Study on the Performance of GAC-Enhanced Electrocoagulation Process Involved in Color Removal from Dye Solutions. Materials 2013, 6, 2723–2746. [Google Scholar] [CrossRef] [PubMed]

	



Masteri-Farahani, M.; Ghahremani, M. Surface functionalization of graphene oxide and graphene oxide-magnetite nanocomposite with molybdenum-bidentate Schiff base complex. J. Phys. Chem. Solids 2019, 130, 6–12. [Google Scholar] [CrossRef]

	



Geshev, J. Interaction plots obtained from in-field magnetization instead of remanence measurements. J. Magn. Magn. Mater. 2018, 467, 135–138. [Google Scholar] [CrossRef]

	



Splechtna, R.; Elshehaly, M.; Gračanin, D.; Ɖuras, M.; Bühler, K.; Matković, K. Interactive interaction plot. Vis. Comput. 2015, 31, 1055–1065. [Google Scholar] [CrossRef]








[image: Ijerph 17 06648 g001 550] 





Figure 1. Characterization of magnetic graphene oxide (MGO): (a) SEM image; (b) EDS analysis. 
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Figure 2. XRD patterns of MGO. 
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Figure 3. Characterization of MGO: (a) FT-IR spectrum; (b) Raman spectra; (c) XPS survey scan spectrum; (d) C1s XPS spectrum. 
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Figure 4. Effect of the solution pH on Cd(II): m/V = 84 mg/L, t = 24 h, C0(Cd) = 10 mg/L, T = 30 °C. 
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Figure 5. (a) Time profiles of Cd(II) adsorption with MGO; (b) pseudo-first-order; (c) pseudo-second-order; (d) Elovich model: m/V = 84 mg/L, pH = 6.00 ± 0.01, C0(Cd) = 10 mg/L, T = 30 °C. 
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Figure 6. (a) Adsorption isotherms for Cd(II) adsorption onto graphene oxide at different initial concentration; (b) Langmuir model; (c) Freundlich model; (d) Temkin model: m/V = 84 mg/L, t = 24 h, pH = 6.00 ± 0.01, T = 15, 30, 45 °C. 
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Figure 7. Experimental data obtained from the FFD experiments. 
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Figure 8. (a) Normal plot of the standardized effects; (b) Pareto chart of standardized effects for adsorption capacity (qe): (A) pH, (B) temperature, (C) time, (D) Cd(II) concentration, (E) NaCl. 
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Figure 9. Plots of main effects for Cd(II) adsorption: (A) pH, (B) temperature, (C) time, (D) Cd(II) concentration, (E) NaCl. The symbols −1 and 1 indicate the low and high levels of the factors, respectively. 
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Figure 10. Interaction effects plot for Cd(II) removal: (A) pH, (B) Temperarure, (C) Time, (D) Cd(II) concentration, (E) NaCl. 
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Table 1. Experimental factors and their values.
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Factors

	
(−)

	
0

	
(+)






	
A

	
pH

	
4

	
6

	
8




	
B

	
T (°C)

	
15

	
30

	
45




	
C

	
t (min)

	
10

	
35

	
60




	
D

	
Initial concentration of Cd(II) (mg/L)

	
10

	
40

	
70




	
E

	
NaCl (mM)

	
10

	
55

	
100
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Table 2. Experimental design matrix of the 25−1 fractional factorial design (FFD) with resolution V.
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Run

	
Encoding of Variables




	
A

	
B

	
C

	
D

	
E






	
1

	
−1(4)

	
1(45)

	
−1(10)

	
1(70)

	
1(100)




	
2

	
1(8)

	
−1(15)

	
−1(10)

	
1(70)

	
1(100)




	
3

	
−1(4)

	
−1(15)

	
−1(10)

	
1(70)

	
−1(10)




	
4

	
1(8)

	
1(45)

	
−1(10)

	
−1(10)

	
1(100)




	
5

	
−1(4)

	
−1(15)

	
1(60)

	
−1(10)

	
−1(10)




	
6

	
−1(4)

	
−1(15)

	
1(60)

	
1(70)

	
1(100)




	
7

	
1(8)

	
1(45)

	
−1(10)

	
1(70)

	
−1(10)




	
8

	
0(6)

	
0(30)

	
0(35)

	
0(35)

	
0(55)




	
9

	
−1(4)

	
−1(15)

	
−1(10)

	
−1(10)

	
1(100)




	
10

	
1(8)

	
1(45)

	
1(60)

	
1(70)

	
1(100)




	
11

	
1(8)

	
−1(15)

	
1(60)

	
1(70)

	
−1(10)




	
12

	
1(8)

	
−1(15)

	
−1(10)

	
−1(10)

	
−1(10)




	
13

	
−1(4)

	
1(45)

	
1(60)

	
1(70)

	
−1(10)




	
14

	
−1(4)

	
1(45)

	
−1(10)

	
−1(10)

	
−1(10)




	
15

	
1(8)

	
−1(15)

	
1(60)

	
−1(10)

	
1(100)




	
16

	
1(8)

	
1(45)

	
1(60)

	
−1(10)

	
−1(10)




	
17

	
−1(4)

	
1(45)

	
1(60)

	
−1(10)

	
1(100)
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Table 3. Kinetic parameters of Cd(II) sorption on magnetic graphene oxide.
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Kinetic Model

	
5 mg/L

	
10 mg/L

	
20 mg/L




	
qe,exp = 8.50

	
qe,exp = 11.18

	
qe,exp = 15.36






	
Pseudo-first-order

	
k1 (1/min)

	
0.293

	
0.339

	
0.294




	
qe,1 (mg/g)

	
8.489

	
10.42

	
14.66




	
R2

	
0.987

	
0.971

	
0.952




	
Pseudo-second-order

	
k2 (g/mg min)

	
0.083

	
0.077

	
0.038




	
qe,2 (mg/g)

	
8.667

	
10.65

	
15.13




	
h (mg/g min)

	
6.235

	
8.734

	
8.699




	
R2

	
0.991

	
0.986

	
0.982




	
Elovich model

	
α (mg/g min)

	
3.01 × 1012

	
1.78 × 1011

	
9.61 × 106




	
β (g/mg)

	
4.208

	
3.095

	
1.473




	
R2

	
0.964

	
0.981

	
0.993
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Table 4. Langmuir, Freundlich and Temkin isotherm parameters for Cd(II) adsorption on magnetic graphene oxide.
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Model

	
Parameter

	
T (°C)




	
15 °C

	
30 °C

	
45 °C




	
qe,exp = 10.35

	
qe,exp = 22.46

	
qe,exp = 31.94






	
Langmuir

	
qmax (mg/g)

	
16.68

	
28.43

	
31.45




	
KL (L/mg)

	
0.019

	
0.45

	
0.233




	
R2

	
0.971

	
0.931

	
0.830




	
Freundlich

	
n

	
1.700

	
3.460

	
4.347




	
KF

	
0.763

	
2.309

	
11.78




	
R2

	
0.972

	
0.957

	
0.990




	
Temkin

	
aT (L/g)

	
0.308

	
0.608

	
5.928




	
bT (kJ/mol)

	
0.816

	
0.448

	
0.519




	
R2

	
0.907

	
0.918

	
0.966
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