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Abstract - Due to freshwater scarcity, desalination process gains more importance. Developing a green and environmentally 

friendly solution for extraction of the salts from the seawater becomes a major challenge nowadays. Among all desalination 

processes, membrane desalination is widely used. About 80 % of total desalination plants are based on reverse osmosis (RO) 

worldwide. However, RO desalination is considered to be costly owing to the short lifetime of the membranes and high 

replacement costs. Membrane fouling is one of the main causes of this limitation. Membrane inorganic fouling can be easily 

affected by calcium and magnesium inorganic salts. Hence, it is important to develop an efficient adsorbent used in RO pre-

treatment processes to address the problem of inorganic fouling. The great advantages offered by nanomaterials and green 

solvents allow the creation of new functional materials for inorganic salt adsorption. Ionic liquids (ILs) comprising of an 

organic cation and an organic or inorganic anion, exhibit superior characteristics and are used widely for different 

applications, including separation and extraction processes of salts and of several heavy metals in the seawater. However, 

ILs which have good solubility of inorganic salts are mostly hydrophilic. Therefore, cross-contamination of the pre-treatment 

water during the extraction process can occur. However, if ILs are supported on carbon nanostructures (CNS), as graphene 

oxide (GO) or other types of CNS, this can be avoided. As a result, this will reduce the operational costs of the plants by 

decreasing the amount of inorganic fouling in the membranes. Experimental findings showed that GO modified with IL can 

successfully adsorb CaCl2, MgCl2 and NaCl salts. Physical functionalization has been confirmed using thermal gravimetric 

analysis (TGA) and Raman Spectroscopy analysis. Moreover, leaching of IL from GO has been studied using Total Organic 

Carbon (TOC). 
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1. Introduction 
Novel carbon nanostructures (CNS) can be used in wide range of applications due to its superior properties. The progress 

in nanotechnology and material science opened the way to CNS based novel functional materials. Especially CNS found to 

be interesting in the scientific world due to their superior properties, accessible structure, present high external surface area, 

and its mechanical properties [1]. The scientists use CNS based material in the different applications  and depending on the 

structure of carbon atoms, CNS can be subdivided into different types, where graphene is particularly interesting due to its 

versatility [2]. Graphene consists of  𝑠𝑝2 hybridized carbon sheet with a bond length of 0.142 nm [3]. When graphene reacts 

with oxygen atoms it forms more valuable graphene oxide, where different oxygen groups can react with diverse atoms and 

molecules due to its functionalization [4]. By incorporating suitable functionalities on the surface graphene oxide, it is 

possible to create more efficient adsorbent material [5, 6]. However, the layers of graphene sheets tend to aggregate due to 

π-π stacking, which can significantly decrease their specific surface area, hence decrease the surface area available for 

adsorption. Therefore, it is necessary to modify GO by inserting a spacer material between the graphene sheets to mitigate 
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its aggregation [7]. ILs are widely used for different applications, including separation and extraction processes [8], as they 

are capable of multiple types of interactions, as π–π, n–π, and hydrogen bonding [9] Moreover, using ionic liquids is gaining 

particular emphasis because of their high thermal and chemical stability, low volatility, very high ability to dissolve a wide 

range of compounds and more importantly their environmental-friendly behaviour [10, 11]. Due to positively or negatively 

charged groups, IL can be used to modify the graphene oxide surface in order to enhance adsorption capacity because of 

improved ion-exchange, electrostatic, and π-π interactions [12]. The covalent functionalization of graphene is mostly 

performed by acylation, esterification, isocyanate formation, nucleophilic ring opening, amide formation, and diazotization 

and cycloaddition reactions [13]. Whereas, non-covalent functionalization mostly involves electrostatic forces, hydrogen 

bonding, π–π interactions, van der Waals interaction and donor–acceptor interactions. [14]. 

As the result of development of sea water desalination technologies there is increasing demand in creating new functional 

materials for salt extraction. Although ILs are widely used for different applications, including separation and extraction 

processes [8], ILs which have good solubility with inorganic salts present in the sea water, specifically MgCl2 and CaCl2 are 

hydrophilic[15]. Therefore, cross contamination of the water during the extraction process cannot be avoided [16, 17]. 

However, if ILs are supported on proper structural materials, as graphene, graphene oxide (GO) or other type of Carbon 

Nanostructures (CNS), this problem can be evaded. The main idea of current research work is to use GO functionalized IL, 

namely Propylammonium Nitrate for adsorption of sea salts as pre-treatment step for desalination process. The idea behind 

is to reduce the concentration of these inorganic salts, namely CaCl2, MgCl2 and NaCl, causing the inorganic fouling in 

membranes [18]. By addressing the problem of fouling in the membrane the overall load on desalination plants can be 

decreased and RO membrane performance and lifetime can be increased.     

 

2. Experimental 
2.1. Chemicals and Materials 

Double-layer Graphene oxide with the following specifications: lateral dimensions < 4 micro meters, defect ratio > 

1 av. ID/IG and surface area of 7 m2/g was provided from Versarien. Ionic Liquid namely - Propylammonium Nitrate 

(PAN) with purity>97% was purchased from IoLiTec-Ionic Liquids Technologies (Germany). NaOH solution was 

prepared from NaOH purchased from Sigma Aldrich with Deionized (DI) Water. MgCl2, CaCl2 and NaCl were 

purchased from Acros Chemicals and solutions are prepared by dilution with DI water.  
 

2.2. Modification of Double-Layer Graphene Oxide (GO) by Ionic Liquid (IL) 

Solution of 200 mg of GO was sonicated in 40 ml of DI water (5 mg per 1 ml) for 1 hour in water bath. 0.5 M of NaOH 

solution was added dropwise till pH has reached 11. The mixture was sonicated in water bath for 3 hours. After 2 ml of IL- 

Propylammonium Nitrate (PAN) has been added to the solution (2 ml of IL per 40 ml of DI/GO) and sonicated at 50 ℃ for 

6 hours. Lastly the solution was filtered using filter paper. For drying the sample has been pre-freezed at -80℃ overnight in 

the freezer, after it has been dried in the Freeze Drier (FD) under low pressure and low temperature for 24 hours.  
 

2.3. Characterization 
The surface morphology of the modified CNS was investigated using High Resolution Scanning Electron Microscopy 

(HRSEM) (Nova NanoSEM, FEI, The Netherlands). Raman Spectroscopy analysis was performed using Raman-AFM 

combination Alpha300 RA (WITec, Germany) at 532 nm laser wavelength. Thermogravimetry Analysis (TGA) of the 

materials was done using Netzsch STA 449 F3 Jupiter TGA, Germany with a heating rate of 10 ℃/min. Leaching has been 

tested using Total Carbon Content (TOC) analyser TOC-LCSH/CSN (Shimadzu, Japan). All the adsorption studies involved 

the use of Inductively coupled plasma - Optical emission spectrometry (ICP-OES Model 5100 SVDV, Agilent, USA) after 

calibration with the proper standards. 

 
2.4. Experimental procedure for MgCl2, CaCl2 and NaCl adsorption 

25 mg of adsorbent was placed in 50 ml of MgCl2/CaCl2/NaCl solution with different concentrations (200 ppm and 1000 

ppm) in a 50 ml flask. Using a mechanical shaker, the solution would be shaken for 24 hours at 300 rpm at 20°C. Afterwards, 

the solution was filtered using a filter syringe and was analysed for the concentration of salt using ICP-OES. 
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2.5. Experimental procedure for quantification of IL leaching 

15 mg of adsorbent has been placed in 30 ml of DI water in 50 ml flask. Using mechanical shaker, the solution has been 

shaken for 7 hours at 300 rpm at room temperature. The residue solution has been analysed for its TOC. Leaching of the IL 

has been calculated using (1). 

  𝐿𝑒𝑎𝑐ℎ𝑖𝑛𝑔 (%) =  
∆𝑇𝑂𝐶∗𝑉𝑠

𝑚𝐼𝐿
∗ 100 ∗ 𝐶𝐼𝐿    

where ∆𝑇𝑂𝐶 (𝑚𝑔 𝐿−1) is the measured concertation of TOC in the sample after the leaching minus measured TOC which 

is already present in the solution. 𝑉𝑠(𝐿) is the volume of the feed solution and 𝑚𝐼𝐿(𝑚𝑔) is the mass of IL used. 𝐶𝐼𝐿 is the 

carbon content of IL. Calculated value represents the percentage of IL leached from double-layer GO matrix [19].  

 

 

3. Results and Discussion 
3.1. Surface Morphology 

Surface morphology of Graphene Oxide can be observed in Fig.1 (a) and has been studied using HRSEM. From Fig. 1 

(a) it can be noticed that double layer GO (mostly 2 layers with lateral dimeter less than 4 𝜇𝑚 based on manufacturer 2-D 

Tech, Versarien specifications) have layers stack together. However, after the modification of GO with IL it was observed 

from Fig. 1 (b) that graphene layers are less agglomerated and more free space is created between the double layer GO. Fig.2 

depicts Graphene Size distribution from 100 counts, average lateral dimension was equal to average 4 micrometres.   

 

 
Figure 1. Scanning Electron Microscopy images of a) GO before modification with IL, Scale Bar = 10 μm;  b) GO after modification 

with IL, Scale Bar = 4 μm 

 

Figure 2 Graphene Size Distribution  
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3.2. Thermal Gravimetric Analysis 

Thermal Gravimetric Analysis was done for GO, IL and modified GO with IL. From TGA analysis it has been identified 

that 10 wt. % of IL has been loaded on the GO, as can be seen in Fig. 3. In case of GO modified with IL the onset temperature 

of decomposition has been increased from 123℃ till 180 ℃ as can be seen in Table 1. Decomposition temperature for IL-

PAN was found to be 240℃ which agrees with the literature [20]. 
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Figure 3. TGA Analysis of GO with and without IL-PAN funtionalization 

 
Table 1: TGA Analysis: Onset Temperature, Mass Loss % 

Name  Onset Temperature, °C Mass Loss, % 

Double-Layer GO 123 9,35 

Double-Layer GO-IL 180 19,65 

IL-PAN 240 90,01 

 
3.3. Raman Spectroscopy Analysis 

Raman Spectroscopy Analysis results can be observed in Fig. 4. Generally, the G band is related to sp2-bonded carbon 

atoms in the hexagonal lattice of the graphene structure. However, the D band reflects the presence of defects or disorders 

caused by sp3 hybridized carbon in the lattice, while G′ is caused by second-order, zone boundary phonons that are related 

to the assembly of the multilayers [21]. The intensity ratio of ID/IG provides an indication of degree of oxidation and/or 

functionalization [22]. Results of ID/IG ratio can be seen in Table 2 and it increases for GO modified with IL from 1.03 to 

1.08. This can indicate the increase in degree functional groups. Functionalization can add different functional groups on 

graphene oxide surface which result in increase of ID/IG value. 
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Figure 4. Raman Spectroscopy Analysis of  GO and GO modified with IL 

 

Table 2: Raman Spectroscopy Analysis data, ID/IG values for both GO and GO modified IL 

Material 𝑰𝑫

𝑰𝑮

 

Origin GO 1.03 

Functionalized with PAN 1.08 

 
3.4. Leaching of IL from GO matrix analysis 

Leaching percentage has been identified following the methodology and procedure of Pirkwieser et al [19]. From the 

TOC analysis it has been identified that GO modified with IL has low degree of leaching after 7 hours of continious shaking 

and was equal to 6 %, as can be seen in Table 3. The cross contamination of the feed water is undesirable and less degrees 

of leaching are expected after adding another washing step with DI water in the methodology of preperation of double-

layerGO-IL adsorbent.     
Table 3: Leaching and TOC Analysis data 

TOC results 

GO-IL 7 hours 10.14 mg/L 

Leaching degree 

GO-IL  7 hours 6 % 

 
3.4. Adsorption of MgCl2 and CaCl2 and NaCl salts 

Adsorption capacities are shown in Fig. 5 and Table 4 with different initial concentrations of CaCl2, MgCl2 and NaCl 

using GO before and after modification with IL-PAN. The adsorption capacity described as qe – adsorption coefficient and 

represents the mass of adsorbed salt (in mg) per mass of the adsorbent (in grams). 200 ppm and 1000 ppm of salts 

concentrations have been used to study the effect of higher concentrations on the adsorption coefficient qe (mg - salt/g - 

adsorbent).   

The adsorption capacity increased for almost all the salts and for both concentrations as can be seen from Table 4. For 

lower concentration of CaCl2 the adsorption capacity increased over three times from 37 mg/g to 109 mg/g. Likewise, for 

lower concentration of MgCl2 GO modified with IL gave three times higher adsorption coefficient. However, for lower 

concentration of NaCl the adsorption capacity did not increase. On the contrary, for higher concentration of NaCl the 

adsorption capability of GO-IL increased by 30 % compared to GO alone. Similarly, the adsorption coefficient for CaCl2 

and MgCl2 at higher concentrations was higher for GO functionalized with IL compared to GO.  

IL functionalized GO has an enhanced adsorption capacity due to less agglomerated structure created by 

functionalization with IL. Moreover, the positively and negatively charged groups of IL have ability to attract CaCl2, Mg2 
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and NaCl salt ions due to electrostatic forces. Additionally, high solubilities of PAN with these inorganic salts increases the 

affinity of such ions to be attracted to the surface of GO, where it can be further adsorbed. This resulted in greater adsorption 

capabilities of GO functionalized with IL-PAN compared to GO without the functionalization.  
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Fig. 5. Adsorption of CaCl2, MgCl2 and NaCl salts on GO and GO modified with IL 

 

Table 4. Adsorption Capacities for GO and GO modified IL for CaCl2, MCl2 and NaCl salts 

Salt Concentrations 

Adsorption capacity, qe, (mg-salt/g-

adsorbent) 

GO GO-IL 

CaCl2, 200 ppm 37 109 

MgCl2, 200 ppm 24 76 

NaCl, 200 ppm 28 28 

CaCl2, 1000 ppm 154 174 

MgCl2, 1000 ppm 178 195 

NaCl, 1000 ppm 103 147 

             

4. Conclusion 

TGA and Raman Spectroscopy results have shown that Propylammonium Nitrate (PAN) has been successfully attached 

on double-layer GO. The TGA analysis has shown that 10 wt.% of PAN was loaded on GO. The Raman Spectroscopy results 

revealed an increase in the ID/IG index and suggested physical functionalization of double-layer GO with PAN. From TOC 

analysis it has been determined that 6% of IL is leaching from GO after 7 hours of continuous stirring. Adsorption coefficient 

increased around 3 times for lower concentrations of CaCl2 and MgCl2 and 10 % for higher concentrations of these inorganic 

salts. However, for NaCl the adsorption capacity increased higher than 40 % for 1000 ppm of salt solution and did not 

changed for lower concentration of NaCl. GO modified with IL generally showed better adsorption capability for both 

concentrations of NaCl, MgCl2 and CaCl2 salts compared to GO alone. 

  



 

ICNNFC 147-7 

 

Acknowledgements 
The financial support of the Abu Dhabi Department of Education and Knowledge (ADEK) is greatly acknowledged 

(ADEK Award for Research Excellence (AARE-2018)). Special thanks to Versarien, 2-D Tech Limited for providing double 

layer graphene oxide for current research.  

 

References 
[1] P. Slepička, T. Hubáček, Z. Kolská, S. Trostová, N. S. Kasálková, L. Bačáková, et al., The properties and application 

of carbon nanostructures: InTech, 2013. 

[2] L. S. Schadler, Polymer‐Based and Polymer‐Filled Nanocomposites: Wiley Online Library, 2003. 

[3] C. Q. Sun, Y. Sun, Y. Nie, Y. Wang, J. Pan, G. Ouyang, et al., "Coordination-resolved C− C bond length and the C 1s 

binding energy of carbon allotropes and the effective atomic coordination of the few-layer graphene," The Journal of 

Physical Chemistry C, vol. 113, pp. 16464-16467, 2009. 

[4] S. Stankovich, R. D. Piner, S. T. Nguyen, and R. S. Ruoff, "Synthesis and exfoliation of isocyanate-treated graphene 

oxide nanoplatelets," Carbon, vol. 44, pp. 3342-3347, 2006. 

[5] J. Liu, J. Tang, and J. J. Gooding, "Strategies for chemical modification of graphene and applications of chemically 

modified graphene," Journal of Materials Chemistry, vol. 22, pp. 12435-12452, 2012. 

[6] Y. Wimalasiri and L. Zou, "Carbon nanotube/graphene composite for enhanced capacitive deionization performance," 

Carbon, vol. 59, pp. 464-471, 2013. 

[7] H. Chen, Y. Yuan, C. Xiang, H. Yan, Y. Han, and F. Qiao, "Graphene/multi-walled carbon nanotubes functionalized 

with an amine-terminated ionic liquid for determination of (Z)–3–(chloromethylene)–6–fluorothiochroman–4–one in 

urine," Journal of Chromatography A, vol. 1474, pp. 23-31, 2016. 

[8] A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S. Sheff, A. Wierzbicki, et al., "Task-specific ionic liquids 

incorporating novel cations for the coordination and extraction of Hg2+ and Cd2+: synthesis, characterization, and 

extraction studies," Environmental science & technology, vol. 36, pp. 2523-2529, 2002. 

[9] J. L. Anderson, J. Ding, T. Welton, and D. W. Armstrong, "Characterizing ionic liquids on the basis of multiple solvation 

interactions," Journal of the American Chemical Society, vol. 124, pp. 14247-14254, 2002. 

[10] Y. Zhang, Y. Shen, J. Yuan, D. Han, Z. Wang, Q. Zhang, et al., "Design and synthesis of multifunctional materials 

based on an ionic‐liquid backbone," Angewandte Chemie International Edition, vol. 45, pp. 5867-5870, 2006. 

[11] S. Pandey, "Analytical applications of room-temperature ionic liquids: A review of recent efforts," Analytica Chimica 

Acta, vol. 556, pp. 38-45, 2006. 

[12] D. Han and K. H. Row, "Recent applications of ionic liquids in separation technology," Molecules, vol. 15, pp. 2405-

2426, 2010. 

[13] H. Yang, F. Li, C. Shan, D. Han, Q. Zhang, L. Niu, et al., "Covalent functionalization of chemically converted graphene 

sheets via silane and its reinforcement," Journal of Materials Chemistry, vol. 19, pp. 4632-4638, 2009. 

[14] C. Verma and E. E. Ebenso, "Ionic liquid-mediated functionalization of graphene-based materials for versatile 

applications: a review," Graphene Technology, pp. 1-15, 2018. 

[15] F. S. Ghareh Bagh, F. S. Mjalli, M. A. Hashim, M. K. O. Hadj-Kali, and I. M. AlNashef, "Solubility of sodium chloride 

in ionic liquids," Industrial & Engineering Chemistry Research, vol. 52, pp. 11488-11493, 2013. 

[16] C. H. Janssen, M. C. Kroon, S. J. Metz, J. van Spronsen, and G.-J. Witkamp, "Extraction of sodium chloride from water 

and solubility of water in hydrophobic trialkylammonium alkanoate-based ionic liquids," Journal of Chemical & 

Engineering Data, vol. 55, pp. 3391-3394, 2010. 

[17] A. Ouadi, B. Gadenne, P. Hesemann, J. J. Moreau, I. Billard, C. Gaillard, et al., "Task‐Specific Ionic Liquids Bearing 

2‐Hydroxybenzylamine Units: Synthesis and Americium‐Extraction Studies," Chemistry–A European Journal, vol. 12, 

pp. 3074-3081, 2006. 

[18] S. Jiang, Y. Li, and B. P. Ladewig, "A review of reverse osmosis membrane fouling and control strategies," Science of 

the Total Environment, vol. 595, pp. 567-583, 2017. 

[19] P. Pirkwieser, J. A. López López, W. Kandioller, B. K. Keppler, C. Moreno, and F. Jirsa, "Novel 3-hydroxy-2-

naphthoate-based task-specific ionic liquids for an efficient extraction of heavy metals," Frontiers in chemistry, vol. 6, 

p. 172, 2018. 



 

ICNNFC 147-8 

[20] S. Ravula, N. E. Larm, M. A. Mottaleb, M. P. Heitz, and G. A. Baker, "Vapor Pressure Mapping of Ionic Liquids and 

Low-Volatility Fluids Using Graded Isothermal Thermogravimetric Analysis," ChemEngineering, vol. 3, p. 42, 2019. 

[21] Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, et al., "Graphene and graphene oxide: synthesis, properties, and 

applications," Advanced materials, vol. 22, pp. 3906-3924, 2010. 

[22] V. Georgakilas, M. Otyepka, A. B. Bourlinos, V. Chandra, N. Kim, K. C. Kemp, et al., "Functionalization of graphene: 

covalent and non-covalent approaches, derivatives and applications," Chemical reviews, vol. 112, pp. 6156-6214, 2012. 

 

 


