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Abstract

:

It is challenging work to develop a low-cost, efficient, and environmentally friendly Cr(VI) adsorbent for waste water treatment. In this paper, we used hemicelluloses from chemical fiber factory waste as the raw material, and prepared two kinds of carbon materials by the green hydrothermal method as adsorbent for Cr(VI). The results showed that hemicelluloses hydrothermally treated with citric acid (HTC) presented spherical shapes, and hemicelluloses hydrothermally treated with ammonia solution (HTC-NH2) provided spongy structures. The adsorption capacity of the samples can be obtained by the Langmuir model, and the adsorption kinetics could be described by the pseudo-second-order model at pH 1.0. The maximum adsorption capacity of HTC-NH2 in the Langmuir model is 74.60 mg/g, much higher than that of HTC (61.25 mg/g). The green hydrothermal treatment of biomass with ammonia solution will provide a simple and feasible way to prepare adsorbent for Cr(VI) in waste water treatment.
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1. Introduction


Nowadays, climate change and environmental pollution have raised increasing concerns, especially industrial waste water, which usually contains heavy metal particles and organic dyes [1,2]. Chromium, which been widely applied in manufacturing industries (such as dyeing, tanning, printing, polishing, and electroplating), is a typical heavy metal element in industrial waste water [3,4,5,6]. Chromium usually exists in various oxidation states, e.g., trivalent chromium and hexavalent chromium. Trivalent chromium is an important element in regulating glucose metabolism and maintaining normal tolerance in vivo. It can also affect the body’s lipid metabolism and reduce the contents of cholesterol and triglyceride in blood. However, Cr(VI) shows toxicity and carcinogenicity for creatures. Besides, Cr(VI) usually exists in the form of HCrO4− and CrO42− in the environment, which has a high dissolubility in water. The high dissolubility of Cr(VI) in water allowed it to easily migrate into the digestive system and cause injures to human bodies [7]. National Health Commission (NHC, China) and China Environmental Protection Law have set the allowable limit (0.05 mg/L and 0.5 mg/L) for hexavalent chromium in human drinking water and industrial waste standards, respectively. It is necessary to prevent humans from harms caused by hexavalent chromium from various industrial waste waters [8,9].



To remove Cr(VI) from water, many methods have been developed, such as redox, biological treatment, adsorption, electrochemical processes, and so on [8,10]. Among these methods, adsorption is considered to be the most promising because of its simplicity, low cost, and low energy consumption. There are many kinds of adsorbents used for Cr(VI) adsorption in waste water, such as metallic oxide, polymer materials, and carbon-based adsorbents [11,12,13,14]. Owing to the controllable morphology, high surface area, low toxicity, low cost, and environmental-friendliness, carbon materials have become a kind of widely accepted adsorbent [15,16,17,18].



Owing to the simplicity, low cost, and environmental-friendliness, hydrothermal carbonization is one of the most promising methods for the production of valuable carbon materials, such as carbon spheres and porous carbons [19,20]. Hydrothermal carbons could be prepared from fossils, polysaccharides, and agricultural and forestry wastes, among others [21]. Noteworthily, agricultural and forestry wastes with extremely low cost, great availability, and relatively high carbon content [22,23] have become the proper candidate for producing carbon materials. For example, it was reported corn stalk and Tamarix ramosissima can be converted to lignite-like solid products after hydrothermal treatment, and heating values increased significantly [22]. Besides, carbon materials obtained by hydrothermal treatment usually have rich functional groups and excellent physical properties, as well as different morphology [24,25].



Although many works in the literature have reported different carbon materials used for Cr(VI) adsorption, these materials cannot achieve the desired adsorption performances (e.g., high removal efficiency, high adsorption capacity, without second pollution) [26,27]. Large numbers of adsorption experiments have shown that the adsorption capacity of carbon materials is highly dependent on pH, and the addition of the element nitrogen can also increase the adsorption capacity for Cr(VI). For example, polyethylenimine (PEI) grafted graphene oxide nanosheets were used for adsorption Cr(VI), and the optimum adsorption could be achieved at pH 2.0 and the maximum adsorption capacity was up to 1185 mg/g, which is the highest adsorption capacity [28]. This is related to the fact that amino (NH4+) is a kind of functional group with positive charges in adsorbents, and the element N can also provide electrons to promote the reduction of Cr(VI) [29].



In this study, hemicelluloses collected from chemical fiber company were used to prepare carbon materials with different morphology by hydrothermal treatment. The physical and chemical properties of samples were characterized by Fourier transform-infrared spectro-scope (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy, X-ray photoelectron spectroscope (XPS), and Brunauer–Emmett–Teller surface area analyzer (BET). We found the hydrothermal carbons could effectively remove Cr(VI) in Cr-containing aqueous solution. The results will help to develop economical and feasible adsorbents for environmental remediation.




2. Materials and Methods


2.1. Materials


Hemicelluloses were collected from a chemical fiber factory (Guangzhou, China) and dried for 2 days to constant quality before use. Potassium dichromate, anhydrous ethanol, and ammonia solution (AR) were purchased from Guangdong Guanghua Sci-Tech Co. Ltd. (Guangzhou, China). Citric acid monohydrate (AR) was purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd. (Shanghai, China). Diphenyl carbamide was purchased from Shanghai Richjoint Chemical Reagents Co. Ltd. (Shanghai, China).




2.2. Carbon Materials Synthesis from Hemicelluloses


Two kinds of carbon materials were prepared from hemicelluloses by the hydrothermal method, and the production procedures were listed as follows.



Hemicelluloses (4 g) were dispersed in 60 mL of 0.1 mol/L citric acid solution. The mixture was transferred to a 100 mL reactor for hydrothermal reaction under the condition of 200 °C for 16 h in muffle furnace. After the hydrothermal treatment, the sample was washed three times with ultrapure water and ethanol (95%), respectively. The finally obtained carbon spheres, named hemicelluloses hydrothermally treated with citric acid (HTC), were air-dried in an oven at 110 °C for 12 h.



Hemicelluloses (4 g) were dispersed in 60 mL of (12.5%) ammonia solution and stirred with vigorous magnetic stirring for 3 h at room temperature, and then the hydrothermal step was started under the same conditions as HTC. The obtained product was washed three times with ultrapure water and ethanol (95%), respectively. The finally obtained products, named HTC-NH2, were dried at 110 °C for 12 h for further use.




2.3. Characterization


The samples were characterized by FT-IR (VERTEX 70, Bruker, Germany), BET (ASAP 2020, micromeritics company, Norcross, GA, USA), elemental analysis (vario EL cue, Elementar, Frankfurt, Germany), XPS (ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA), and SEM (Merlin, Zeiss, Jena, Germany). The adsorption test of samples was performed using ultraviolet–visible spectrophotometry (UV/Vis) (UV-1800, Shimadzu, Kyoto, Japan).




2.4. Adsorption Experiments


The adsorption capacity of the hydrothermal carbon materials was tested according to the previous literature [30]. The Cr(VI) solutions with different concentrations were prepared by diluting the stock solution (1 g/L). Typically, 0.1 g of sample was dispersed in 40 mL of Cr(VI) solution with different concentrations in a 150 mL conical flask. The adsorption experiment was performed in a water-bathing vibrator (Jintan Instrument Factory). After adsorption, the carbon materials were separated using a hydrophilic polytetrafluoroethylene PTFE syringe filter (0.22 um), and the concentration of Cr(VI) was detected with UV–Vis. The pH of the Cr(VI) solutions, ranging from 1.0 to 6.0, was adjusted with 1 mol/L HCl and 1 mol/L NaOH solution. The influence of adsorption parameters (including time (0–12 h), concentration of Cr(VI) solution (10–200 mg/L), and the dosage of adsorbent (0.5–10 g/L)) on the adsorption process was also investigated.



The adsorption capacity of the carbon materials was calculated according to the following equation:


   Q e  =    (   C 0  −  C e   )     V   m   








where Qe (mg/g) is the adsorption capacity; C0 (mg/L) and Ce (mg/L) are the concentration of Cr(VI) in the solution before and after the adsorption experiments, respectively; V (L) is the volume of potassium dichromate solution in reaction; and m (g) is the dry weight of carbon materials.





3. Results


3.1. SEM and BET Analysis


The microstructures of HTC and HTC-NH2 were observed by SEM. As shown in Figure 1, the SEM images of HTC presented a homogeneous spherical structure with average diameter at 1–6 μm, while HTC-NH2 exhibited an irregular massive shape. The specific area of HTC is 3.06 m2/g, which is three times higher than that of raw hemicelluloses (Table S1, In Supplementary Materials). In the sample HTC-NH2, there are lots of stacked particles with a uniform size of 30–50 nm dispersed on the surface of the sample, which led to the high specific surface area of HTC-NH2 (134.51 m2/g). The surface morphology of HTC-NH2 probably resulted from the lower degree of hydrolysis of the raw material due to the lack of H+, similar to the surface etched by KOH, and that might increase the active sites of HTC-NH2 for Cr(VI) adsorption [31].




3.2. FT-IR Analysis


FT-IR is a useful method to study the functional groups on the surface of samples. The FT-IR spectra of samples (HTC and HTC-NH2) are shown in Figure 2. According to the previous literature [32], the band around 3400 cm−1 corresponds to the –OH bending vibrations, while the band at 1638 cm−1 is attributed to the vibration of the –COOH and the C=O in the carbonyl, respectively. The existence of these peaks suggested that there were large numbers of carboxylic groups in HTC. In the spectrum of HTC-NH2, the absorption bands at 1430 and 1254 cm−1 are assigned to C–N and N–H groups [11], respectively, and the two peaks at 897 and 645 cm−1 are related to the out-of-plane N–H deformation vibration. These indicated the formation of chemical bonds between nitrogen and carbon atoms in HTC-NH2. Besides, the peaks at 2912 and 2990 cm−1 are attributed to the vibration of the C–H in the carbonyl, indicating the incomplete hydrolysis process in the ammonia aqueous solution.




3.3. XRD Analysis


The structural properties of HTC and HTC-NH2 were studied. In Figure 3, the XRD curves of HTC and HTC-NH2 both showed only one broad diffraction peak at about 20°, corresponding to the (002) inter-plane of graphite. This suggested the low degree of graphitization and the existence of abundant amorphous carbon in HTC and HTC-NH2 [33,34]. This could explain the obvious fluorescence interference, as presented in Figure S1, further confirming the low degree of crystallinity in the hydrothermal carbon materials.




3.4. XPS and Elements Analysis


Elemental analysis and XPS spectra could provide the elemental compositions and typical functional groups information of samples, as shown in Table 1 and Figure 4. As shown in Table 1, the content of nitrogen in the sample HTC-NH2 is higher than that in HTC. This indicated that nitrogen was dopped into HTC-NH2 during the hydrothermal process. In Figure 4b,c, the content of C–O/C–N in HTC-NH2 is also much higher than that in HTC, while the content of C=C/C–C in HTC-NH2 is much lower than that in HTC. These suggested the degree of carbonization of HTC-NH2 is lower than that of HTC. Figure 4d shows that there were some pyrrole and pyridine nitrogen in HTC-NH2, while pyrrole and pyridine nitrogen could not be distinguished from HTC. This resulted from some amino groups attached on the surface of HTC-NH2 during the hydrothermal carbonization reaction [35].




3.5. Effect of pH and Adsorbent Dosage


The initial pH of solution and the dosage of adsorbent could affect the adsorption capacity of carbon materials. Among these factors, it is particularly important to control pH of the adsorption process, because the pH of solution can exert influence on the form of Cr(VI) species and the surface charge of adsorption materials [36,37]. In this study, the Cr(VI) adsorption capacity affected by the different pH of the two carbon materials is shown in Figure 5. The initial Cr(VI) concentration was 50 mg/L, the dosage of adsorbent was 2.5 g/L, and the adsorption temperature was 298 K. Because the potassium dichromate solution exists in acidic form in nature, the pH range in adsorption of Cr(VI) was adjusted from 1.0 to 6.0 [29,38]. The results showed that the adsorption capacity of the two samples decreased with the pH increase, and the maximum adsorption amount was achieved when the pH reached 1.0 (HTC at 14.98 mg/g and HTC-NH2 at 17.77 mg/g), and almost decreased by 90% when the pH was up to 6 (0.40 mg/g for HTC and 1.76 mg/g for HTC-NH2), which is similar to the previous works [39,40,41]. According to the previous reports [29], Cr(VI) mainly exists in the form of CrO42− when pH > 6, and gradually changed to the form of HCrO4− and Cr2O72− as the pH value decreased. Compared with HTC, HTC-NH2 displayed a higher adsorption capacity under the same pH. The higher adsorption capacity of HTC-NH2 was due to its larger specific area and amino groups (–NH2), which were the active adsorption sites for Cr(VI). When the solution is acidic, the functional groups –NH– and –NH2 could be protonated to –NH2+ and –NH3+, which leads to a strong affinity between the sample HTC-NH2 and Cr2O72− through electrostatic interaction, about 18% higher than the adsorption capacity of HTC [42].



The dosage of adsorbent in waste water can also affect the adsorption process [43]. In this work, the dosage gradient of adsorption materials was set as 0.5 g/L, and the adsorption temperature was 298 K. As shown in Figure 6, the removal rates of the two materials both increased with the increase of dosage. When the weight of adsorbent HTC-NH2 went from 0.5 g/L up to 5.0 g/L, 99.34% of Cr(VI) was removed, while the adsorption capacity of the adsorbent decreased by almost 60%. When the dosage of HTC increased to 7.5 g/L, 93.98% of Cr(VI) could be removed. Similar to HTC-NH2, the adsorption capacity of HTC also decreased to 6.37 mg/g. This is probably because more adsorption sites are exposed in solution, thus the increase of adsorbent dosage. However, the utilization rate for adsorption sites decreased with the increased adsorbent dosage, which led to the decreased adsorption capacity of the sample [44].




3.6. Adsorption Kinetics


The adsorption reaction will change with the time of contact between the adsorbent and the adsorbate solution until the adsorption reaches equilibrium. The kinetic experiments were carried out at the dosage of 2.5 g/L in a 50 mg/L Cr(VI) solution at 298 K, and the results are shown in Figure 7. The adsorption data were collected at 5, 10, 20, 40, 60, 120, 240, 480, and 720 min, respectively. The pseudo-first-order kinetic model and the pseudo-second-order kinetic model were used to fit the adsorption rate curves, respectively.



In the initial stage, there were more unoccupied active sites in the adsorbents, and the concentration of Cr(VI) in the solution was the highest, which resulted in adsorption quantity increasing rapidly. After the first 60 min, the Qt reached 5.84 mg/g for HTC and 15.96 mg/g for HTC-NH2, accounting for 43% and 87% of the equilibrium adsorption capacity, respectively. This is because of the protonation of amino groups under acidic conditions making the adsorption easier for HTC-NH2. With the extension of the adsorption time, Qt increased slowly until reaching adsorption equilibrium, and the time to reach equilibrium for HTC-NH2 was about 4.0 h, and that for HTC was about 8.0 h.



As shown in Table 2, the pseudo-second-order kinetics model with a higher correlation coefficients value (R2 = 0.96, 0.80) fitted better than the pseudo-first-order kinetics model (R2 = 0.89, 0.68), suggesting that the adsorption behavior of HTC-NH2 towards Cr(VI) corresponded to pseudo-second-order kinetics. These results indicated that the adsorption rate of Cr(VI) onto adsorbent was mainly determined by the chemical adsorption process, consistent with the previous results [45,46,47]. This is showed that the adsorption capacity of HTC-NH2 was up to 18.33 mg/g, which is much higher than that of HTC (13.68 mg/g).




3.7. Adsorption Isotherms


In order to gain insight into the surface properties and binding interactions between HTC-NH2 or HTC and Cr(VI), Langmuir and Freundlich isotherm models were utilized to analyze the adsorption isotherms of samples, The fitting curve was showed in Figure 8 and isothermal adsorption parameters was showed in Table 3. The adsorption behaviors of the adsorbent were studied at 298 K, 308 K, and 318 K, respectively. The initial pH was 1.0 and the adsorbent concentration of solution was 2.50 g/L. As shown in Table 3, the R2 values of the Langmuir model are slightly higher than those of the Freundlich model, which means the Langmuir model is more fitted to describe the adsorption of adsorbents in this work. There are abundant functional groups on the surface of adsorbents, which could be used as active sites for adsorption. These active sites can easily carry out electron transfer and present chemisorption in the adsorption process. Similar results have also been reported previously [48,49]. Besides, chemisorption is usually related to single-layer adsorption (Langmuir model) [50]. According to Section 3.6 adsorption kinetics analysis, the adsorbents in this work also present single-layer adsorption behaviors. Therefore, it is more reasonable to describe the adsorption behaviors of the adsorbents with the Langmuir model in this work. Based on the nonlinear Langmuir model, the maximum adsorption capacities of Cr(VI) onto HTC-NH2 and HTC were 74.60 mg/g and 61.25 mg/g, respectively. Compared with HTC, the adsorption capacity of HTC-NH2 was obviously higher, which was also related to the much larger specific area of HTC-NH2 (134.51 m2/g). This meant that the physical adsorption mainly depending on the specific area and chemical adsorption depending on the functional groups on the surface of adsorbent both played important roles in the Cr(VI) removal process. Compared with some hydrothermal carbon materials as reported in Table 4, HTC-NH2 showed excellent adsorption capability, and is more economical in hydrothermal additives.





4. Conclusions


In this work, two hydrothermal carbon materials (HTC-NH2 and HTC) from hemicelluloses were synthesized and used for Cr(VI) adsorption in solution. HTC has a good spherical morphology with a specific surface area of 0.97 m2/g. HTC-NH2 is an amorphous carbon with a spongy structure that has good pore structure with a specific surface area of 134.51 m2/g. The adsorption isotherms indicated that the adsorption capacities of HTC and HTC-NH2 for Cr(VI) were obtained from Langmuir model to be 74.60 mg/g and 61.25 mg/g, respectively. The adsorption processes of the samples were described by the pseudo-second order equation at pH 1.0. Compared with HTC, HTC-NH2 showed a higher adsorption capability, which was related to the relatively high surface area and the amino groups (-NH2). This facile route developed here may offer a possibility for producing economical biomass-based carbon materials for waste water treatment and great promises for industrialization.








Supplementary Materials


The following are available online, Figure S1: Raman spectra of the hydrothermal carbon materials, Figure S2: FT-IR spectra of the raw hemicelluloses, Table S1: Spectra surface area, pore volume, and pore size distribution of samples, Table S2: Elements contents of HTC and HTC-NH2 by XPS analysis.





Author Contributions


This work was carried out in collaboration between all authors. Conceptualization, Y.W., H.W. and C.L.; methodology, Y.W.; software, Y.W. and W.C.; validation, Y.W.; formal analysis, Y.W. and W.C.; resources, C.L.; data curation, Y.W.; writing—original draft preparation, Y.W.; writing—review and editing, H.W.; supervision, H.W. and C.L.; project administration, C.L.; funding acquisition, C.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Science and Technology Basic Resources Investigation Program of China (No. 2019FY100900).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data included in this study are available in this published article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the authors.




References


	



Hou, Y.; Yan, S.; Huang, G.; Yang, Q.; Huang, S.; Cai, J. Fabrication of N-doped carbons from waste bamboo shoot shell with high removal efficiency of organic dyes from water. Bioresour. Technol. 2020, 303, 122939. [Google Scholar] [CrossRef]

	



Luo, X.; Cai, Y.; Liu, L.; Zeng, J. Cr(VI) adsorption performance and mechanism of an effective activated carbon prepared from bagasse with a one-step pyrolysis and ZnCl2 activation method. Cellulose 2019, 26, 4921–4934. [Google Scholar] [CrossRef]

	



Ahluwalia, S.S.; Goyal, D. Microbial and plant derived biomass for removal of heavy metals from wastewater. Bioresour. Technol. 2007, 98, 2243–2257. [Google Scholar] [CrossRef] [PubMed]

	



Ge, H.; Ma, Z. Microwave preparation of triethylenetetramine modified graphene oxide/chitosan composite for adsorption of Cr(VI). Carbohydr. Polym. 2015, 131, 280–287. [Google Scholar] [CrossRef]

	



Krishna Kumar, A.S.; Jiang, S.-J.; Tseng, W.-L. Effective adsorption of chromium(VI)/Cr(III) from aqueous solution using ionic liquid functionalized multiwalled carbon nanotubes as a super sorbent. J. Mater. Chem. A 2015, 3, 7044–7057. [Google Scholar] [CrossRef]

	



Zhao, N.; Zhao, C.; Lv, Y.; Zhang, W.; Du, Y.; Hao, Z.; Zhang, J. Adsorption and coadsorption mechanisms of Cr(VI) and organic contaminants on H3PO4 treated biochar. Chemosphere 2017, 186, 422–429. [Google Scholar] [CrossRef] [PubMed]

	



Qi, Y.; Jiang, M.; Cui, Y.L.; Zhao, L.; Liu, S. Novel reduction of Cr(VI) from wastewater using a naturally derived microcapsule loaded with rutin-Cr(III) complex. J. Hazard. Mater. 2015, 285, 336–345. [Google Scholar] [CrossRef]

	



Owlad, M.; Aroua, M.K.; Daud, W.A.W.; Baroutian, S. Removal of Hexavalent Chromium-Contaminated Water and Wastewater: A Review. Water Air Soil Pollut. 2008, 200, 59–77. [Google Scholar] [CrossRef]

	



Azeez, N.A.; Dash, S.S.; Gummadi, S.N.; Deepa, V.S. Nano-remediation of toxic heavy metal contamination: Hexavalent chromium [Cr(VI)]. Chemosphere 2021, 266, 129204. [Google Scholar] [CrossRef]

	



Zhao, Z.; An, H.; Lin, J.; Feng, M.; Murugadoss, V.; Ding, T.; Liu, H.; Shao, Q.; Mai, X.; Wang, N.; et al. Progress on the photocatalytic reduction removal of chromium contamination. Chem. Rec. 2019, 19, 873–882. [Google Scholar] [CrossRef] [PubMed]

	



Pakade, V.E.; Tavengwa, N.T.; Madikizela, L.M. Recent advances in hexavalent chromium removal from aqueous solutions by adsorptive methods. RSC Adv. 2019, 9, 26142–26164. [Google Scholar] [CrossRef]

	



Li, L.; Li, Y.; Cao, L.; Yang, C. Enhanced chromium (VI) adsorption using nanosized chitosan fibers tailored by electrospinning. Carbohydr. Polym. 2015, 125, 206–213. [Google Scholar] [CrossRef]

	



Kobielska, P.A.; Howarth, A.J.; Farha, O.K.; Nayak, S. Metal-organic frameworks for heavy metal removal from water. Coord. Chem. Rev. 2018, 358, 92–107. [Google Scholar] [CrossRef]

	



Han, J.; Zhang, G.; Zhou, L.; Zhan, F.; Cai, D.; Wu, Z. Waste carton-derived nanocomposites for efficient removal of hexavalent chromium. Langmuir 2018, 34, 5955–5963. [Google Scholar] [CrossRef]

	



Li, J.; He, F.; Shen, X.; Hu, D.; Huang, Q. Pyrolyzed fabrication of N/P co-doped biochars from (NH4)3PO4-pretreated coffee shells and appraisement for remedying aqueous Cr(VI) contaminants. Bioresour. Technol. 2020, 315, 123840. [Google Scholar] [CrossRef]

	



Song, X.; Zhang, Y.; Cao, N.; Sun, D.; Zhang, Z.; Wang, Y.; Wen, Y.; Yang, Y.; Lyu, T. Sustainable chromium (VI) removal from contaminated groundwater using nano-magnetite-modified biochar via rapid microwave synthesis. Molecules 2020, 26, 103. [Google Scholar] [CrossRef]

	



Kharrazi, S.M.; Mirghaffari, N.; Dastgerdi, M.M.; Soleimani, M. A novel post-modification of powdered activated carbon prepared from lignocellulosic waste through thermal tension treatment to enhance the porosity and heavy metals adsorption. Powder Technol. 2020, 366, 358–368. [Google Scholar] [CrossRef]

	



Yang, D.-P.; Li, Z.; Liu, M.; Zhang, X.; Chen, Y.; Xue, H.; Ye, E.; Luque, R. Biomass-Derived Carbonaceous Materials: Recent Progress in Synthetic Approaches, Advantages, and Applications. ACS Sustain. Chem. Eng. 2019, 7, 4564–4585. [Google Scholar] [CrossRef]

	



Sun, Y.; Liu, C.; Zan, Y.; Miao, G.; Wang, H.; Kong, L. Hydrothermal carbonization of microalgae (chlorococcum sp.) for porous carbons with high Cr(VI) adsorption performance. Appl. Biochem. Biotechnol. 2018, 186, 414–424. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yang, R.; Li, M.; Zhao, Z. Hydrothermal preparation of highly porous carbon spheres from hemp (Cannabis sativa L.) stem hemicellulose for use in energy-related applications. Ind. Crops Prod. 2015, 65, 216–226. [Google Scholar] [CrossRef]

	



Wang, Y.; Hu, Y.-J.; Hao, X.; Peng, P.; Shi, J.-Y.; Peng, F.; Sun, R.-C. Hydrothermal synthesis and applications of advanced carbonaceous materials from biomass: A review. Adv. Compos. Hybrid. Mater. 2020, 3, 267–284. [Google Scholar] [CrossRef]

	



Xiao, L.P.; Shi, Z.J.; Xu, F.; Sun, R.C. Hydrothermal carbonization of lignocellulosic biomass. Bioresour. Technol. 2012, 118, 619–623. [Google Scholar] [CrossRef]

	



Titirici, M.M.; Antonietti, M. Chemistry and materials options of sustainable carbon materials made by hydrothermal carbonization. Chem. Soc. Rev. 2010, 39, 103–116. [Google Scholar] [CrossRef]

	



Nicolae, S.A.; Au, H.; Modugno, P.; Luo, H.; Szego, A.E.; Qiao, M.; Li, L.; Yin, W.; Heeres, H.J.; Berge, N.; et al. Recent advances in hydrothermal carbonisation: From tailored carbon materials and biochemicals to applications and bioenergy. Green Chem. 2020, 22, 4747–4800. [Google Scholar] [CrossRef]

	



Usman, M.; Chen, H.; Chen, K.; Ren, S.; Clark, J.H.; Fan, J.; Luo, G.; Zhang, S. Characterization and utilization of aqueous products from hydrothermal conversion of biomass for bio-oil and hydro-char production: A review. Green Chem. 2019, 21, 1553–1572. [Google Scholar] [CrossRef]

	



Liang, H.; Sun, R.; Song, B.; Sun, Q.; Peng, P.; She, D. Preparation of nitrogen-doped porous carbon material by a hydrothermal-activation two-step method and its high-efficiency adsorption of Cr(VI). J. Hazard. Mater. 2020, 387, 121987. [Google Scholar] [CrossRef]

	



Khan, T.A.; Saud, A.S.; Jamari, S.S.; Rahim, M.H.A.; Park, J.-W.; Kim, H.-J. Hydrothermal carbonization of lignocellulosic biomass for carbon rich material preparation: A review. Biomass Bioenergy 2019, 130, 105384. [Google Scholar] [CrossRef]

	



Bao, S.; Yang, W.; Wang, Y.; Yu, Y.; Sun, Y.; Li, K. PEI grafted amino-functionalized graphene oxide nanosheets for ultrafast and high selectivity removal of Cr(VI) from aqueous solutions by adsorption combined with reduction: Behaviors and mechanisms. Chem. Eng. J. 2020, 399, 125762. [Google Scholar] [CrossRef]

	



Ghadikolaei, N.F.; Kowsari, E.; Balou, S.; Moradi, A.; Taromi, F.A. Preparation of porous biomass-derived hydrothermal carbon modified with terminal amino hyperbranched polymer for prominent Cr(VI) removal from water. Bioresour. Technol. 2019, 288, 121545. [Google Scholar] [CrossRef]

	



Ding, D.; Ma, X.; Shi, W.; Lei, Z.; Zhang, Z. Insights into mechanisms of hexavalent chromium removal from aqueous solution by using rice husk pretreated using hydrothermal carbonization technology. RSC Adv. 2016, 6, 74675–74682. [Google Scholar] [CrossRef]

	



Zhou, L.; Duan, Y.; Xu, X. Facile preparation of amine-rich polyamidoamine (PAMAM) gel for highly efficient removal of Cr(VI) ions. Colloids Surf. A 2019, 579. [Google Scholar] [CrossRef]

	



Rybarczyk, M.K.; Gontarek-Castro, E.; Ollik, K.; Lieder, M. Biomass-derived nitrogen functionalized carbon nanodots and their anti-biofouling properties. Processes 2020, 9, 61. [Google Scholar] [CrossRef]

	



Liang, H.; Song, B.; Peng, P.; Jiao, G.; Yan, X.; She, D. Preparation of three-dimensional honeycomb carbon materials and their adsorption of Cr(VI). Chem. Eng. J. 2019, 367, 9–16. [Google Scholar] [CrossRef]

	



Zhang, D.; Hao, Y.; Ma, Y.; Feng, H. Hydrothermal synthesis of highly nitrogen-doped carbon powder. Appl. Surf. Sci. 2012, 258, 2510–2514. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, J.; Xu, W. One-step hydrothermal preparation of amino-functionalized carbon spheres at low temperature and their enhanced adsorption performance towards Cr(VI) for water purification. Colloids Surf. A 2012, 415, 288–294. [Google Scholar] [CrossRef]

	



Wei, J.; Tu, C.; Yuan, G.; Bi, D.; Xiao, L.; Theng, B.K.G.; Wang, H.; Ok, Y.S. Carbon-coated montmorillonite nanocomposite for the removal of chromium(VI) from aqueous solutions. J. Hazard. Mater. 2019, 368, 541–549. [Google Scholar] [CrossRef]

	



Wang, G.; Wang, S.; Sun, W.; Sun, Z.; Zheng, S. Synthesis of a novel illite@carbon nanocomposite adsorbent for removal of Cr (VI) from wastewater. J. Environ. Sci. China 2017, 57, 62–71. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Lü, J.; Peng, J.; Du, G.; Peng, H.; Fang, Y. One-step preparation of emulsion-templated amino-functionalized porous organosilica monoliths for highly efficient Cr(VI) removal. Colloids Surf. A 2018, 555, 8–17. [Google Scholar] [CrossRef]

	



Khalil, T.E.; Elhusseiny, A.F.; Ibrahim, N.M.; El-Dissouky, A. Unexpected effect of magnetic nanoparticles on the performance of aqueous removal of toxic Cr(VI) using modified biopolymer chitosan. Int. J. Biol. Macromol. 2021, 170, 768–779. [Google Scholar] [CrossRef] [PubMed]

	



Bhattarai, S.; Kim, J.S.; Yun, Y.-S.; Lee, Y.-S. Thiourea-Immobilized Polymer Beads for Sorption of Cr(VI) Ions in Acidic Aqueous Media. Macromol. Res. 2019, 27, 515–521. [Google Scholar] [CrossRef]

	



Shi, S.; Yang, J.; Liang, S.; Li, M.; Gan, Q.; Xiao, K.; Hu, J. Enhanced Cr(VI) removal from acidic solutions using biochar modified by Fe3O4@SiO2-NH2 particles. Sci. Total Environ. 2018, 628–629, 499–508. [Google Scholar] [CrossRef]

	



Jang, E.H.; Pack, S.P.; Kim, I.; Chung, S. A systematic study of hexavalent chromium adsorption and removal from aqueous environments using chemically functionalized amorphous and mesoporous silica nanoparticles. Sci. Rep. 2020, 10, 5558. [Google Scholar] [CrossRef] [PubMed]

	



Subedi, N.; Lahde, A.; Abu-Danso, E.; Iqbal, J.; Bhatnagar, A. A comparative study of magnetic chitosan (Chi@Fe3O4) and graphene oxide modified magnetic chitosan (Chi@Fe3O4GO) nanocomposites for efficient removal of Cr(VI) from water. Int. J. Biol. Macromol. 2019, 137, 948–959. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Shen, J.; Huang, S.; Li, N.; Ye, M. Hydrothermal carbonization synthesis of a novel montmorillonite supported carbon nanosphere adsorbent for removal of Cr (VI) from waste water. Appl. Clay Sci. 2014, 93–94, 48–55. [Google Scholar] [CrossRef]

	



Li, Y.; Gao, Y.; Zhang, Q.; Wang, R.; Li, C.; Mao, J.; Guo, L.; Wang, F.; Zhang, Z.; Wang, L. Flexible and free-standing pristine polypyrrole membranes with a nanotube structure for repeatable Cr(VI) ion removal. Sep. Purif. Technol. 2021, 258, 117981. [Google Scholar] [CrossRef]

	



Asimakopoulos, G.; Baikousi, M.; Salmas, C.; Bourlinos, A.B.; Zboril, R.; Karakassides, M.A. Advanced Cr(VI) sorption properties of activated carbon produced via pyrolysis of the “Posidonia oceanica” seagrass. J. Hazard. Mater. 2021, 405, 124274. [Google Scholar] [CrossRef]

	



Chwastowski, J.; Bradlo, D.; Zukowski, W. Adsorption of Cadmium, Manganese and Lead Ions from Aqueous Solutions Using Spent Coffee Grounds and Biochar Produced by Its Pyrolysis in the Fluidized Bed Reactor. Materials 2020, 13, 2782. [Google Scholar] [CrossRef]

	



Liu, L.; Cai, W.; Dang, C.; Han, B.; Chen, Y.; Yi, R.; Fan, J.; Zhou, J.; Wei, J. One-step vapor-phase assisted hydrothermal synthesis of functionalized carbons: Effects of surface groups on their physicochemical properties and adsorption performance for Cr(VI). Appl. Surf. Sci. 2020, 528, 146984. [Google Scholar] [CrossRef]

	



Alatalo, S.M.; Repo, E.; Makila, E.; Salonen, J.; Vakkilainen, E.; Sillanpaa, M. Adsorption behavior of hydrothermally treated municipal sludge & pulp and paper industry sludge. Bioresour. Technol. 2013, 147, 71–76. [Google Scholar] [CrossRef] [PubMed]

	



Kuleyin, A.; Aydin, F. Removal of reactive textile dyes (Remazol Brillant Blue R and Remazol Yellow) by surfactant-modified natural zeolite. Environ. Prog. Sustain. Energy 2011, 30, 141–151. [Google Scholar] [CrossRef]

	



Lei, Y.; Su, H.; Tian, F. A Novel Nitrogen Enriched Hydrochar Adsorbents Derived from Salix Biomass for Cr (VI) Adsorption. Sci. Rep. 2018, 8, 4040. [Google Scholar] [CrossRef] [PubMed]

	



Vo, A.T.; Nguyen, V.P.; Ouakouak, A.; Nieva, A.; Doma, B.T.; Tran, H.N.; Chao, H.-P. Efficient Removal of Cr(VI) from Water by Biochar and Activated Carbon Prepared through Hydrothermal Carbonization and Pyrolysis: Adsorption-Coupled Reduction Mechanism. Water 2019, 11, 1164. [Google Scholar] [CrossRef]

	



Cai, W.; Wei, J.; Li, Z.; Liu, Y.; Zhou, J.; Han, B. Preparation of amino-functionalized magnetic biochar with excellent adsorption performance for Cr(VI) by a mild one-step hydrothermal method from peanut hull. Colloids Surf. A 2019, 563, 102–111. [Google Scholar] [CrossRef]

	



Deng, J.; Li, X.; Wei, X.; Liu, Y.; Liang, J.; Shao, Y.; Huang, W.; Cheng, X. Different adsorption behaviors and mechanisms of a novel amino-functionalized hydrothermal biochar for hexavalent chromium and pentavalent antimony. Bioresour. Technol. 2020, 310, 123438. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 01443 g001 550] 





Figure 1. Scanning electron microscopy (SEM) images of samples: hemicelluloses hydrothermally treated with citric acid (HTC) (a) and HTC-NH2 (b). 
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Figure 2. Fourier transform-infrared spectro-scope (FT-IR) spectra of HTC and HTC-NH2. 
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Figure 3. X-ray diffraction (XRD) curves of HTC and HTC-NH2. 
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Figure 4. X-ray photoelectron spectroscope (XPS) spectra: (a) HTC and HTC-NH2; (b) C 1s spectra of HTC; (c) C 1s spectra of HTC-NH2; and (d) N 1s spectra of HTC-NH2. 
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Figure 5. Effect of initial pH on Cr(VI) adsorption. 
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Figure 6. Effect of adsorbent dosage on removal of Cr(VI): (a) HTC and (b) HTC-NH2. 
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Figure 7. Adsorption kinetics of Cr(VI) onto samples: (a) HTC and (b) HTC-NH2. 
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Figure 8. Adsorption isotherm fitting diagram of Cr(VI) onto samples: (a) HTC and (b) HTC-NH2. 
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Table 1. Elements contents of hemicelluloses hydrothermally treated with citric acid (HTC) and HTC-NH2 by elemental analysis.






Table 1. Elements contents of hemicelluloses hydrothermally treated with citric acid (HTC) and HTC-NH2 by elemental analysis.





	
Sample

	
Elements Content (%)

	
AAsh (%)




	
C

	
H

	
O

	
N

	
S






	
HTC

	
63.59

	
4.45

	
31.71

	
0

	
0.253

	
0.22




	
HTC-NH2

	
44.35

	
6.38

	
47.71

	
1.35

	
0.216

	
0.43
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Table 2. Kinetic parameters for the adsorption process of Cr(VI).
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Sample

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
qe (mg/g)

	
k1 (min−1)

	
R2

	
qe (mg/g)

	
k2 (g/(mg min−1))

	
R2






	
HTC

	
12.01

	
0.011

	
0.68

	
13.68

	
67.82

	
0.80




	
HTC-NH2

	
17.41

	
0.18

	
0.89

	
18.33

	
3.74

	
0.96
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Table 3. Isothermal adsorption parameters for Cr(VI) adsorption of samples.
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Samples

	
Langmuir Model

	
Freundlich Model




	
qmax (mg/g)

	
b (L/mg)

	
R2

	
k

	
1/n

	
R2






	
HTC (298 K)

	
61.25

	
0.0051

	
0.9597

	
90.37

	
0.71

	
0.9588




	
HTC (308 K)

	
46.19

	
0.0014

	
0.9668

	
60.37

	
0.96

	
0.9563




	
HTC (318 K)

	
46.68

	
0.0002

	
0.9417

	
51.21

	
1.40

	
0.9176




	
HTC-NH2 (298 K)

	
74.60

	
0.0030

	
0.9995

	
110.18

	
0.77

	
0.9992




	
HTC-NH2 (308 K)

	
75.38

	
0.0018

	
0.9960

	
116.17

	
0.80

	
0.9937




	
HTC-NH2 (318 K)

	
88.57

	
0.0017

	
0.9989

	
148.75

	
0.75

	
0.9978
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Table 4. Comparison of adsorption capacities with similar carbon materials.
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	Adsorbent
	Treatment
	pH/T (°C)
	qmax (mg/g)
	Ref





	Salix hydrochar
	hydrothermal
	1/20
	48.3
	[51]



	Magnetic biochar
	pyrolysis
	1/25
	27.2
	[41]



	Nano-magnetite modified biochar
	microwave treatment
	3/25
	26.7
	[16]



	Tectona grandis tree sawdust biochar
	pyrolysis
	3/30
	83.5
	[52]



	Amino-functionalized magnetic biochar
	Hydrothermal
	2/25
	142.86
	[53]



	biochar modified with nitric acid and nicotinamide
	Hydrothermal
	2/25
	132.74
	[54]



	HTC
	Hydrothermal
	1/25
	61.25
	This study



	HTC-NH2
	Hydrothermal
	1/25
	74.60
	This study
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