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Abstract 
 

The rapid developments of electric-energy storage technology, especially in the 

application of electric vehicles, have promoted an increasing demand for lithium 

resources. Owing to the low cost and large lithium reserves, lithium recovery from salt-

lake brines has become a growing trend in the lithium recovery industry. Effectively 

separate Li+ and the co-exist Mg2+ is critical for enriching and extracting high purity 

lithium products from salt-lake brines. Nanofiltration (NF) technology is promising for 

separating Mg2+ and Li+ in salt-lake brines. Till now, it is still challenging to obtain both 

high separation ability and high flux at the same time, which is the bottleneck of the 

industrial application of NF membrane for lithium extraction. For industrial 

applications, an optimization of the membrane structure and chemical composition is 

necessary to ensure highly selective separation, anti-pollution, and long-term stable 

performance. In this work, we adopted several carbon materials to improve the 

Mg2+/Li+ separation performance and efficiency of NF membranes, and 

comprehensively discussed the results and mechanism of the resulted carbon-based NF 

membranes from the perspectives of multiple aspects. Based on the above research 

process, the main research contents of this paper are as follows: 

(1) A novel NF membrane was optimized by doping graphene oxide (GO) 

additives into the ultrafiltration (UF) base membrane. The effects of GO doping content 

on the morphology, structure and surface properties of UF membrane and the final NF 

membrane were studied comprehensively. The hydrophilic GO acted as a “bridge” 

between UF membrane and polyamide layer due to the “anchor effect”, which 

significantly enhanced the interaction between base membrane and polyamide layer. 

The results revealed that with ultra-low GO doping content of 0.05 wt%, the final NF 

membrane exhibited a high selective separation capacity for Mg2+ and Li+, and the flux 

increased by about 119% compared with the pure NF membrane without GO. 
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Additionally, due to the high stability of membrane, the excellent separation capacity 

of modified NF membrane only changed slightly after 7-day cycle filtration test. 

Importantly, a small amount of GO doping greatly improved the permeability of both 

UF and NF membranes, which correspondingly improved the separation efficiency and 

accelerated the filtration rate.  

(2) We developed another novel NF membrane by incorporating nano-sized 

aminated graphene quantum dots (GQDs-NH2). The effect of GQDs-NH2 dosage on the 

structure and properties of the NF membrane was systematically investigated by several 

characterization methods. The modified NF membrane with optimized GQDs-NH2 

incorporation of 0.03 wt% exhibited a higher positive chargeability, a high separation 

ability and a higher difference of up to 77% between Mg2+ and Li+ rejection, suggesting 

its excellent Mg2+/Li+ separation capability. Importantly, the modified NF membrane 

had a high permeation flux of 11.94 L/m2hbar, which was 137.8 % more than that of 

pure NF membrane with no GQDs-NH2. Furthermore, the (GQDs-NH2)-optimized 

morphology structure and hydrophilicity led to strong anti-fouling and stability of the 

final NF composite membrane.  

(3) We successfully synthesized a new functional nano-additive called potassium 

carboxylate functionalized multi-wall carbon nanotubes (MWCNTs-COOK) and 

introduced it into the interfacial polymerization system to fine-tune the structure and 

properties of the NF membrane. The embedded MWCNTs-COOK (150ppm) tightened 

the network-crosslink structure of the selective layer and contributed to a dense 

hydrophilic membrane surface with high positive chargeability. In addition, MWCNTs-

COOK nano-additives in membrane created some intrinsic fast transport channels for 

water molecules. The MWCNTs-COOK (150ppm)-assisted NF membrane exhibited a 

remarkable high flux of 12.23 L/m2hbar, a high separation ability, and a high difference 

in Li+ and Mg2+ rejections around 77%, indicating an excellent Li+ enrichment and 

Mg2+ removal capabilities, and breaking through the trad-off limit of permeate flux. 

Simultaneously, the comprehensive performance of the NF membrane can be 

maintained stably even in long-term utilization.  
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(4) Herein, we proposed another (MWCNTs-COOK)-engineered substrate 

membrane to regulate the NF membrane for fast and efficient separation of Li+ and co-

existing Mg2+ in brines. Results proved that the fixed MWCNTs-COOK strengthened 

the connection between the substrate and the formed polyamide layer, and it endowed 

both the substrate and the final NF membrane with higher water permeability. The 

membrane performance characterization indicated that with a low MWCNTs-COOK 

content of 0.012 wt% in the NF membrane, the difference between rejections of Mg2+ 

and Li+ reached up to 86.94 %. Note that the modified NF membrane showed a high 

flux of high flux of 11.46 (L/m2hbar), which was 2.28 times as high as that of the NF 

membrane without MWCNTs-COOK. Moreover, the NF membrane also performed 

stable during the long-time filtration due to the improved structure and hydrophilicity 

of membrane. 

In summary, the incorporation of carbon nanomaterials is an effective way to 

improve the Mg2+/Li+ separation efficiency of NF membrane. This work opens a simple 

and effective pathway for accelerating Li+ enrichment and Mg2+ removal, which has 

great potential for lithium extraction application from salt-lake brines that loaded with 

high concentration of Mg2+
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1 General introduction 

1.1 Lithium resources and distribution 

Lithium is the lightest metal element and has been proven to possess several 

excellent characteristics, such as extremely high electrochemical activity, high specific 

heat capacity, and a low thermal expansion coefficient [1-4]. Lithium metal and lithium 

compounds have been widely applied in commercial fields due to their excellent 

physical and chemical properties, and the demand for lithium has rapidly accelerated in 

recent years [4-7]. According to the current data of global lithium resources in the end-

use market surveyed by the United States Geological Survey [8], following is the 2019 

distribution of lithium consumption: batteries (65%); ceramics and glass (18%); 

lubricating greases (5%); polymer production (3%); continuous casting mold flux 

powders (3%); air treatment (1%); and other uses (5%). The total global demand for 

lithium resources has recently increased owing to the rapid economic and technological 

development. The battery industry consumes the largest share of global lithium resource. 

Batteries, including rechargeable and non-rechargeable batteries, are widely used in 

devices such as portable electronic devices and electrical tools. The rapid development 

of the electric vehicle industry and increasing use of portable electronic equipment have 

led to increased annual lithium resource consumption for applications in rechargeable 

lithium batteries. For example, the global end-use production for batteries increased 

from 23% in 2009 to 65% in 2019 [8, 9]. The global lithium consumption in 2019 was 

estimated to be 57,700 tons, which is an 18% increase from 49,100 tons in 2018 [8, 10]. 

Compared with fossil fuel vehicles, electric vehicles that use rechargeable lithium 

batteries have lower operating costs [6], and do not emit pollutants into the atmosphere. 

The global popularity of electric vehicles and reduction in the number of fossil fuel 

vehicles will effectively reduce greenhouse gases, which is an important environmental 

concern and lead towards a low-carbon energy future. The United Kingdom and France 

announced that the sale of all gasoline and diesel vehicles will be banned by 2040 [6]. 
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Fossil fuels are depleting non-renewable energy resources that are increasingly difficult 

to mine. The extraction of renewable green-energy lithium resources is, therefore, 

critical for a sustainable development of the global economy and technology.  

Global identified lithium resources reached 80 million tons (Mt) in 2019 and are 

mainly distributed in the United States (6.8 Mt), Bolivia (21 Mt), Argentina (17 Mt), 

Chile (9 Mt), Australia (6.3 Mt), China (4.5 Mt), Congo (Kinshasa) (3 Mt), and 

Germany (2.5 Mt) [8]. Lithium does not exist in pure metal form in nature; its single 

outer-shell valence electron is easily lost to form compounds, particularly with oxygen 

[6]. The global lithium reserves were about 17 Mt in 2019. Lithium resources are 

usually found in brines, seawater, clays and ores [11-14]. Previous studies on the 

geographical distribution of global lithium resources have reported that, ~61.8% of 

verified lithium resources exist in brines, 25% in minerals [5, 6], and ~59% in 

continental brines [15]. Lithium extraction from salt-lake brines is cost-effective and 

relatively simple to operate, compared to traditional ore extraction [16-18]. Lithium-

bearing mineral deposits offer a means to supplement lithium production from brines, 

which can alleviate concerns regarding future lithium shortages. Due to the resources 

and cost advantages, global lithium extraction is mostly based on salt-lake brines.  

However, various ions (e.g., Mg2+, Ca2+, K+, and Na+) co-exist with Li+ in salt-

lake brines, which are typically rich in Mg2+ [19-22]. To extract high-purity lithium 

products from salt-lake brines, it is necessary to separate lithium from other coexisting 

ions. Compared to other ions, Li+ and Mg2+ share a similar ionic hydration radius and 

chemical characteristics, which make it more difficult to separate them [16]. According 

to the Mg2+/Li+ mass ratio, salt lake brines can be divided into low Mg2+/Li+ salt lake 

brine, where Mg2+/Li+ < 8, and high Mg2+/Li+ salt lake brine, where Mg2+/Li+ > 8 [23]. 

Lithium recovery is known to be easier in low Mg2+/Li+ brines, due to the relatively 

high lithium content. However, an effective separation of Mg2+ and Li+ from high 

Mg2+/Li+ brines is more difficult and must follow a strict process at higher relative cost 

[24, 25]. The Mg2+/Li+ mass ratio exceeds 8 in many well-known salt-lake brines, and 

some values even reach tens to thousands, which poses substantial challenges for 
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extracting lithium resources from these salt lakes. To effectively recover lithium 

resources from salt-lake brines, it is, therefore, necessary to simplify the Mg2+ and Li+ 

separation process.  

An increase in the global lithium resource consumption has also increased the cost 

of lithium products, thereby promoting rapid development of the lithium industry. In 

recent years, Mg2+/Li+ separation technology has received increasing attention. 

Previous methods for separating Mg2+ and Li+ from salt-lake brines mainly include 

precipitation, solvent extraction, adsorption, electrodialysis, nanofiltration, and 

electrochemical techniques [14, 19, 20, 30, 31]. However, no universal extraction 

process exists for recovering lithium, because the process is typically designed 

according to the brine composition of the salt-lake brine, particularly the mass ratio of 

Mg2+/Li+.  

1.2 Li+ recovery methods 

1.2.1 Precipitation materials 

Precipitation is a method that separates the target component from the solution by 

via a chemical reaction, and has been widely applied in large-scale industrial lithium 

extraction [18]. The extraction of lithium resources from salt lakes using traditional 

evaporative precipitation methods requires multiple steps [15, 32, 33]. Lithium-

containing brine is first pumped from underground into a large open-air pond, and then 

concentrated by solar evaporation and wind to obtain an appropriate lithium 

concentration of ~6000ppm. The precipitation process is accompanied by continuous 

evaporation in successive evaporation ponds to remove various coexisting ions in the 

concentrated brine. Na+ and K+ can be removed by precipitation above each saturation 

point, and borate can be removed by solvent extraction using aliphatic alcohol. The 

residual Mg2+, Ca2+, and sulfate can be precipitated with lime Ca(OH)2, Na2CO3, 

oxalate, and BaCl2. According to the various precipitant materials used for extracting 

lithium resources, this process can be divided into carbonate precipitation, aluminate 
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precipitation, carbonization precipitation, boron (B), and Li co-operation [33-36], 

which can be summarized as two major types depending on the brine composition: 

associated ion precipitation and aluminum-based materials precipitate. 

Traditional precipitation is common in industrial applications, and more suitable 

for extracting lithium from brines with low Mg2+/Li+. In recent years, these new 

precipitants have been shown to be able to separate Mg2+ and Li+ in brines with high 

Mg2+/Li+, but consume a range of chemicals and produce extensive sludge. When 

extracting lithium from salt-lake brines, it is necessary to comprehensively develop and 

use other mineral resources in the salt-lake to reduce the production cost of lithium salt 

products. To sustainably develop lithium resources from salt-lake brines, it is necessary 

to develop some novel cost-effective and environmentally friendly precipitants.  

1.2.2 Adsorption extraction materials 

Adsorption is an effective and promising approach for the selective extraction of 

lithium resources from salt-lake brines with high Mg2+/Li+, and has the advantages of 

simplicity and environmental cleanliness [37, 38]. During extraction, Li+ is captured by 

an adsorbent with high Li+ selectivity and desorbed by some solvents, thereby 

separating Li+ from other coexisting ions [39]. The key to this method identifying 

excellent adsorption materials with high Li+ selectivity, high adsorption capacity, and 

reasonable operation stability. Adsorbents can be summarized into two major categories: 

containing inorganic and organic adsorption materials. 

The inorganic ion adsorption method mainly relies on the unique memory effect 

and selectivity of inorganic ion adsorbents for Li+. Inorganic adsorbents mainly include 

aluminum salt adsorbent, natural ore and carbon materials, and lithium ion sieve. A 

lithium ion sieve is an adsorbent with Li+ memory that can be used to extract lithium 

from salt lake or seawater. The precursor is first formed by introducing target Li+ into 

the inorganic compound. Li+ is then extracted from the precursor by the eluent without 

changing the crystal structure of the precursor, thereby obtaining a lithium ion sieve 

adsorbent with a pore structure matched with that of Li+ [40,41]. The formed vacant 
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crystal sites can hold ions that possess a smaller or equal radius of the target Li+ [42]. 

Li+ has the smallest ionic radius compared to other metal ions [41], which is why the 

lithium ion sieve selectively adsorbs Li+ selectively and is a key to the adsorption 

process. Lithium ion sieves can be divided into two categories depending on their 

chemistry: lithium manganese oxide (Li-Mn-O) type and lithium titanium oxide (Li-Ti-

O) type. Compared to the Li-Ti-O type lithium ion sieves, Li-Mn-O type lithium ion 

sieves exhibit higher lithium selectivity and adsorption capacity, as well as excellent 

regeneration properties [41]. However, the Li-Mn-O type lithium ion sieve faces the 

fatal problem of manganese dissolution during desorption, which can lead to severe 

water pollution, and therefore, restrict its development [38]. Both Li-Mn-O type lithium 

ion sieve and Li-Ti-O type lithium ion sieve also suffer from dissolution loss. Although 

titanium compounds are harmless to water environments [40], dissolution loss 

decreases the adsorption capacity of the ion sieve. In summary, Li-Ti-O and Li-Mn-O 

type lithium ion sieves have their advantages and disadvantages, and more efforts must 

be made to overcome the shortcomings. 

Lithium ion sieve adsorbents are mostly in powder form, with poor fluidity and 

permeability. The fatal problem of dissolution loss during adsorption-desorption 

increases with the use of lithium ion sieves and can cause harm to the water 

environment. A small amount of the core framework of an ion sieve can also be 

dissolved during the acid treatment, resulting adsorbent loss. To avoid dissolution of 

the powder ionic sieves, the use of suitable adhesive materials to form lithium ion sieve 

composites while not reducing the lithium adsorption performance of the ion sieves is 

extremely important to promote their industrial application. 

Organic adsorbents can be synthesized by chemically bounded organic ligand 

which can specifically coordinate Li+ with various substrates, such as particles, fibers, 

and porous materials. The commonly used ligand crown ethers are macrocyclic 

polyethers containing multiple C-O-C structural units which can form complexes with 

cations, especially alkali metal ions. Owing to the macrocyclic effects, the cavities of 

12-crown-4-ether can coordinate with Li+ due to the appropriate size match [43,44]. 
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Organic adsorption materials with imprinting effects similar to those of ion sieve, 

preserve the memory of lithium, and have a high lithium adsorption specificity. 

However, the organic ligands of crown ethers and calixarene face the problems of 

difficulty during synthesis and poor solubility in solution. Phosphate ligands must be 

synergistic with ferric chloride during lithium extraction. Thus, novel organic ligands 

and substrates must be explored for the urgently needed development of organic 

adsorption materials. 

The special memory effect on Li+ is beneficial to improve the Li+ selectivity of 

lithium ion sieves, thereby achieving high Li+ adsorption capacity with environmentally 

friendly performance. However, drawbacks such as harsh synthesis demand and high 

adsorbent dissolution limit its application in large-scale industries. The optimization of 

synthesis methods and exploration of novel preparation approaches are, therefore, 

effective for controlling the crystal form of lithium ion sieves. Making ion sieves into 

different composite forms (e.g., membrane, foam, magnetization fiber, and granulation) 

can reduce the dissolution of ion sieves and improve their stability, while 

simultaneously reducing the adsorption capacity. Further exploration of lithium ion 

sieves must still focus on the design and synthesis of new ligands with great adsorption 

capacity, high selectivity, long-time stability, and easy synthesis and elution. The 

chemical bonding of a lithium ion sieve to the substrate with a suitable structure and 

morphology effectively prepares a lithium ion sieve adsorbent composite with excellent 

lithium extraction performance.  

1.2.3 Solvent extraction materials 

Solvent extraction uses the difference in partition coefficients of Li+ between the 

liquid and organic phases to achieve purification or concentration of lithium resources. 

The solvent extraction method performs excellently in extracting lithium from brines 

with a high Mg2+/Li+ mass ratio. Due to the advantages of low cost, simplicity and high 

efficiency, solvent extraction offers good prospects in industrial applications. However, 

the fatal drawbacks of this method, including solvent dissolution and corrosiveness to 
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equipment, limit its industrial application. The key to this method is the selected 

extractant materials, which can be divided into several categories: crown ether system 

extractants, β-diketone system extractants, organophosphorus system extractants, and 

ion liquid system extractants.  

According to several previous studies, crown-ether-type extractants can achieve 

Li+ extraction, however, with weak the selective Li+ affinity. High Li+ extraction 

efficiency using crown-ether-type extractants remains difficult, especially for brines 

with high Mg2+/Li+. In terms of commercial applications, the synthesis process of crown 

ethers is complicated and expensive, which makes it difficult for industrial applications. 

Further exploration of chemical mechanisms and extensive in-depth studies are 

urgently needed for industrial applications. 

Ionic liquids are novel environmentally friendly liquid melting salt solvent 

composed of anions and cations that exhibit remarkable performance properties, such 

as high thermal stability, low volatility, low saturated vapor pressure, tunable viscosity, 

and nonflammability [45,46]. Compared to organic solvent systems, ion liquid systems 

exhibit different extraction properties due to their polyfunctionality, asymmetry, 

flexibility, and large ionic size of in the liquid structure [47]. Ion liquid systems have 

recently been recognized as a promising alternative to traditional organic solvent 

systems. 

The Li+ extraction ability and back-extraction effect of ionic liquids can be 

improved by introducing functional groups that can coordinate with Li+ in the ionic 

liquid structure. As a green medium that replaces conventional extractants, ionic liquids 

have excellent selectivity and extraction efficiency for lithium, and can avoid 

environmental pollution problems caused by organic solvents when using conventional 

solvent extraction methods. However, the high cost and large molecular weight of the 

functionalized ionic liquid can result in a higher viscosity of the extraction system, 

which is not conducive to operations and mass transfer during extraction. It is, therefore, 

urgent to develop novel functional ionic liquids with high extraction capacity and 

selectivity. 
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Liquid extractant is an effective separation approach that can achieve Li+ 

extraction from brines with high Mg2+/Li+ and the resulting lithium product can reach 

high purity. However, from industrial viewpoint, the equipment must possess high 

solvent resistance due to the leakage of organic solvents. Note that the fatal problem of 

extractant loss can be prevented by applying a supported liquid membrane, which is in 

line with the environmentally friendly requirement in industrial application. However, 

few related studies have been reported, and thus, more in-depth studies must be 

conducted in the future for further developments in industrial applications. From an 

industrial viewpoint, extractants with high selective extraction ability, low cost and 

stable structure are the core for an ideal solvent extraction technique.   

1.2.4 Electrodialysis technology 

Electrodialysis (ED) is a dialysis phenomenon without phase inversion [48], in 

which charged ions in solution migrate through the ion-exchange membrane under an 

applied electric field [40, 50]. In the presence of an electric potential difference, cations 

and anions can directionally migrate through the selective ion-exchange membrane 

with ion-selective permeability, thereby separating and concentrating ions. During the 

migration process [51], cations migrate toward the cathode, while anions migrate 

toward the anode. Cations can easily pass through the negatively charged cation-

exchange membrane, while anions can easily pass through the positively charged anion-

exchange membrane. However, cations and anions will be rejected by positively and 

negatively charged cation-exchange membrane, respectively. Monovalent selective ion 

exchange membranes were demonstrated to have high selective permeability for 

monovalent ions, which can be applied to separate monovalent and divalent/ 

multivalent ions [52, 53]. The application of ED ion-exchange membranes in the 

separation of Mg2+/Li+ has been rapidly developed.  

Lithium in brine can be effectively enriched by the ED technique, which is an 

alternative and promising method for lithium recovery from brines with high Mg2+/Li+. 

Lithium recovery rate can also be further improved by integrating ED with other 
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techniques or materials that are selective for lithium. Although the ED process is 

technically feasible and performs well during lithium extraction, the reduction of capital 

and operating costs remains a major challenge for industrial applications. Membranes 

play an important role in the ED process, whereas high concentration polarization 

greatly decreases the membrane separation capability, thus limiting the application of 

ED technology in industry [54]. From an economic and environmental protection 

perspective, the development of durable membranes with highly selective permeability 

for monovalent Li+ cations are urgent needed. This novel electrochemical technique 

presents a promising and competitive prospect for lithium extraction fields. Further 

optimizations should focus on: (1) exploring electrode materials with a stable structure 

to obtain a good balance between extraction capacity and long-time stability; (2) 

designing an electrochemical cell that is suitable for applications using real brine; and 

(3) adjusting the extraction process to achieve high efficiency.   

1.2.5 Electrochemical technology 

Electrochemical methods are another novel environmentally friendly and energy-

efficient technique proposed for lithium extraction, which refers to the insertion and 

extraction of lithium in lithium-ion batteries through controlled potential [55]. Various 

adsorption materials have been exploited as electrodes, and the insertion or extraction 

of Li+ can be controlled by applying electric field. Compared to the traditional lithium 

ion sieve, the fatal problem of adsorbent dissolution during the Li+ extraction process 

can be largely avoided using this electrochemical process. The co-existence ions in 

brine seriously affect the lithium extraction efficiency, and thus, electrode materials 

with high lithium selectivity are the key to improving the lithium extraction rate. 

Common electrode materials currently used for lithium extraction can be mainly 

divided into two types: lithium iron phosphate (LFP) type and LMO type. 

The electrochemical method clearly offers promising prospects for lithium 

recovery from salt lake brines or seawater due to the simple operation, low energy cost, 

high efficiency, and environmental friendliness. However, there remain some 
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shortcomings that limit its commercial application. The composition of salt-lake brine 

is complex and variable. For example, in different regions, the composition of various 

anions and cations in brines may differ [56]. In these electrochemical lithium extraction 

systems, due to the influence of coexisting ions, the kinetics of Li+ diffusion at the 

interface of the electrode brine and electrode material nanopores are also very different, 

which directly affect the lithium extraction rate. It is still remains difficult to achieve 

large-scale production and preparation of high-efficiency lithium electrode materials, 

as well as the assembly of electrolytic cells in large-scale lithium extraction operations 

[57]. To resolve these limitations, considerable work is still required to realize industrial 

applications, including electrode materials, electrochemical cell equipment, and 

extraction process.  

1.2.6 NF membrane technology 

There is no general extraction process for recovering lithium from different brines 

because the process of extracting lithium for each salt-lake brine is composition-

specific, especially regarding the mass ratio of Mg2+/Li+. Due to its specific 

characteristics, NF membrane has outstanding performance for water treatment. The 

pore size of the charged NF membrane is less than 2 nm, making it the popular choice 

for separating divalent and monovalent ions, which is promising for lithium enrichment 

during lithium extraction. Note that, NF membrane separation techniques show 

excellent separation performance among several traditional approaches. NF membrane 

techniques with low consumption cost and simple operation processes offer high 

prospects for separating Mg2+ and Li+. Especially in brines with high Mg2+/Li+, 

positively charged NF membranes show high selectivity during Mg2+ and Li+ separation. 

For industrial applications, an optimization of the membrane structure and chemical 

composition is necessary to ensure highly selective separation, anti-pollution, and long-

term stable performance. 
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1.3. Mg2+/Li+ separation with NF membrane 

1.3.1 NF membrane separation technology 

NF membranes possess nanopores less than 2 nm and are used in the membrane 

separation technology driven by low pressure [58, 59]. The NF membrane surface 

usually exhibits chargeability because the ionizable groups dissociate from the 

membrane surface or pores. During the filtration process, electrostatic interactions 

between the membrane and ions can directly affect the mass transfer of ions [60-62]. 

Ions with higher hydration energy or larger ion radius in the solution are more likely to 

be trapped by the membrane [29, 54]. Owing to its special pore size and charge ability, 

the rejection of multivalent ions by an NF membrane is higher than that of monovalent 

ions.  

NF membrane is commonly composed of the substrate membrane and selective 

thin polyamide layer. The dual-effect of membrane chargeability and structure 

determines the separation capacity of divalent and monovalent ions. The current NF 

membrane fabricated method mainly contains phase inversion, dip-coating process, 

interfacial polymerization, and layer-by-layer self-assembly [58]. Interfacial 

polymerization is the most widely used method in which a polymerization reaction 

occurs at the interface of mutually incompatible solvents to form an active functional 

selective thin layer. 

Several parameters during the interface polymerization process, such as 

concentration of aqueous and organic phase monomers, reaction temperature, and 

reaction time, can direct determine the formation and properties (e.g. chargeability, 

thickness, pore size and surface morphology) of the formed polyamide layer. The lower 

the polymerization temperature, the slower the monomer diffusion, the milder the 

reaction, and the thinner polyamide layer can be obtained. Small-molecule amine 

monomers, such as piperazine (PIP) and m-phenylenediamine (MPD), have high 

reactivity, and their solubility in n-hexane solution is also large, which can quickly 

crosslink with organic phase monomers and form a thick and dense polyamide layer. 
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However, macromolecular amine monomers, such as polyethyleneimine (PEI), will 

diffuse slowly during the interfacial polymerization process due to the primary steric 

hindrance effect, contributing to a relatively loose and thin polyamide layer. Therefore, 

choosing different amine monomers or adding nanomaterials can note only control the 

diffusion rate and uniformity of the aqueous monomers, but also can effectively 

regulate the structure and properties of the formed polyamide layer and the obtained 

NF membrane [63]. 

Embedding the inorganic nanomaterials into the monomer solution will not only 

change the crosslink reaction during the interfacial polymerization process and improve 

the permeability of the final NF membrane. On the other hand, some inorganic 

nanoparticles have inherent low-resistance water channels, and the inter-gap between 

the inorganic nanoparticles and the polymer interface, can further increases the 

permeability of the NF membrane. 

It is also worth noting that the substrate membrane can not only support the 

polyamide layer, but also affect the formation process of the active polyamide layer. 

During the process of interfacial polymerization, the pore size, 

hydrophilicity/hydrophobicity, and chargeability of the substrate membrane can 

directly affect the distribution of the aqueous monomer, thereby affecting the properties 

(e.g. thickness, pore size, morphology and chargeability) of the formed polyamide layer 

and the final NF membrane.  

1.3.2 Mg2+/Li+ separation research and difficulty 

The synthesis effect of steric hindrance and Donnan exclusion make NF membrane 

a promising approach for enriching high purity Li+. For separating Mg2+ and Li+ with 

similar hydrate radius of 0.428 nm and 0.382 nm, respectively, it is difficult to achieve 

high separation capacity by only adjusting pore size of membrane. In this case, 

electrostatic interaction between ions and membrane is crucial for separating ions with 

similar size but different chargeability. Charged NF membranes can be divided into 

positively and negatively charged membranes, the latter of which are more commonly 
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used for commercial purpose. Several commercial NF membranes have been tested to 

explore their feasibility for lithium separation, such as commercial NF membrane NF90 

[29], Desal-5 DL [64], and DK-1812 [62]. Somorani et al. applied the commercial NF 

membrane NF90 and low-pressure reverse osmosis (LPRO) membrane to investigate 

the separation performance of lithium in the diluted Chott Djerid (Tunisia) brine [29]. 

The results showed that membrane NF90 is more suitable for lithium extraction from 

brine, due to its higher hydraulic permeability to water. The membrane NF90 showed 

100% rejection of Mg2+ in the first separation step of the diluted brine, where the 

concentrations of Mg2+, Li+, and Na+ were ~0.30, 8.0, and 0.006 g/L, respectively. In 

the next step, NF90 showed difficulty in effectively separating Li+ in the presence of 

Na+. However, after filtering the diluted brine for 6h, the membrane’s performance was 

reduced by 50% due to membrane fouling. To improve the long-term stability of the 

membrane performance in industrial applications, the anti-fouling property must be 

improved in further studies. Some additional factors can directly affect the separation 

efficiency during the separation process, including operation pressure, Mg2+/Li+ mass 

ratio, feed solution concentration, and the existence of other ions during the separation 

process [60-62]. A commercial Desal (DL) NF membrane was adopted to extract 

lithium from simulated East and West Taijiner brine with high Mg2+/Li+ [60]. The 

results indicated that increased operation pressure and lower pH can have a positive 

effect on the separation performance. However, increased feed temperature and 

Mg2+/Li+ can negatively impact the separation efficiency.  

Commercial NF membranes usually exhibit negative chargeability and are not a 

preferred way of selectively separating Li+ and Mg2+. The separation mechanism of NF 

membrane is dominated by the Donnan exclusion effect and steric hindrance effect [65]. 

Li+ and Mg2+ have a hydrate ion radius difference of less than 0.1nm, and thus, the 

selective separation performance is dominated by the Donnan exclusion effect during 

filtration. There is a stronger exclusion effect between a positively charged NF 

membrane and Mg2+ compared with Li+, because Mg2+ carries more charge than 

monovalent Li+. Therefore, for separating Mg2+ and Li+, a positively charged NF 
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membrane is a preferred choice. The separation factor SMg,Li can be calculated to 

evaluate the selective rejection of NF membrane for Mg2+ and Li+: 

𝑆Mg,Li =
𝐶𝑀𝑔,𝑝 𝐶𝐿𝑖,𝑝⁄

𝐶𝑀𝑔,𝑓 𝐶𝐿𝑖𝑓⁄
                                                    (13) 

Where CMg,p and CMg,f represent the concentrations of Mg2+ in the permeate and 

feed solution, respectively, and the same applies to CLi,p and CLi,f. When SMg,Li <1, this 

indicates that Mg2+ and Li+ can be separated. Lower SMg,Li values are associated with 

improved separation efficiency.  

To improve the Mg2+/Li+ separation performance of NF membranes, Li et al. 

prepared a hollow positively charged NF membrane via interfacial polymerization 

between 1,4-bis(3-aminopropyl) piperazine and trimesoyl chloride (TMC) on the PAN 

substrate membrane [65]. After filtration of the simulated brine at a pressure of 3 bar, 

the Mg2+/Li+ mass ratio decreased from an initial value of 20 to 7.7 with a separation 

factor SMg,Li of 0.38. Li et al. reported another positively charged NF membrane with a 

high separation ability for Mg2+ and Li+. The membrane was fabricated by interfacial 

polymerization between branched poly(ethylene imine) and TMC on a crosslinked 

polyetherimide substrate membrane, which was then modified with 

ethylenediaminetetraacetic acid [25]. After filtration of the simulated brine with a 

Mg2+/Li+ of 24 at 10 bar and pH near 5.5, the separation factor SMg,Li and flux were ~ 

0.1 and 6.0 L/(m2h), respectively.  

By regulating the preparation conditions during interfacial polymerization 

between polyethyleneimine and TMC on the PES support membrane, Xu et al. 

fabricated a high positively charged NF membrane with excellent Mg2+ and Li+ 

selective separation performance [59]. The results showed that the rejection difference 

between Mg2+ and Li+ reached up to 76%, and the permeation flux was ~5.02 

L/(m2hbar). Guo et al. fabricated a novel double-Janus composite NF membrane [66]. 

The middle layer of the composite membrane exhibited negative chargeability and the 

surface layer showed opposite chargeability, which is helpful for rejecting Mg2+ by the 

surface layer and attracting Li+ by the middle layer. The Janus composite NF membrane 

possessed excellent selective separation properties for the simulated brines with high 
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Mg2+/Li+. SMg,Li reached 0.08 and 0.17 after filtering a simulated brine with Mg2+/Li+ 

of 30 and 60, respectively. According to the research by Zhang et al., the modification 

of multi-walled carbon nanotubes was achieved by grafting piperazine, and then mixing 

it with an aqueous solution during the interfacial polymerization process to obtain an 

NF membrane with high permeability [67]. After the filtration experiments, SMg,Li was 

~0.06 and the permeation flux reached up to 14.0 L/(m2hbar), which shows promising 

selectively separation prosperities. A novel NF membrane was recently investigated by 

doping water-soluble polyhydroxylated fullerene onto a polyamide layer during the 

polymerization process between PIP and TMC on the PES base membrane [68]. Note 

that the water permeation of the membranes increased by 39.2%, and the membrane 

showed high anti-fouling properties.  

Owing to the low energy consumption, simple operation process and high 

separation ability, NF membranes offer a promising approach for Mg2+/Li+ separation 

in brines with high Mg2+/Li+. However, due to the trade-off effect, their use still faces 

difficulty in achieving both high separation performance and high permeation flux, 

which directly hinder the achievement of a higher lithium extraction efficiency. In 

addition, due to membrane fouling, both the separation performance and permeation 

flux of NF membranes directly decrease after long-time filtration processes. Therefore, 

considerable work requires to be conducted to develop novel anti-fouling NF 

membranes with both high separation ability and permeability. 

1.4 Purposes and significances of research 

Due to the existence of the “trade-off” effect, it is hard to simultaneously control 

both high separation ability and permeability of the NF membrane. The low permeation 

flux of NF membrane may significantly limit its work efficiency and practical 

applications. To improve the lithium recovery rates in industrial applications, further 

developments and optimization for separating materials should be carried out from the 

perspective of high separation selectivity, stability, low cost, and environmental 

friendliness.  
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It is well known that the morphological structure of the membranes can be 

substantially changed after introducing nano-additives with special characteristics to 

improve the membrane properties, such as mechanical behavior, hydrophilicity, 

separation ability, and anti-fouling performance. During the synthesis process, carbon-

based nano-additives, such as carbon nanotube (CNT) and its derivatives as well as 

graphene oxide (GO) and its derivatives, have emerged as a promising alternative to 

improve the permeation flux of the NF membrane. After doping with such additives, 

the final membrane is endowed with superior properties of both polymer materials and 

carbon-based nanomaterials. Due to the unique structure and large quantities of oxygen-

bearing functional groups (e.g., carboxyl, epoxy, and hydroxyl) at the edge of the GO 

nanosheet, the incorporated GO additives can optimize the properties of membrane (e.g., 

mechanical, antifouling, and hydrophilicity). Importantly, the nanomaterial CNTs have 

special smooth cylindrical nanostructure, large specific surface area, high biocidal and 

antioxidant ability, and high thermal and mechanical characteristics, which make it 

attractive in membrane optimization. In addition, the hollow structure of CNTs and 

inter-gaps between CNTs and polymer matrix can provide more nano-channels for 

water to pass through the membrane, which can greatly enhance the permeate flux of 

the membrane. 

The purpose of this work is to develop the novel composite NF membrane which 

can effectively and quickly separate Li+ and the co-existence Mg2+, achieving high 

lithium recovery rate from salt-lake brines. For future research, it will be valuable to 

combine the advantages of the carbon nano-materials to fabricate lithium extraction NF 

membranes with high Mg2+/Li+ separation ability and efficiency. 

1.5 Outline of dissertation 

Most of the research on the modification of Mg2+/Li+ separation performance is 

mainly focused on the selective thin polyamide layer of NF membrane. Importantly, the 

structure and property of substrate membrane can directly affect the formation of the 

polyamide layer during interfacial polymerization. However, there are few reports focus 
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on the optimizing properties of the NF membrane by adjusting the substrate membrane. 

In this work, we have designed and constructed four novel NF membrane system from 

the perspective of regulating the substrate membrane and polyamide layer with the help 

of carbon nano-additives. This dissertation is organized to summarize carbon 

nanomaterials modified NF membrane and Mg2+/Li+ separation performance by six 

chapters. 

In chapter 1, an overview of global lithium resources and distribution, commonly 

used lithium retraction methods, and research status and difficulties of Mg2+/Li+ 

separation using NF membrane has been presented. 

In chapter 2, we proposed a new approach to optimize the NF membrane 

performance by regulating the substrate. From the perspective of optimizing the 

substrate film, we modified polyethersulfone (PES) ultrafiltration substrate membrane 

with GO nano-additives to improve the mechanism and hydrophilicity performance, 

followed with interfacial polymerization between PEI and TMC. Several analyze 

methods were applied to explore the chemical composition, microstructure, separation 

performance, etc. of the obtained composite membranes. In addition, the synergy 

effects of GO loading concentration on substrate membrane and polyamide layer were 

comprehensively studied.  

In chapter 3, we embedded graphene oxide quantum dots (GQDs-NH2) into the 

aqueous phase during polymerization to prepare a novel GQDs-NH2 incorporated NF 

membrane with high Mg2+/Li+ separation efficiency. By grafting amine groups (-NH2) 

at the edge of GQDs, the obtained GQDs-NH2 can not only inherit the advantage of 

GQDs but also carry some amine groups (-NH2). The structure and properties of NF 

membranes with different incorporating content of GQDs-NH2 were analyzed by 

several characterization methods. In addition, the effect of doped GQDs-NH2 on the 

Mg2+/Li+ separation capability, permeation efficiency and antifouling performance of 

the final NF membrane was extensively discussed.  

In chapter 4, we first proposed an easy-to-operate and environmentally friendly 

functionalization method to synthesize a new class of potassium carboxylate 
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functionalized multi-wall CNTs (MWCNTs-COOK) with high hydrophilicity. Then, 

we designed a new class of positively charged NF membrane with high permeate flux 

for effectively enriching Li+ and separating Mg2+. The prepared MWCNTs-COOK 

were synthesized as nano-additives to regulate the interfacial polymerization process 

between PEI and TMC on the ultrafiltration substrate, thereby fine-tuning the 

microstructure and optimizing the performance of the final NF membrane. How the 

MWCNTs-COOK nano-additives improve the Li+/Mg2+ separation efficiency of NF 

membrane was comprehensively investigated and evaluated from multiple aspects (e.g., 

morphology, structure, surface properties, and rejection ability) by using various 

characterization methods. 

In chapter 5, On the fourth membrane system, we designed another novel NF 

membrane by anchoring the nano-additives MWCNTs-COOK into PES ultrafiltration 

substrate.  The MWCNTs-COOK grown in PES substrate can work as a “connector” 

and influence the formation of polyamide layer. We have systematically studied and 

discussed how the loaded MWCNTs-COOK alter the final NF membrane from many 

aspects, including microstructure, chemical composition, surface properties and 

Mg2+/Li+ separation efficiency. 

In chapter 6, a summary of this work and conclusions were presented. 
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2 “Bridge” graphene oxide modified positive 

charged nanofiltration thin membrane with 

high efficiency for Mg2+/Li+ separation 

2.1 Introduction 

Global lithium consumption in several industry fields has grown rapidly owing to 

the excellent characteristics of lithium[1]. Especially, the rapid development of the 

electric vehicle industry has led to a significant increase in the demand for green lithium 

resources[2, 3]. Global lithium resources are mainly distributed in ores and brines[4]. 

Due to the low consumption cost and great reserve (about 59%)[5], it has become a 

trend to extract lithium from continental brine resources. Co-existence ions, especially 

the diagonal element Mg2+, limit the recovery purity for Li+, which is caused by similar 

chemical characteristics and hydration ion size between Li+ and Mg2+[6, 7]. It has been 

proved that many salt lakes in the world possess high mass ratio of Mg2+/Li+. However, 

the high Mg2+ concentration in salt-lake brine will make it more difficult to extract 

lithium. To separate Mg2+ and Li+, several methods have been developed, including 

precipitation[8-10], solvent extraction[11-14], adsorption[15-18] and membrane 

separation[5, 7]. Traditional precipitation has been widely used for extracting lithium 

from salt lakes with low mass ratio of Mg2+/Li+. However, precipitation method 

requires several stages during the lithium extract process, which is extremely time-

consuming and energy-consumption[5]. In addition, this method is not suitable for 

brines with high mass ratio of Mg2+/Li+[19]. As for solvent extraction and adsorption, 

both adsorbents and extractants present drawback of easily dissolved[2, 7], leading to 

reduced recovery efficiency and corrosion to equipment.  

Membrane separation technique, an environment friendly approach for separating 

Mg2+ and Li+, has drawn more attention in the field of lithium recovery. Nanofiltration 
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(NF) membranes with no chemical reaction during separation process have been proven 

to be a promising alternative for lithium extraction [7]. The low-pressure-driven NF 

membranes can separate monovalent and multivalent ions based on the combined effect 

of chargeability and unique pore radius of membranes. During the separation process, 

the separation property of NF membrane has been demonstrated to be determined by 

both Donnan exclusion effect and steric hindrance effect[20]. Normally, NF membranes 

possess a pore size less than 2 nm and molecular weight cut-off around 200~1000Da. 

Therefore, for separating Mg2+ and Li+ with similar hydrate radius of 0.428 nm and 

0.382 nm, respectively, it is difficult to achieve high separation capacity by only 

adjusting pore size of membrane. In this case, electrostatic interaction between ions and 

membrane is crucial for separating ions with similar size but different chargeability. 

According to the research conducted by Li et al. [20], they first demonstrated that 

the use of positively charged hollow NF membranes can greatly improve the separation 

ability of Mg2+/Li+ compared with commercial negatively charged NF membrane. After 

that, another positively charged NF membrane was obtained by interfacial 

polymerization on the base membrane, which was then modified with 

ethylenediaminetetraacetic acid (EDTA) to improve the ability to remove Mg2+[21]. 

The results showed that, compared with pure membrane without EDTA, the addition of 

divalent cationic chelator EDTA effectively enhanced the remove rate for Mg2+. Guo et 

al. [22] explored a novel double Janus NF membrane with triple layered composed with 

carboxylated cellulose nanocrystal negative charged layer and positive charged 

polyamide layer, and showed a high separation ability for Mg2+ and Li+ in simulated 

brine with high Mg2+/Li+ mass ratio. In previous study[23], a high positive charged 

membrane was successfully fabricated, which presented great Mg2+/Li+ separation 

performance for brine with high Mg2+/Li+ mass ratio. The resulting membrane showed 

a high rejection difference between Mg2+ and Li+ of 76%, while the low permeation 

flux limited the extraction efficiency for lithium. Zhang et al. [24] mixed piperazine 

(PIP) grafted hydroxyl-functionalized multi-walled carbon nanotubes (MWCNTs-OH) 

into polyamide layer of NF membrane, which significantly enhanced the permeation 
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flux of membrane, while the separation ability needs to be further improved. It is worth 

noting that, it is difficult to achieve both high separation capacity and high flux due to 

the “trade-off” effect, which limits the work efficiency and application of NF 

membrane[20]. In recent years, researches on Mg2+ and Li+ separation using NF 

membranes are still scarce, and most studies have focused on modification for 

polyamide layer, while there is no report on optimizing substrate membranes. 

Graphene oxide (GO), a single-atom nanosheet with oxygen-rich functional 

groups, displays excellent hydrophilicity, mechanical stability, pollution resistance[25-

27]. Currently, GO has become a popular material in the field of desalination and water 

purification membrane[28-32]. Choi et al. coated multi GO layers on polyamide layer 

of NF membrane by layer-by-layer deposition, thereby increased the hydrophilicity and 

anti-fouling of final NF membranes[33]. Nan et al. [34] formed a positive charged NF 

membrane via layer-by-layer assemble between GO and polyethyleneimine (PEI), the 

crosslink layers of GO and PEI displayed a high separation ability between divalent 

cations Mg2+ and monovalent cations Na+. To improve the hydrophilicity of membrane, 

Yin et al. [35] incorporated GO into polyamide layer by mixing GO with organic phase 

trimesoyl chloride (TMC) during the interfacial reaction with aqueous m-

phenylenediamine (MPD), and the GO interlayer place was verified to play as a water 

channel. Wang et al. [36] reported another NF membrane with high water permeation 

and anti-pollution abilities, they dispersed GO into PIP aqueous phase, followed by 

interfacial polymerization with TMC organic phase. It has been demonstrated that the 

hydrophilic oxygen-containing functional groups (-OH, -COOH) in GO can react with 

-NH2 or -NH groups in aqueous monomer and -COCl in organic monomer TMC during 

the interfacial polymerization process[32, 36, 37]. Therefore, due to various excellent 

properties, GO additives have great potential in the field of membrane. 

In order to efficiently extracting lithium, both high permeation flux and high 

separation ability for Mg2+ and Li+ are necessary. The goal of this work is to synthesis 

a novel NF membrane with high permeation flux, high separation performance and 

long-time stability for improving the lithium extraction purity and efficiency. From the 
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perspective of optimizing the substrate film, we modified polyethersulfone (PES) 

ultrafiltration substrate membrane with GO nano-additives to improve the mechanism 

and hydrophilicity performance, followed with interfacial polymerization between PEI 

and TMC. Several analyze methods were applied to explore the chemical composition, 

microstructure, separation performance, etc. of the obtained composite membranes. In 

addition, the synergy effects of GO loading concentration on substrate membrane and 

polyamide layer were comprehensively studied.  

2.2 Experiment 

2.2.1 Materials and regents 

Graphite powder, polyethylene glycol (PEG), H2O2, HNO3, H2SO4, KMnO4, N, 

N-dimethylacetamide (DMAc), PEI (70000 Da), TMC, NaCO3, sodium dodecyl sulfate 

(SDS), Na2SO4, MgSO4 (heptahydrate), NaCl, LiCl and MgCl2 (hexahydrate) were all 

provided by Wako Pure Chemical Indus-tries Ltd., Japan. PES (3000P, 62000 g/mol) 

was bought from Solvay Advanced Polymer (Belgium). 

2.2.2 Preparation of GO/PES based composite membrane 

GO was synthesized from graphite powder using method of modified 

Hummers'[38, 39]. The GO modified PES ultrafiltration (UF) substrate membranes 

were formed through phase inversion method[40, 41], and the detailed compositions of 

casting solutions are given in Table 2-1. The synthesized GO was firstly ultrasonically 

dispersed in DMAc for three hours, and then blended with PES and PEG (Mw = 10000 

g/mol), and continuously stirred at 50 oC for 6 hours to form a homogeneous casting 

solution. After degassing for 8 h, the casting solution was cast on a glass plate using a 

casting knife with a gap height of 200 µm and immediately dipped into the deionized 

water bath. The formed GO/PES substrate primary membranes were immersed in 

deionized water before next utilize. The GO/PES composite UF membranes with 

different embedding GO contents (0 wt%, 0.01 wt%, 0.03 wt%, 0.05 wt%, 0.1wt%, 0.3 
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wt%, 0.5 wt%, 1 wt%) were defined as UF0, UF001, UF003, UF005, UF01 and UF05, 

respectively. 

The NF membranes were synthesized through interfacial polymerization method 

based on previous report[23]. The aqueous phase solution (0.5 wt% aqueous monomer 

PEI, 0.1 wt% surfactant SDS and 0.1 wt% acid acceptance agent NaCO3) was firstly 

dipped on the surface of prepared GO/PES UF membrane for 5 min and then the excess 

solution was removed by a rubber roller. Next, the membrane was immersed in the 0.1% 

(w/v) TMC/n-hexane organic solution for 3 min to allow the occurrence of interfacial 

reaction between PEI and TMC on the membrane surface. Followed with 10 min in 

oven at 70 oC for further polymerization. Finally, the obtained NF membranes were 

washed and stored in the deionized water before performance test. In addition, the 

obtained NF membranes formed from UF0, UF001, UF003, UF005, UF01 and UF05 

substrate membrane were noted as NF0, NF001, NF003, NF005, NF01 and NF05, 

respectively. 

 
Fig.2-1. Schematic representation of membrane synthesize process. 

Table 2-1 Composition of casting solution of UF substrate membrane 

Membrane GO (wt%) PES (wt%) PEG (wt%) DMAc (wt%) 

UF0 0 18 10 72 

UF001 0.01 18 10 71.99 

UF003 0.03 18 10 71.97 

UF005 0.05 18 10 71.95 

UF01 0.1 18 10 71.9 
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UF05 0.5 18 10 71.5 

2.2.3 Membrane characterization 

The morphologies and structure of membranes were characterized by field 

emission scanning electron microscopy (FESEM, Hitachi S-5000, Japan) and atomic 

force microscopy (AFM, Shimadzu SPM-9500J3, Japan). Fourier-transform infrared 

spectroscopy (ATR-FTIR, Shimadzu Co., Ltd., Japan), energy dispersive spectroscopy 

(EDS, S-3000N, Hitachi, Japan) and X-ray photoelectron spectroscopy (XPS, AXIS-

ULTRA DLD, KRATOS) were applied to identify the chemical function groups, 

element composition and distribution in membranes. The water contact angle (CA, 

digidrop, GBX, Whitestone way, France) was carried out to analyze the hydrophilicities 

of membrane surface. In addition, to confirm the chargeability of membranes, the 

electrokinetic analyzer (Sur-PASS TM3 Anton Paar, GmbH, Austria) was adopted to 

investigate the zeta potential of membranes at a pH range from 5 to 10. The porosity ε 

(%) of membrane was determined using gravimetric method, which can be evaluated 

as the equation[42-46]: 

ε =
𝑊1−𝑊0

𝑆×𝐷×𝜌
× 100%               (1) 

in which, W1 (g) and W0 (g) are defined as the weight of wet membrane and dry 

membrane, respectively. S (cm-2) and D (cm) stand for the area and thickness of 

membrane, respectively, and ρ stands for the density of water (g/cm-3). 

2.2.4 Separation performance testing 

The separation performance of membrane was tested using a cross-flow filtration 

equipment with an effective test area of 12.56 cm2. In addition, the separation test was 

conducted at 25 oC under a low-pressure of 3 bar. The pH of feed solution was around 

7. Before separation testing, all membranes to be tested were firstly stabilized at 4 bar 

for 30 min with pure water and then maintained at 3 bar to stabilize the flow flux. The 

permeabilities of membranes were assessed by the permeation flux F, which can be 
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calculated as: 

F =
𝑄

𝑇×𝑆×𝑃
                                                        (2) 

In which, Q (L) is defined as the permeate volume, T (h) is the total time for 

permeation, S (m2) is the effective area, and P (bar) is defined as the pressure during 

permeation process. To evaluate the rejection ability of membrane for inorganic salt, 

the filtration test was carried out using the target solution with a concentration of 2.0 

g/L under 3 bar. The rejection rate R was calculated by equation (3): 

R = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                        (3)  

In which, Cp and Cf are defined as concentration of permeate solution and feed 

solution, respectively. According to previous report[47], the pore size of membrane can 

be evaluated by the PEG filtration test, as shown in equation (4): 

r = 0.0397𝑀𝑊𝐶𝑂0.43              (4) 

The molecular weight cut-off (MWCO) of membrane was denoted as the 

molecular weight of PEG with a rejection for 90%. The difference in PEG concentration 

in solution was calculated by the total organic carbon analyzer (TOC-VCSH; Shimadzu 

Co., Kyoto, Japan). 

 A 2 g/L simulated solution composed of MgCl2 and LiCl was used to characterize 

the separation performance of membrane for Mg2+ and Li+. The Mg2+/Li+ ratio of the 

simulated solution was maintained at 20. Each test was conducted more than 3 times to 

calculate an average value. The Mg2+/Li+ separation ability of membrane can be 

evaluated by the separation factor SMg,Li, which was calculated by equation (5): 

𝑆𝑀𝑔,𝐿𝑖 =
𝑃𝑀𝑔 𝐿𝑖⁄

𝐹𝑀𝑔 𝐿𝑖⁄
                                              (5) 

In which, PMg,Li and FMg,Li represent mass ratio of Mg2+/Li+ in permeate solution 

and feed solution, respectively. The concentrations of Mg2+ or Li+ in brine solution 

before and after filtration were quantified using inductively coupled plasma optical 

emission spectroscopy (ICP-OES, 10000IV, Shimadzu, Japan). 
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2.3 Result and discussion 

2.3.1 Chemical composition analysis 

The ATR-FTIR analysis was used to compare and analyze the changes of the 

functional groups on the surface of membranes before and after GO embedding and 

interfacial polymerization reaction. It can be seen in Fig.2-2 that each spectrum of UF 

membrane had characteristic peaks at ~3057cm-1 and ~3170cm-1, corresponding to C-

H unsaturated bond of PES phenyl ring [22]. Fig.2-2(b) shows that, compared with PES 

pure membrane, a broad peak around 3668~3355 cm-1 appeared on each GO doped UF 

membrane, which was originated from the -OH stretch of GO nanosheet [37, 47]. In 

addition, the peak intensity around 3668~3355 cm-1 enhanced slightly with the increase 

of GO doping amount. After polymerization between PEI and TMC, a new peak 

corresponds to the C=O vibration in amide appeared at 1635 cm-1, which indicated the 

successful formation of polyamide layer. As shown in Fig.2-2(d), compared with 

UF005, a stronger broad peak around 3628~3294 cm-1 can be observed in NF005, 

which was attributed to not only -OH but also unreacted -NH from PEI monomer[24, 

48, 49]. On the spectrum of each NF membrane, near to the peak at 2864 cm-1 (C-H), a 

new peak at 2960 cm-1 appeared due to the existence of -NHn
+ (n=2, 3)[22].  
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Fig.2-2. ATR-FTIR spectra of membranes: (a-b) UF membranes with different GO contents, (c) 

pure PES matrix membrane and NF membranes with different GO concentrations and (d) UF0, 

UF005 and NF005. 

Fig.2-4 shows the composition and content of several functional groups, which 

were quantified by XPS characterization. With some chemical bond determined from 

C1s and N1s in Fig.2-4, Fig.2-5 and Table 2-2, we evaluated the effect of GO doping 

on the degree of crosslinking of the polyamide thin layer. For all NF membranes, C1s 

spectrum can be divided into five status of C-C, C-N, C-O, N-C=O and O-C=O, located 

respectively at around 284.5, 285.7, 286.3, 287.8 and 288.5 eV.  

After immersing UF005 membrane in the PEI aqueous solution for 5 minutes, it 

is denoted as M005. Compared with NF005, a weaker peak in M005 can be found at 

the same position of 1635 cm-1, as shown in Fig.2-3. On the other hand, a small content 

of N-C=O also appeared in the deconvoluted C1s spectrum of M005, which revealed 

that the cross-link net appeared after the UF005 membrane was immersed in the PEI 

aqueous solution. Both the results of ATR-FTIR and XPS demonstrated that the group 
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-COOH of GO in UF membrane will react with amine group -NH2 of PEI monomer, 

and the similar phenomenon has also been reported in some reports[32, 37]. In addition, 

with the increase of GO doping content from 0 wt% to 0.5 wt%, the ratio of C-N in NF 

membranes decreased from 22.31% to 19.56%, while the ratio of N-C=O increased 

from 9.15% to 15.13%. The reduced C-N/N-C=O ratio implied an increase in crosslink 

degree of polyamide layer. This may be due to the reaction between GO and PEI 

monomer, which enhanced the crosslink of GO and PEI and TMC. Therefore, the more 

the GO content in the UF membrane, the fewer free amine functional groups remain in 

the PEI monomer. Due to the cross-linking between GO and PEI, the adhesion between 

the polyamide layer and the base membrane was enhanced, which is beneficial to 

improve the stability of the NF membrane. However, when the graphene content was 

excessive, more amine groups were “anchored” by the GO and could not migrate to the 

organic phase to react with TMC monomer, resulting in the crosslink of PEI/TMC 

becoming loose. 

 
Fig.2-3. (a) ATR-FTIR spectra of UF005, NF005 and M005, (b) XPS wide scan of UF005 and 

M005, (c) deconvoluted C1s and (d) deconvoluted N1s of membrane M005. 
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Fig.2-4. Deconvoluted C1s of membranes: (a) NF0, (b) NF001, (c) NF003, (d) NF005, (e) NF01 

and (f) NF05. 

On the other hand, all NF membranes have three N1s-related peaks at around 398.9, 

399.7 and 401.1 eV, corresponding to C-N, N-C=O and -NHn
+ (n=2,3), respectively. 

Similar trend was found in peaks of N1s spectrum, the ratio of C-N decreased and the 

ratio of N-C=O increased with the increase of GO doping concentration. In addition, 

the ratio of -NHn
+ (n=2,3) decreased from 16.35% to 4.69% with the raise of GO 

concentration from 0 wt% to 0.5 wt%, which was consistent with the result of C1s. The 

-NHn
+ (n=2,3) is originated from the protonation of unreacted amine groups in PEI 
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monomer, which is beneficial to improve the positive chargeability of NF membrane 

surface. After introducing GO nanosheet into PES casting solution, the hydrogen bond 

interactions are generated among free groups (-OH) and (-COOH) from GO nanosheet 

and (O=S=O) from PES polymer[49-51]. Therefore, the doped GO additives were 

“anchored” in UF membrane due to the bonding between GO and PES. On the other 

hand, the -COOH of GO would react with amine group -NH2 of PEI monomer. More 

GO would “anchor” more amine groups, thereby reducing free amine groups remaining 

in the polyamide layer. The GO additives were “anchored” in PES substrate membrane, 

and the PEI monomers were “anchored” by GO at the same time. Therefore, the GO 

additive acted as a bridge between PES substrate membrane and polyamide layer. In 

summary, the existence of GO in UF membrane promoted the interaction between the 

UF base membrane and the polyamide thin layer, due to the “anchor effect” between 

PES, GO and PEI. 
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Fig.2-5. Deconvoluted N1s of membranes: (a) NF0, (b) NF001, (4c) NF003, (d) NF005, (e) NF01 

and (f) NF05. 
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Table 2-2 XPS results derived from C1s and N1s spectra. 

Membrane  C    N  

Energy (eV) Species (%)  Energy (eV) Species (%) 

M005 284.5 C-C 54.07  398.9 C-N 62.17 

 285.7 C-N 24.78  399.7 N-C=O 19.17 

 286.3 C-O 13.95  401.1 -NHn+ 18.65 

 287.8 N-C=O 3.49     

 288.5 O-C=O 3.72     

        

NF0 284.5 C-C 55.54  398.9 C-N 55.34 

 285.7 C-N 22.31  399.7 N-C=O 28.3 

 286.3 C-O 9.8  401.1 -NHn+ 16.35 

 287.8 N-C=O 9.15     

 288.5 O-C=O 3.19     

NF001 284.5 C-C 50.32  398.9 C-N 51.54 

 285.7 C-N 22.14  399.7 N-C=O 32.61 

 286.3 C-O 14.09  401.1 -NHn+ 15.84 

 287.8 N-C=O 10.02     

 288.5 O-C=O 3.42     

NF003 284.5 C-C 50.94  398.9 C-N 46.08 

 285.7 C-N 21.28  399.7 N-C=O 40.39 

 286.3 C-O 13.03  401.1 -NHn+ 13.51 

 287.8 N-C=O 10.84     

 288.5 O-C=O 3.89     

NF005 284.5 C-C 51.53  398.9 C-N 47.97 

 285.7 C-N 21.85  399.7 N-C=O 41.31 

 286.3 C-O 12.27  401.1 -NHn+ 10.71 

 287.8 N-C=O 11.3     

 288.5 O-C=O 4.05     
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NF01 284.5 C-C 53.25  398.9 C-N 42.49 

 285.7 C-N 20.71  399.7 N-C=O 48.7 

 286.3 C-O 10.35  401.1 -NHn+ 8.81 

 287.8 N-C=O 11.54     

 288.5 O-C=O 4.14     

NF05 284.5 C-C 46.44  398.9 C-N 44.67 

 285.7 C-N 19.56  399.7 N-C=O 50.63 

 286.3 C-O 13.77  401.1 -NHn+ 4.69 

 287.8 N-C=O 15.13     

 288.5 O-C=O 5.09     

2.3.2 Morphology and structure characterization 

The top surface and cross section morphologies of UF005 and NF005 membranes 

were displayed in Fig.2-6. There were obvious differences in morphology structure 

between UF substrate membrane and NF membrane. As can be seen in Fig.2-6, UF005 

substrate membrane exhibited a smoother top surface with uniformly distributed small 

pores compared with NF005 membrane. After polymerization reaction on UF substrate 

membrane surface, a dense and thin polyamide layer, with a thickness less than 100nm, 

firmly “grown” on the substrate membrane surface. A large amount of small valley-

ridge like wrinkle structures with different sizes can be clearly found in top surface of 

NF005 membrane, which is an evidence of the successful completion of polyamide 

layer[21, 47]. The PEI branches with numerous amine groups can migrate into the 

interface of aqueous and organic phase to react with acid chloride groups of TMC 

monomers to form the dense active thin layer. The PEI applied in this work possessed 

a large molecular weight of 70000 Da, so the polymerization process of PEI and TMC 

was not severe as some previous reported aqueous monomers with low molecular 

weight which can migrate to the organic phase easily and complete reaction quickly[24, 

52]. As exhibited in Fig.2-6 (c1-c2), after doping a low content of GO in the substrate 

UF membrane, the polyamide layer thickness of NF005 was around 59.8nm, which was 
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slightly lower than the polyamide layer thickness of pure NF membrane NF0 (68.7nm). 

The incorporated GO in membrane surface may cross-link with some free -NH2 in PEI 

monomer, enhancing the interaction between PEI monomer and base membrane. 

During the interfacial polymerization process, the migration rate of PEI chains slowed 

down due to some “anchored” PEI chains by GO. As a result, the reaction rate between 

PEI and TMC decreased to a certain extent, leading to a slightly looser and thinner 

polyamide layer of NF005. It is worth noting that, with a thinner polyamide layer, the 

transmission resistance of membrane NF005 to water molecules would be decreased, 

contributing to a higher water permeability of membrane NF005. According to the 

result of XPS, the peak of N1s appeared in the spectrum of each NF membrane. From 

the EDS mapping images in Fig.2-6, the N element from PEI monomer was introduced 

and evenly distributed on the membrane, indicated that a uniform polyamide active 

layer occurred on the substrate membrane after interfacial polymerization process.  

 
Fig.2-6. SEM images of (a1-a2) top surface of UF005, (b1-b2) top surface of NF005, cross section 

of (c1) NF0 and (c2) NF005, and (c1-c2-c3) EDS mapping of NF005 membrane. 
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To further investigate the influence of doped GO on morphology structure of 

membranes, AFM analysis was carried out to capture topology images of membranes 

with a scan range of 10µm×10µm. As presented in Fig.2-7 and Table 2-3, UF0 

membrane showed a relatively smooth surface with a low roughness (Ra= 14.08nm, 

Rms=17.85nm). With the raise of GO concentration from 0 wt% to 0.5 wt%, Ra and 

Rms values of substrate membranes declined slightly from 14.08nm and 17.85nm to 

11.78nm and 15.06nm, respectively. However, with further addition of GO 

concentration in UF membranes from 0.05 wt% to 0.5 wt%, the membrane roughness 

increased gradually, manifested as raise of Ra and Rms values up to 24.9nm and 

31.15nm.  

The doped-GO additive was “anchored” in UF membrane due to the bonding 

between free groups (-OH) and (-COOH) in GO and (O=S=O) in PES polymer. With 

an ultra-low amount of doped GO, the larger peak-valley structures were filled out by 

many small peaks and valleys, resulting to a relative smoother surface compared with 

pure PES substrate membrane. Similar phenomenon has been observed in previous 

reports[43, 53, 54]. With further increase of GO doping content, the UF substrate 

membrane showed greater roughness, and larger peaks and “aerolite hole” like valley 

structure can be observed in UF05 membrane surface. With high GO loading in the 

casting solution, GO nanosheets are prone to agglomerate together, leading to a rougher 

surface and may cause defects[42, 53]. After the occurrence of interfacial 

polymerization on substrate membrane, the surface roughness increased slightly, owing 

to the formation of valley-ridge like wrinkle structures, which was consistent with the 

SEM results. Although the roughness values of the membrane increased after interfacial 

polymerization, the NF005 membrane was still relatively smooth, which is benefit for 

anti-fouling[54, 55]. 
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Fig.2-7. AFM topology images of membranes (a) UF0, (b) UF005, (c) UF05 and (d) NF005. 

 

Table 2-3 Roughness values of UF membranes with different GO contents, and NF005 membrane. 

Membrane Ra (nm) Rms (nm) 

UF0 14.08 17.85 

UF001 13.98 17.43 

UF003 12.03 15.01 

UF005 11.78 15.06 

UF01 15.42 19.43 

UF05 24.9 31.15 

NF005 17.21 21.96 

 

As can be seen in Fig.2-8(a), the contact angle of UF membranes declined with 

the increase of GO doping content, which implied the enhance of hydrophilicity of 

membranes. During the phase inversion process, GO with many hydrophilic functional 
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groups (-OH and -COOH) can migrate to the surface and pore walls of the membrane 

and disperse uniformly, resulting in an increase in the hydrophilicity of the membrane. 

A layer of hydration can be formed on the surface of the hydrophilic membrane, which 

prevented the adsorption and aggregation of pollutants, thereby improving the stability 

of the membrane. The porosity of UF membranes increased from 69.11% to 75.35% 

when the incorporate content of GO increased from 0 wt% to 0.1 wt%, then declined to 

66.78% when the graphene doping content was further increased to 0.5 wt%, as shown 

in Fig.2-8(b). It can be explained that, during the process of phase inversion, the 

hydrophilic additive GO worked as a nucleating agent and promoted the exchange 

between solvent and non-solvent, thereby forming a microporous membrane 

structure[41, 43]. However, when GO is gradually added from 0.1 wt% to 0.5 wt%, the 

viscosity of the mixed casting solution would gradually increase, thereby hindering the 

phase separation process and resulting in a final membrane with a relatively dense 

structure[56]. 

2.3.3 Characterization of membrane performance 

2.3.3.1 Permeation property of UF membrane 

Fig.2-8(c) presents the permeability of PES pure UF membrane and GO 

incorporated UF membranes, compared with pure PES UF membrane, GO-doped UF 

membranes showed higher permeability to pure water. In addition, the pure water flux 

increased largely from 210.19 to 477.7 L/m2hbar when the GO content increased to 0.1 

wt%, then declined to 419.93 L/m2hbar as the GO content further increased to 0.5 wt%. 

After doping GO nanosheet in the UF membrane, the increased water flux of final NF 

membrane was due to the dual effects of GO on the changes in the morphology and 

hydrophilicity of the final NF membrane. Fig.2-8(d) exhibits the process of water 

molecules permeating the GO-doped UF membrane. Due to the existence of GO, the 

hydrophilicity of final UF membranes was significantly improved, which has been 

demonstrated by the test of contact angle. In addition, after doping GO in PES matrix, 
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more water channels would be formed between GO and GO and between GO and PES 

polymer, which is conducive to water molecules pass through the UF membrane during 

the filtration process. On the other hand, according to the results of porosity 

characterization, with a low doping content of GO, the porosity of final UF membrane 

would increase accordingly, which is conducive to improving the water permeability. 

The decreased pure water flux of UF005 was consistent with the result of AFM image 

and porosity. Excessive GO content can form agglomeration and reduce membrane 

porosity, resulting in a decline in membrane permeability. The phenomenon proved that 

a small amount of doping of GO may significantly enhance the hydrophilicity and 

permeability of the UF membrane. 

 

Fig.2-8. (a) Contact angle, (b) porosities and (c) pure water flux of UF membranes with different 

GO doping amounts, and (d) schematic diagram of water molecules permeating the GO-doped UF 

membrane. 

2.3.3.2 Separation performance of NF membrane 

Fig.2-9(a) shows the cut-off molecular weights of the membranes UF0 and UF005, 
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which can be used to evaluate the pore size changes of the membranes. As mentioned 

in equation (4), the pore radius of membranes NF0 and NF005 were approximately 

0.56nm and 0.66nm, respectively. Compared with the pure NF0 membrane, the 

increased pore size of NF005 was due to the embedding GO in the PES UF membrane. 

The GO embedded in the base membrane connected the base membrane with the 

polyamide layer through cross-linking with PES and PEI, which consumed a part of the 

amine functional groups in PEI monomers. This would reduce the degree of cross-

linking between PEI and TMC to a certain extent, resulting in a relatively loose 

PEI/TMC interfacial polymerization layer. The difference between the radius values of 

NF0 and NF005 was about 0.1 nm, indicating that the effect of ultra-low GO doping 

content has slightly effect om the membrane pore size.  

The surface chargeability of membranes in a range of pH from 5 to 10 are shown 

in Fig.2-9(b). After incorporating a small amount of GO, the negative chargeability of 

UF005 was enhanced compared with pure PES UF membrane, due to the dissociation 

of -COOH in GO nanosheets. The isoelectric point of UF0 and UF005 were 9.17 and 

8.84, respectively, and both membranes exhibited high positive chargeability under the 

conditions in this work (pH≈7). The pure NF0 membrane showed high positive charge 

capacity at pH above the isoelectric point, which was due to the protonation of a large 

amount of unreacted amine groups in PEI monomer. The slightly weak in the positive 

charge of NF005 was due to the crosslink between GO and PEI, which reduced the 

amount of unreacted amine groups. 

In order to evaluate the Mg2+/Li+ separation performance of the NF membrane, a 

simulated solution was used as the feed solution, and the filtration test was performed 

at 3 bar and 25oC. The simulated solution with a concentration of 2 g/L was composed 

of MgCl2 and LiCl, and the Mg2+/Li+ ratio of the simulated solution was maintained at 

20. The difference in permeability and rejection ability of Mg2+ and Li+ of a series of 

NF membranes with different GO doping contents in UF membrane is shown in Fig.2-

9(c). Compared with pure NF0 membrane, the separation performance hardly changed 

with a slightly addition of GO contents in UF membrane from 0.01 wt% to 0.05 wt%, 
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while the flux increased largely from around 5 to 11.15 L/m2hbar. When the embedded 

content of GO was further increased, both the flux and rejection of Mg2+ and Li+ 

declined significantly. Among these membranes prepared in this work, membrane 

NF005 exhibited optimal properties for Mg2+/Li+ separation and permeability 

(R(Mg2+)= 95.14%, R(Li+)=20.93% and F=11.15 L/m2hbar), which was attributed to 

the ultra-low content of GO doping. It has been reported that the synergistic effect of 

steric hindrance effect and Donnan electrostatic repulsion effect determined the 

separation capacity of membrane. Owing to the similar hydraulic radius of Li+(0.382nm) 

and Mg2+(0.428nm), the electrostatic repulsion effect played a dominant role in the 

selective separation of Mg2+ and Li+. The Zeta potential result shows that membrane 

NF005 also exhibited high positive chargeability at pH=7 compared with the pure NF0 

membrane. This can be explained as the ultra-low doping of GO in UF membrane only 

consume a small amount of amine groups, so it had little effect on the positive 

chargeability of the final NF membrane. That was why membrane NF005 have high 

separation performance for Mg2+ and Li+. Compared with the divalent cations Mg2+, 

low valence cations Li+ carries less positive charge. In addition, the hydrate radius of 

Li+ is 0.382 nm, which is relatively smaller than the hydrate radius of Mg2+ (0.428 nm). 

During the filtration process, positive charged UF005 membrane surface showed 

weaker exclusive effect and steric hindrance effect to Li+ than Mg2+, leading to lower 

rejection to Li+. Subsequently, after passing through the positive charged polyamide 

layer, the Li+ would be “attracted” through the UF005 membrane easily. Due to the 

higher negative charged obtained by GO modification, the electrostatic attraction effect 

between Li+ and the UF substrate membrane was enhanced, accelerating the penetration 

of Li+ through substrate membrane into the permeate solution. In short, the doping of a 

small amount of GO can cause changes in the structure and properties of both UF 

substrate membrane and the final NF membrane, which helps to achieve high separation 

performance. 

On the other hand, with the increase of GO content from 0 wt% to 0.05 wt%, the 

large increase in flux about 119% was the result of several factors, including the 
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decreased thickness of polyamide layer, the increased pore size of NF membrane, 

improved hydrophilicity by GO modification, the increased porosity of UF membrane 

and the water channel formed by GO nanosheets. However, as mentioned in above 

results, excess loading content of GO may aggregate and lead to a denser UF membrane 

surface with low porosity, which had a negative impact on permeability. What’s more, 

more GO may consume more amine groups in PEI monomer, leading to a reduction in 

unreacted amine groups and loose cross-linking between PEI and TMC. As a result, 

both flux and separation performance decreased when further increase the GO loading 

content in UF membrane. 

 

Fig.2-9. (a) MWCO of NF0 and NF005 membranes, (b)the Zeta potential of membranes UF0, 

UF005, NF0 and NF005, (c) the Mg/Li separation and flux properties of NF membrane with 

different GO doping contents, and (d) the rejection ability of NF005 for several different inorganic 

salts. 

Fig.2-9(d) presents the separation performance of NF005 to inorganic salts, and 

the rejection ability followed as: MgCl2 > Mg2SO4 > Na2SO4 > NaCl≈LiCl. Due to the 

high positive chargeability of NF005, the electrostatic repulsion effect between 
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membrane and divalent cations (Mg2+) was higher than that between membrane and 

monovalent cation (Li+ and Na+). In addition, the higher rejection of Na2SO4 than NaCl 

and LiCl may be due to the larger radius of SO4
2- (0.379nm) than Cl-(0.332nm), which 

indicated the cooperation of steric hindrance effect and Donnan electrostatic repulsion 

effect. 

2.3.3.3. Stability of NF membrane 

A 7-day long-time cycle filtration test was carried out to evaluate the stability of 

the obtained membrane NF005. Firstly, a 20 h separation test was conducted using the 

simulated solution (2g/L, Mg2+/Li+ mass ratio = 20). After the first 20h filtration, the 

membrane was cleaned and immersed in the deionized water before the next cycle test. 

According to the results in Fig.2-10, in the first 20 hours cycle testing, the Mg2+/Li+ 

separation performance and flux were basically maintained. And both the separation 

performance and flux declined slightly after a 7-day cycle test, indicating the high 

stability of membrane. The GO incorporated in UF membrane acted as a “bridge” 

between UF substrate membrane and polyamide layer, which strengthened the bond 

between the polyamide layer and the UF base membrane. Therefore, even in a long-

term filtration experiment, the polyamide layer was not easily detached from the UF 

base membrane. On the other hand, hydrophilic GO has been proved to enhance the 

anti-fouling property of membrane[41, 43, 57], and carbon nanomaterials GO additive 

can improve the mechanical properties of the membrane[58, 59], which is beneficial to 

improve the stability of final membrane to a certain extent. In summary, it was the 

synergy of structure and surface properties of membrane that provided the final 

membrane excellent stability during the long-time filtration process.  
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Fig.2-10. (a) The first 20 h filtration test of membrane NF005 and (b) 7-day long-time filtration 

test of membrane NF005. 

A separation factor SMg,Li of 1 means that there is no change in the Mg2+/Li+ mass 

ratio before and after separation, indicating that the membrane has no separation effect 

on Mg2+ and Li+. However, when separation factor SMg,Li is less than 1, it reveals that 

the mass ratio of Mg2+/Li+ is reduced and the target Li+ is enriched in the permeate 

solution. Additionally, the smaller the separation factor SMg,Li, the better the separation 

effect of membrane on Mg2+ and Li+. Table 2-4 summarized a series of reported NF 

membrane applied for Mg2+/Li+ separation. It can be seen that, the SMg,Li values of all 

reported membranes in Table 2-4 were less than 0.5, indicating that all of these NF 

membrane had good separation performance for Mg2+ and Li+. The SMg,Li value of  

NF005 membrane prepared in this work was around 0.062, which was less than most 

NF membranes in Table 2-4. The low SMg,Li value of NF005 membrane indicated an 

excellent separation ability for Mg2+ and Li+. Besides, it is surprised that the NF005 

membrane prepared in this study exhibited a highest flux under a low operation pressure 

of 3 bar. During the filtration process, the high flux indicates the high work efficiency 

of membrane. The results demonstrated that a low amount of GO additives in UF 

substrate membrane may greatly improve the flux while maintaining a high separation 

performance of NF membrane during the separation process. In summary, the structure 

and property of substrate membrane may significantly determine the performance of 

final NF membrane, and the conclusion of this work can provide a reference direction 

for NF membrane modification in the future. 
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Table 2-4 Comparison of several reported NF membranes and NF membrane prepared in this 

work. 

Membrane Conditions Separation 

properties 

Flux 

(L/m2hbar) 

Reference 

PAN/DAPP/TMC 3 bar 

2000 mg/L 

Mg2+/Li+ ratio (20) 

SMg,Li=0.384 - [20] 

NF90 3 bar 

2000 mg/L 

Mg2+/Li+ ratio (20) 

SMg,Li=0.476 - [20] 

Polyetherimide/TMC/

BPEI/EDTA 

10 bar 

Mg2+/Li+ ratio (24) 

SMg,Li=0.108 0.6 [21] 

PES/(PIP-PHF)/TMC 6 bar 

2000 mg/L 

Mg2+/Li+ ratio (21.4) 

SMg,Li=0.076 6.7 [60] 

PES/CNC-COOH/ 

PEI/TMC 

8 bar 

2000 mg/L 

Mg2+/Li+ ratio (30) 

SMg,Li=0.082 4.17 [22] 

PES/(CNC-COOH)/ 

PEI/TMC 

8 bar 

2000 mg/L 

Mg2+/Li+ ratio (60) 

SMg,Li=0.171 3.4 [22] 

PES/PEI/TMC 8 bar 

2000 mg/L 

Mg2+/Li+ ratio (20) 

SMg,Li=0.05 5.02 [23] 

DL-2540 20 bar 

Mg2+/Li+ ratio (60) 

SMg,Li=0.35 - [61] 

DK 16 bar 

Mg2+/Li+ ratio 

(18~24) 

SMg,Li=0.34 - [62] 
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(PES-GO)/PEI/TMC 3 bar 

2000 mg/L 

Mg2+/Li+ ratio (20) 

SMg,Li≈0.062 11.15 This work 

2.4 Conclusion 

In this work, we successfully optimized the Mg2+/Li+ separation efficiency of NF 

membrane by doping a small amount of GO additives in the PES UF substrate 

membrane. The polyamide thin layer was formed through polymerization between PEI 

and TMC on the GO-doped UF membrane surface. Several characterization methods 

(SEM, AFM, ATR-FTIR, XPS, etc.) were applied to evaluate and analyze the properties 

of the membrane. 

A large amount of unreacted protonated amine groups (-NH3
+ and -NH2

+) in the 

polyamide layer gave the membrane surface high positive chargeability. The “bridge” 

GO linked with both the O=S=O groups in PES matrix and amine groups -NH2 in PEI 

monomer, which greatly enhanced the interaction between substrate membrane and 

polyamide layer. On the other hand, a small increase of the hydrophilic GO additives 

(from 0 wt% to 0.05 wt%) greatly improved the porosity and permeability of UF 

membrane, and the pore size of final NF membrane was enlarged slightly, and the 

thickness of polyamide layer was decreased slightly, which correspondingly improved 

the flux of the prepared NF membrane during the filtration process. However, a large 

loading amount of GO may aggregate and consume too many amine groups in PEI 

monomer, resulting in reduced separation and permeation capabilities. Under the 

combined effect of the above reasons, the final NF005 membrane exhibited an optimal 

Mg2+/Li+ separation performance and efficiency, the rejection for Mg2+ and Li+ and the 

flux were 95.14%, 20.93%, and 11.15 L/m2hbar, respectively. In addition, the final 

NF005 membrane performed a high stability after a 7-day long-time filtration, which 

may be due to the improved hydrophilicity and mechanical properties by GO 

modification. This work successfully optimized the performance of the NF membrane 

by modifying the substrate membrane with ultra-low content of GO, which provides a 
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reference direction for future NF membrane optimization research. It is obviously that 

the improved flux may greatly accelerate the lithium extraction efficiency of NF 

membrane during the Mg2+/Li+ separation process. The membrane NF005 prepared in 

this work showed excellent separation performance and high permeation flux under a 

low operation pressure, which greatly improved the Mg2+/Li+ separation efficiency and 

reduced energy consumption, indicating that it has application potential in the field of 

lithium extraction. 

Reference 

[1] L. Kavanagh, J. Keohane, G. Garcia Cabellos, A. Lloyd, J. Cleary, Global lithium 

sources—industrial use and future in the electric vehicle industry: a review, Resources, 

7 (2018) 57. 

[2] G. Liu, Z. Zhao, A. Ghahreman, Novel approaches for lithium extraction from salt-

lake brines: A review, Hydrometallurgy, 187 (2019) 81-100. 

[3] Q.-B. Chen, Z.-Y. Ji, J. Liu, Y.-Y. Zhao, S.-Z. Wang, J.-S. Yuan, Development of 

recovering lithium from brines by selective-electrodialysis: Effect of coexisting cations 

on the migration of lithium, Journal of Membrane Science, 548 (2018) 408-420. 

[4] B. Swain, Recovery and recycling of lithium: A review, Separation and Purification 

Technology, 172 (2017) 388-403. 

[5] X. Li, Y. Mo, W. Qing, S. Shao, C.Y. Tang, J. Li, Membrane-based technologies for 

lithium recovery from water lithium resources: A review, Journal of Membrane Science, 

591 (2019) 117317. 

[6] X. Zhao, H. Yang, Y. Wang, Z. Sha, Review on the electrochemical extraction of 

lithium from seawater/brine, Journal of Electroanalytical Chemistry, 850 (2019) 

113389. 

[7] Y. Zhang, L. Wang, W. Sun, Y. Hu, H. Tang, Membrane technologies for Li+/Mg2+ 

separation from salt-lake brines and seawater: A comprehensive review, Journal of 

Industrial and Engineering Chemistry, 81 (2020) 7-23. 

[8] K.T. Tran, T. Van Luong, J.-W. An, D.-J. Kang, M.-J. Kim, T. Tran, Recovery of 



54 

 

magnesium from Uyuni salar brine as high purity magnesium oxalate, Hydrometallurgy, 

138 (2013) 93-99. 

[9] X. Liu, M. Zhong, X. Chen, Z. Zhao, Separating lithium and magnesium in brine 

by aluminum-based materials, Hydrometallurgy, 176 (2018) 73-77. 

[10] Y. Zhang, Y. Hu, L. Wang, W. Sun, Systematic review of lithium extraction from 

salt-lake brines via precipitation approaches, Minerals Engineering, 139 (2019) 105868. 

[11] B. Swain, Separation and purification of lithium by solvent extraction and 

supported liquid membrane, analysis of their mechanism: a review, Journal of Chemical 

Technology & Biotechnology, 91 (2016) 2549-2562. 

[12] S. Chen, D. Gao, X. Yu, Y. Guo, T. Deng, Thermokinetics of lithium extraction 

with the novel extraction systems (tri-isobutyl phosphate + ionic liquid + kerosene), 

The Journal of Chemical Thermodynamics, 123 (2018) 79-85. 

[13] R.E.C. Torrejos, G.M. Nisola, M.J. Park, A.B. Beltran, J.G. Seo, S.-P. Lee, W.-J. 

Chung, Liquid–liquid extraction of Li+using mixed ion carrier system at room 

temperature ionic liquid, Desalination and Water Treatment, 53 (2014) 2774-2781. 

[14] L. Zhang, D. Shi, L. Li, X. Peng, F. Song, H. Rui, Solvent extraction of lithium 

from ammoniacal solution using thenoyltrifluoroacetone and neutral ligands, Journal of 

Molecular Liquids, 274 (2019) 746-751. 

[15] X. Xu, Y. Chen, P. Wan, K. Gasem, K. Wang, T. He, H. Adidharma, M. Fan, 

Extraction of lithium with functionalized lithium ion-sieves, Progress in Materials 

Science, 84 (2016) 276-313. 

[16] F. Xue, B. Wang, M. Chen, C. Yi, S. Ju, W. Xing, Fe3O4-doped lithium ion-sieves 

for lithium adsorption and magnetic separation, Separation and Purification Technology, 

228 (2019) 115750. 

[17] M. Chen, R. Wu, S. Ju, X. Zhang, F. Xue, W. Xing, Improved performance of Al-

doped LiMn2O4 ion-sieves for Li+ adsorption, Microporous and Mesoporous Materials, 

261 (2018) 29-34. 

[18] S. Wang, P. Li, X. Zhang, S. Zheng, Y. Zhang, Selective adsorption of lithium from 

high Mg-containing brines using HxTiO3 ion sieve, Hydrometallurgy, 174 (2017) 21-



55 

 

28. 

[19] G. Liu, Z. Zhao, L. He, Highly selective lithium recovery from high Mg/Li ratio 

brines, Desalination, 474 (2020) 114185. 

[20] X. Li, C. Zhang, S. Zhang, J. Li, B. He, Z. Cui, Preparation and characterization 

of positively charged polyamide composite nanofiltration hollow fiber membrane for 

lithium and magnesium separation, Desalination, 369 (2015) 26-36. 

[21] W. Li, C. Shi, A. Zhou, X. He, Y. Sun, J. Zhang, A positively charged composite 

nanofiltration membrane modified by EDTA for LiCl/MgCl2 separation, Separation and 

Purification Technology, 186 (2017) 233-242. 

[22] C. Guo, N. Li, X. Qian, J. Shi, M. Jing, K. Teng, Z. Xu, Ultra-thin double Janus 

nanofiltration membrane for separation of Li+ and Mg2+: “Drag” effect from carboxyl-

containing negative interlayer, Separation and Purification Technology, 230 (2020) 

115567. 

[23] P. Xu, W. Wang, X. Qian, H. Wang, C. Guo, N. Li, Z. Xu, K. Teng, Z. Wang, 

Positive charged PEI-TMC composite nanofiltration membrane for separation of Li+ 

and Mg2+ from brine with high Mg2+/Li+ ratio, Desalination, 449 (2019) 57-68. 

[24] H.-Z. Zhang, Z.-L. Xu, H. Ding, Y.-J. Tang, Positively charged capillary 

nanofiltration membrane with high rejection for Mg2+ and Ca2+ and good separation for 

Mg2+ and Li+, Desalination, 420 (2017) 158-166. 

[25] J. Lyu, X. Wen, U. Kumar, Y. You, V. Chen, R.K. Joshi, Separation and purification 

using GO and r-GO membranes, RSC Advances, 8 (2018) 23130-23151. 

[26] C. Cheng, G. Jiang, C.J. Garvey, Y. Wang, G.P. Simon, Jefferson Z. Liu, D. Li, Ion 

transport in complex layered graphene-based membranes with tuneable interlayer 

spacing, Science Advances, 2 (2016) e1501272-e1501272. 

[27] P. Zhang, J.-L. Gong, G.-M. Zeng, B. Song, S. Fang, M. Zhang, H.-Y. Liu, S.-Y. 

Huan, P. Peng, Q.-Y. Niu, D.-B. Wang, J. Ye, Enhanced permeability of rGO/S-GO 

layered membranes with tunable inter-structure for effective rejection of salts and dyes, 

Separation and Purification Technology, 220 (2019) 309-319. 

[28] F. Pan, Y. Li, Y. Song, M. Wang, Y. Zhang, H. Yang, H. Wang, Z. Jiang, Graphene 



56 

 

oxide membranes with fixed interlayer distance via dual crosslinkers for efficient liquid 

molecular separations, Journal of Membrane Science, 595 (2020) 117486. 

[29] R.R. Nair, H.A. Wu, P.N. Jayaram, V. Grigorieva, A.K. Geim, Unimpeded 

permeation of water through helium-leak–tight graphene-based membranes, Science, 

335 (2012) 442-444. 

[30] N. Song, X. Gao, Z. Ma, X. Wang, Y. Wei, C. Gao, A review of graphene-based 

separation membrane: Materials, characteristics, preparation and applications, 

Desalination, 437 (2018) 59-72. 

[31] A. Anand, B. Unnikrishnan, J.-Y. Mao, H.-J. Lin, C.-C. Huang, Graphene-based 

nanofiltration membranes for improving salt rejection, water flux and antifouling–A 

review, Desalination, 429 (2018) 119-133. 

[32] M. Shan, H. Kang, Z. Xu, N. Li, M. Jing, Y. Hu, K. Teng, X. Qian, J. Shi, L. Liu, 

Decreased cross-linking in interfacial polymerization and heteromorphic support 

between nanoparticles: Towards high-water and low-solute flux of hybrid forward 

osmosis membrane, J Colloid Interface Sci, 548 (2019) 170-183. 

[33] W. Choi, J. Choi, J. Bang, J.H. Lee, Layer-by-layer assembly of graphene oxide 

nanosheets on polyamide membranes for durable reverse-osmosis applications, ACS 

Appl Mater Interfaces, 5 (2013) 12510-12519. 

[34] Q. Nan, P. Li, B. Cao, Fabrication of positively charged nanofiltration membrane 

via the layer-by-layer assembly of graphene oxide and polyethylenimine for 

desalination, Applied Surface Science, 387 (2016) 521-528. 

[35] J. Yin, G. Zhu, B. Deng, Graphene oxide (GO) enhanced polyamide (PA) thin-film 

nanocomposite (TFN) membrane for water purification, Desalination, 379 (2016) 93-

101. 

[36] J. Wang, C. Zhao, T. Wang, Z. Wu, X. Li, J. Li, Graphene oxide polypiperazine-

amide nanofiltration membrane for improving flux and anti-fouling in water 

purification, RSC Adv., 6 (2016) 82174-82185. 

[37] S. Bano, A. Mahmood, S.-J. Kim, K.-H. Lee, Graphene oxide modified polyamide 

nanofiltration membrane with improved flux and antifouling properties, Journal of 



57 

 

Materials Chemistry A, 3 (2015) 2065-2071. 

[38] T. Wu, B. Zhou, T. Zhu, J. Shi, Z. Xu, C. Hu, J. Wang, Facile and low-cost approach 

towards a PVDF ultrafiltration membrane with enhanced hydrophilicity and antifouling 

performance via graphene oxide/water-bath coagulation, RSC Advances, 5 (2015) 

7880-7889. 

[39] Z. Xu, T. Wu, J. Shi, W. Wang, K. Teng, X. Qian, M. Shan, H. Deng, X. Tian, C. 

Li, F. Li, Manipulating Migration Behavior of Magnetic Graphene Oxide via Magnetic 

Field Induced Casting and Phase Separation toward High-Performance Hybrid 

Ultrafiltration Membranes, ACS Appl Mater Interfaces, 8 (2016) 18418-18429. 

[40] Z. Xu, T. Wu, J. Shi, K. Teng, W. Wang, M. Ma, J. Li, X. Qian, C. Li, J. Fan, 

Photocatalytic antifouling PVDF ultrafiltration membranes based on synergy of 

graphene oxide and TiO2 for water treatment, Journal of Membrane Science, 520 (2016) 

281-293. 

[41] M. Hu, Z. Cui, J. Li, L. Zhang, Y. Mo, D.S. Dlamini, H. Wang, B. He, J. Li, H. 

Matsuyama, Ultra-low graphene oxide loading for water permeability, antifouling and 

antibacterial improvement of polyethersulfone/sulfonated polysulfone ultrafiltration 

membranes, J Colloid Interface Sci, 552 (2019) 319-331. 

[42] N.N. Gumbi, M. Hu, B.B. Mamba, J. Li, E.N. Nxumalo, Macrovoid-free 

PES/SPSf/O-MWCNT ultrafiltration membranes with improved mechanical strength, 

antifouling and antibacterial properties, Journal of Membrane Science, 566 (2018) 288-

300. 

[43] S. Zinadini, A.A. Zinatizadeh, M. Rahimi, V. Vatanpour, H. Zangeneh, Preparation 

of a novel antifouling mixed matrix PES membrane by embedding graphene oxide 

nanoplates, Journal of Membrane Science, 453 (2014) 292-301. 

[44] L. Yu, Y. Zhang, B. Zhang, J. Liu, H. Zhang, C. Song, Preparation and 

characterization of HPEI-GO/PES ultrafiltration membrane with antifouling and 

antibacterial properties, Journal of Membrane Science, 447 (2013) 452-462. 

[45] L. Zhang, Z. Cui, M. Hu, Y. Mo, S. Li, B. He, J. Li, Preparation of PES/SPSf blend 

ultrafiltration membranes with high performance via H2O-induced gelation phase 



58 

 

separation, Journal of Membrane Science, 540 (2017) 136-145. 

[46] G. Zhao, R. Hu, J. Li, H. Zhu, Graphene oxide quantum dots embedded 

polysulfone membranes with enhanced hydrophilicity, permeability and antifouling 

performance, Science China Materials, 62 (2019) 1177-1187. 

[47] G.S. Lai, W.J. Lau, P.S. Goh, A.F. Ismail, N. Yusof, Y.H. Tan, Graphene oxide 

incorporated thin film nanocomposite nanofiltration membrane for enhanced salt 

removal performance, Desalination, 387 (2016) 14-24. 

[48] Y.C. Xu, Z.X. Wang, X.Q. Cheng, Y.C. Xiao, L. Shao, Positively charged 

nanofiltration membranes via economically mussel-substance-simulated co-deposition 

for textile wastewater treatment, Chemical Engineering Journal, 303 (2016) 555-564. 

[49] M. Kumar, Z. Gholamvand, A. Morrissey, K. Nolan, M. Ulbricht, J. Lawler, 

Preparation and characterization of low fouling novel hybrid ultrafiltration membranes 

based on the blends of GO-TiO2 nanocomposite and polysulfone for humic acid 

removal, Journal of Membrane Science, 506 (2016) 38-49. 

[50] S. Aditya Kiran, Y. Lukka Thuyavan, G. Arthanareeswaran, T. Matsuura, A.F. 

Ismail, Impact of graphene oxide embedded polyethersulfone membranes for the 

effective treatment of distillery effluent, Chemical Engineering Journal, 286 (2016) 

528-537. 

[51] A. Abdel-Karim, S. Leaper, M. Alberto, A. Vijayaraghavan, X. Fan, S.M. Holmes, 

E.R. Souaya, M.I. Badawy, P. Gorgojo, High flux and fouling resistant flat sheet 

polyethersulfone membranes incorporated with graphene oxide for ultrafiltration 

applications, Chemical Engineering Journal, 334 (2018) 789-799. 

[52] W. Fang, L. Shi, R. Wang, Mixed polyamide-based composite nanofiltration 

hollow fiber membranes with improved low-pressure water softening capability, 

Journal of Membrane Science, 468 (2014) 52-61. 

[53] N. Meng, R.C.E. Priestley, Y. Zhang, H. Wang, X. Zhang, The effect of reduction 

degree of GO nanosheets on microstructure and performance of PVDF/GO hybrid 

membranes, Journal of Membrane Science, 501 (2016) 169-178. 

[54] C. Zhao, X. Xu, J. Chen, F. Yang, Effect of graphene oxide concentration on the 



59 

 

morphologies and antifouling properties of PVDF ultrafiltration membranes, Journal of 

Environmental Chemical Engineering, 1 (2013) 349-354. 

[55] H.-R. Chae, J. Lee, C.-H. Lee, I.-C. Kim, P.-K. Park, Graphene oxide-embedded 

thin-film composite reverse osmosis membrane with high flux, anti-biofouling, and 

chlorine resistance, Journal of Membrane Science, 483 (2015) 128-135. 

[56] Z. Wang, H. Yu, J. Xia, F. Zhang, F. Li, Y. Xia, Y. Li, Novel GO-blended PVDF 

ultrafiltration membranes, Desalination, 299 (2012) 50-54. 

[57] J. Lee, H.-R. Chae, Y.J. Won, K. Lee, C.-H. Lee, H.H. Lee, I.-C. Kim, J.-m. Lee, 

Graphene oxide nanoplatelets composite membrane with hydrophilic and antifouling 

properties for wastewater treatment, Journal of Membrane Science, 448 (2013) 223-

230. 

[58] M. Ionita, A.M. Pandele, L. Crica, L. Pilan, Improving the thermal and mechanical 

properties of polysulfone by incorporation of graphene oxide, Composites Part B: 

Engineering, 59 (2014) 133-139. 

[59] U.R. Farooqui, A.L. Ahmad, N.A. Hamid, Graphene oxide: A promising 

membrane material for fuel cells, Renewable and Sustainable Energy Reviews, 82 

(2018) 714-733. 

[60] Q. Shen, S.J. Xu, Z.L. Xu, H.Z. Zhang, Z.Q. Dong, Novel thin‐film nanocomposite 

membrane with water‐soluble polyhydroxylated fullerene for the separation of 

Mg2+/Li+ aqueous solution, Journal of Applied Polymer Science, 136 (2019) 48029. 

[61] S.-Y. Sun, L.-J. Cai, X.-Y. Nie, X. Song, J.-G. Yu, Separation of magnesium and 

lithium from brine using a Desal nanofiltration membrane, Journal of Water Process 

Engineering, 7 (2015) 210-217. 

[62] G. YANG, H. SHI, W. LIU, W. XINGN, a. XU, Investigation of Mg2+/Li+ 

Separation by Nanofiltration, Chinese Journal of Chemical Engineering, 19 (2011) 586-

591. 

 

 



 

 

 

 

 
 
 
 
 
 

Chapter 3 
 
Novel aminated graphene quantum dots 
(GQDs-NH2)-engineered nanofiltration 
membrane with high Mg2+/Li+ separation 
efficiency 
 
 

 

 

 

 

 

 

 

 
  



60 

 

3 Novel aminated graphene quantum dots 

(GQDs-NH2)-engineered nanofiltration 

membrane with high Mg2+/Li+ separation 

efficiency 

3.1 Introduction 

In order to further improve the lithium extraction of the membrane, we optimized 

the properties of the nanofiltration (NF) membrane by modify the structure of the 

formed polyamide layer. The NF membranes have outstanding performance for water 

treatment [1-4] due to its specific characteristics [5-7]. To effectively enrich lithium 

from salt-lakes, it is critical to resolving the issue of Mg2+/Li+ separation [8-14].  

The NF membrane has been verified as a feasible method for separating divalent 

Mg2+ and monovalent Li+ [15-17], especially the positively charged NF membranes [5, 

10, 18, 19]. The NF membrane is commonly composed of the base-membrane and 

selective thin layer. The dual-effect of membrane chargeability and structure determines 

the separation capacity of divalent and monovalent ions. Xu et al. fabricated a highly 

positively charged NF membrane on the polyethersulfone (PES) ultrafiltration (UF) 

film surface via interfacial polymerization between polyethyleneimine (PEI) and TMC 

[20]. The final membrane was endowed with a high positive chargeability due to a 

significant amount of protonated -NHn
+ (n=2, 3) and performed outstandingly during 

Mg2+/Li+ separation. Due to the existence of the “trade-off” effect, it is hard to 

simultaneously control both high separation ability and permeability of the NF 

membrane. The low permeation flux of NF membrane may significantly limit its work 

efficiency and practical applications. 

During the synthesis process, carbon-based nano-additives, such as carbon 

nanotube and its derivatives [4, 21-23] as well as graphene oxide (GO) and its 
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derivatives, have been embedded into the membrane to improve the permeation flux of 

membrane [24-27]. After doping with such additives, the final membrane is endowed 

with superior properties of both polymer materials and carbon-based nanomaterials. 

Due to the unique structure and large quantities of oxygen-bearing functional groups 

(e.g., carboxyl, epoxy, and hydroxyl) at the edge of the GO nanosheet, the incorporated 

GO additives can optimize the properties of membrane (e.g., mechanical, antifouling, 

and hydrophilicity). Graphene oxide quantum dots (GQDs) are zero-dimensional 

carbon-based nanomaterial [28] that considered as the GO with small size of 3~20 nm 

[29]. GQDs inherit most of the excellent characteristics of GO, whereas GQDs have an 

edge-volume ratio higher than that of GO nanosheet [30-32]. The smaller size and 

oxygen-bearing functional groups of GQDs make GQDs a better substitute for GO, 

these features have garnered increased interest in GQDs. Bi et al. introduced GQDs into 

the selective thin layer during polymerization between PIP and TMC [33]. Due to the 

presence of GQDs in the selective layer, the flux of the modified NF membrane reached 

6.8 times that of the pure membrane. Similarly, Seyedpoura et al. added GQDs into the 

interfacial polymerization layer formed by 1,3-phenylendiamine (MPD) and TMC [29]. 

They surprisingly found that the antifouling and permeation performance of the final 

composite membranes were significantly improved after GQDs were incorporated into 

the selective layer. The small size endows GQDs with more edges and oxygen-bearing 

functional groups, making it easier to uniformly disperse in the membrane. Therefore, 

the hydrophilicity of the membrane was improved, making it effective to inhibit 

pollutants.  

However, incorporation of GQDs into the polyamide layer will weaken the 

positive charge density of membrane to a certain degree due to the hydrolysis of -COOH 

in GQDs. Recently, researchers have reported some functionalized GQDs (e.g., PEI-

functionalized GQDs, fluorine-functionalized GQDs, and amino-functionalized GQDs 

(GQDs-NH2)) [34-36], which have significantly expanded the application of GQDs in 

various fields. By grafting amine groups (-NH2) at the edge of GQDs, the obtained 

GQDs-NH2 can not only inherit the advantage of GQDs but also carry some amine 
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groups (-NH2). The GQDs-NH2 additives can act as aqueous monomers to introduce 

more -NH2 and -OH groups during interfacial polymerization, thereby improving the 

properties of NF membranes (e.g., morphologies, hydrophilicity, and chargeability). 

Till now, no one has reported the research on Mg2+/Li+ separation using NF membrane 

modified with nano-sized GQDs-NH2. In this study, we embedded GQDs-NH2 into the 

aqueous phase during polymerization to prepare a novel GQDs-NH2 incorporated NF 

membrane with high Mg2+/Li+ separation efficiency. The structure and properties of NF 

membranes with different incorporating content of GQDs-NH2 were analyzed by 

several characterization methods. In addition, the effect of doped GQDs-NH2 on the 

Mg2+/Li+ separation capability, permeation efficiency and antifouling performance of 

the final NF membrane was extensively discussed.  

3.2 Experimental 

3.2.1 Materials and regents 

PES (3000P, 62000 g/mol) was supplied by Solvay Advanced Polymer (Belgium). 

Polyethylene glycol (PEG), N, N-dimethylacetamide (DMAc), PEI, sodium dodecyl 

sulfate (SDS), TMC, n-hexane, NaCO3, NaCl, LiCl, MgCl2, CaCl2, MgSO4, and 

Na2SO4 were all purchased from Wako Pure Chemical Industries Ltd., Japan. GQDs-

NH2 was provided by Nanjing XFNANO Materials Tech. Co. Ltd.  

3.2.2 Formation of GQDs-NH2 modified membranes 

The PES UF substrate film was formed via the phase inversion method [37, 38]. 

The pristine PES base membrane was first immersed in the aqueous solution 

comprising PEI (5 wt%), GQDs-NH2, SDS (0.1 wt%, surfactant) and Na2CO3 (0.1 wt%, 

acid acceptance agent) [20]. After immersion in the aqueous phase solution for 5 min, 

the aqueous solution was removed using a rubber roller. Next, the obtained amine-

saturated membrane was covered by the organic phase solution comprising 0.1% (w/v) 

TMC and n-hexane. After 3 min, the organic solution was removed, and then, the 
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membrane was heat-treated in an oven at 70 °C for 10 min. Finally, the obtained NF 

membranes were stored in deionized water before performance characterization. The 

obtained NF membranes with different incorporating content of GQDs-NH2 (0 wt%, 

0.005 wt%, 0.01 wt%, 0.03 wt%, 0.05 wt%, and 0.1 wt%) were named as NF-0, NF-

0.005, NF-0.01, NF-0.03, NF-0.05, and NF-0.1, respectively. 

3.2.3 Characterization of GQDs-NH2 incorporated NF membrane 

The surface topology and microstructure images of membranes were described 

using the atomic force microscopy (AFM, Shimadzu SPM-9500J3, Japan) and the field 

emission scanning electron microscopy (FESEM, Hitachi S-5000, Japan). The 

characterization of chemical functional groups in membranes was analyzed by fourier-

transform infrared spectroscopy (ATR-FTIR, Shimadzu Co., Ltd., Japan). X-ray 

photoelectron spectroscopy (XPS, AXIS-ULTRA DLD, KRATOS) was used to 

measure element compositions of membranes. The water contact angle (CA, digidrop, 

GBX, Whitestone way, France) was adopted for assessing the impact of GQDs-NH2 

dosage on the hydrophilicity of the NF membrane surface. In addition, the 

electrokinetic analyzer (Sur-PASS TM3 Anton Paar, GmbH, Austria) was applied to test 

the chargeability of membrane surface. Furthermore, the particle size and morphology 

of GQDs-NH2 were captured by the high-resolution transmission electron microscopy 

(HRTEM, JEOL JEM 2010). 

3.2.4 NF performance test for GQDs-NH2 incorporated NF 

membrane 

NF performance was characterized via a cross-flow filtration equipment with an 

effective test area of 12.56 cm2 under a pressure of 3 bar. Each membrane was pre-

performed for 0.5 h at 4 bar to stabilize the flux with the pure water, and then, the 

pressure was adjusted to 3 bar to start the test. Each test was conducted at least five 

times to get an average value. The permeation flux F (L/m2hbar) was calculated using 
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equation (1): 

F =
𝑉

𝑆×𝑇×𝑃
                  (1) 

In which, V (L), S (m2), T (h), and P (bar) denote the permeate volume, effective 

test area, filtration time, and operation pressure during the test process, respectively. 

The rejection R of membrane was evaluated using equation (2): 

R = (1 −
𝐶2

𝐶1
) × %               (2) 

In which, C1 and C2 denote the concentrations of feed and permeation solutions, 

respectively. The molecular weight cut-off (MWCO) of membrane was evaluated by 

filtering 50 mg/L PEG aqueous with various molecular weight. The total organic carbon 

analyzer (TOC-VCSH; Shimadzu Co., Kyoto, Japan) was used to measure the 

concentration of PEG in feed and permeate solution. The MWCO of membrane was 

denoted as the molecular weight of PEG with a rejection for 90%. The pore radius of 

membrane can be calculated using equation (3) [39]: 

𝑟 = 0.0397𝑀𝑊𝐶𝑂0.43                                            (3) 

Additionally, the separation performance of the NF membrane for Mg2+ and Li+ 

was evaluated by a separation factor SF, which can be calculated using equation (4): 

SF =
𝑅𝑀𝑔/𝐿𝑖
2

𝑅𝑀𝑔/𝐿𝑖
1                        (4) 

In which, R1 
Mg/Li and R2 

Mg/Li denote the Mg2+/Li+ in the feed and permeation solution, 

respectively. The feed solution (2g/L) is a mixed solution comprising MgCl2 and LiCl, 

in which the initial value of Mg2+/Li+ is 20. 

To evaluate the anti-fouling ability of membranes, the membrane was first tested 

for 12 h with the pure water to obtain the stable flux F1. The simulated BSA fouling 

solution (0.1g/L) was then filtered through the membrane for 12 h. Finally, the 

membrane was washed for 1 h with pure water and filtered for another 12h with pure 

water to get the stable flux F2. The flux recovery rate FRR after cleaning was calculated 

as follows: 

FRR =
𝐹2

𝐹1
× 100%               (5) 
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stretching vibration of both -OH and residual -NH2 [21, 40]. The findings can be 

explained as the high molecular weight PEI monomers carry a significant number of 

amine groups -NH2. The unreacted-NH2 will remain on the polyamide thin layer after 

interfacial polymerization [19, 41]. Compared to the pure NF-0 membrane, the GQDs-

NH2 incorporated NF membrane showed a stronger peak at 3182 ~ 3854 cm-1. The 

doped GQDs-NH2 monomers introduce a large amount of -OH and -NH2 into the 

interfacial polymerization system, resulting in more unreacted -OH and -NH2 

remaining in the thin polyamide layer. Similarly, a new peak at 2918 cm-1 consistent 

with NHn
+ (n=2, 3) appeared on each NF membrane spectrum, and the peak intensity 

of GQDs-NH2 incorporated NF membrane was higher than that of the pure NF-0 

membrane. According to Fig.3-1(d), the typical amide stretching vibration bands at 

1608 ~ 1756 cm-1 (C=O, amide-Ⅰ) and 1512 ~ 1544 cm-1 (N-H, amide-Ⅱ) appeared on 

each NF membrane, which confirms the success of polymerization and formation of the 

thin polyamide layer [42, 43]. Note that in each GQDs-NH2 incorporated NF membrane, 

the stretching vibration intensity of amide groups was significantly higher than that in 

the pure NF-0 membrane, which reflected the polymerization among PEI, GQDs-NH2, 

and TMC. The -OH and -NH2 groups in the monomer GQDs-NH2 can react with TMC 

during interfacial polymerization. 

Fig.3-2 and Table 3-1 show the deconvolution results of C1s and N1s XPS spectra 

of NF membranes with different GQDs-NH2 embedding contents, which can be used 

to further measure and analyze the effect of GQDs-NH2 dosage on the chemical 

structure of NF membranes. The C1s spectra can be divided into five statuses, including 

C-C, C-N, C-O, N-C=O, and O-C=O, which are located at about 284.5, 285.7, 286.3, 

287.8, and 288.5 eV, respectively. According to the results, with the increase of GQDs-

NH2 embedding content from 0% to 0.03%, the percent of N-C=O and O-C=O changed 

significantly from 9.15% to 12.58% and from 3.18% to 2.13%, respectively. However, 

with a further addition of GQDs-NH2 content from 0.03% to 0.1%, the percent of N-

C=O and O-C=O slightly changed from 12.58% to 12.11% and from 2.13% to 2.48%, 

respectively. 
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The N-C=O and O-C=O mainly originated from amide -CONH- and carboxyl -

COOH hydrolyzed by acid chloride -COCl, respectively. -NH2 at the edge of nano-sized 

GQDs-NH2 can polymerize with acid chloride -COCl in TMC monomers during 

interfacial polymerization [36], producing more amide -CONH-. Moreover, the higher 

the GQDs-NH2 content, the more the acid chloride -COCl in TMC will be consumed, 

resulting in less -COOH in the polyamide layer [43]. Compared to the pure NF-0 

membrane, the GQDs-NH2 incorporated NF membrane had a higher ratio value of N-

C=O/O-C=O, indicating the enhanced crosslinking degree between GQDs-NH2 and 

TMC. GQDs-NH2 monomer participated in the polymerization process, strengthening 

the interaction of PEI/ GQDs-NH2/TMC and stabilizing the distribution of GQDs-NH2 

in the thin polyamide layer. However, with a high GQDs-NH2 content of more than 

0.03%, the ratio value of N-C=O/O-C=O slightly decreased. For high incorporating 

content, GQDs-NH2 may unevenly distribute and aggregate in the membrane surface, 

causing lower interaction among PEI, GQDs-NH2, and TMC. 
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thin polyamide layer, leading to more protonated -NHn
+ (n=2, 3) on the membrane 

surface. In summary, a suitable incorporation content of GQDs-NH2 in the thin 

polyamide layer may promote the crosslinking of PEI/GQDs-NH2/TMC and establish 

a stable interaction between GQDs-NH2 and polyamide layer. 

Table 3-1 XPS results originated from C1s and N1s spectra. 

Membrane  C 1s  N 1s 

 Species Percent (%)  Species Percent (%) 

NF-0 

 

 

 C-C 55.55  C-N 55.34 

 C-N 22.31  O-C=N 28.3 

 C-O 9.8  NHn+ 16.35 

 N-C=O 9.15    

 O-C=O 3.18    

NF-0.03 

 

 

 C-C 46.46  C-N 45.27 

 C-N 23.23  O-C=N 35.18 

 C-O 12.41  NHn+ 19.55 

 N-C=O 15.58    

 O-C=O 2.31    

NF-0.1 

 

 

 C-C 47.01  C-N 46.72 

 C-N 24.52  O-C=N 34.75 

 C-O 13.87  NHn+ 18.52 

 N-C=O 12.11    

 O-C=O 2.48    

3.3.2 Morphology structure characterization of membrane 

FESEM and AFM analysis characterized the effect of embedded GQDs-NH2 on 

the morphology structure of the NF membrane. As shown in Fig.3-3, due to the 

polymerization between high molecular weight monomer PEI and TMC, typical valley-

ridge like wrinkle structures appeared on the surface of pure NF-0 membrane. Due to 

the crosslinking between GQDs-NH2 and TMC, we found that many small valley-
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ridges were filled in the large valley-ridge wrinkle structure after the incorporation of 

the nano-sized monomer GQDs-NH2. As stated in the chemical structure 

characterization section, the incorporated GQDs-NH2 can promote crosslinking and 

interaction among PEI, GQDs-NH2, and TMC. Compared to the highly branched 

macromolecules PEI, the nano-sized GQDs-NH2 monomers with excellent water 

solubility can evenly distribute in the aqueous phase and can quickly react with TMC 

monomer to form the small valley-ridge structures. Furthermore, Figs.5(c1) and 5(c2) 

show that, with a high incorporation content of GQDs-NH2, a few nodular structures 

appeared on the NF membrane surface, which can be illustrated by the agglomeration 

of excessive GQDs-NH2 monomers [44].  

As shown in Fig.3-3, all NF membranes shared a thin polyamide layer of less than 

100 nm. The polymerization process between TMC and PEI was not severe as that 

between TMC and other small monomers due to the high-branched macromolecules of 

PEI, which led to a relatively thin polyamide layer compared to that obtained from other 

reported interfacial polymerization systems (e.g., PIP/TMC and MPD/TMC) [5, 21, 45]. 

The thickness of polyamide layer decreased slightly with the incorporation of GQDs-

NH2. To some extent, in the presence of GQDs-NH2 on the surface of membrane, the 

steric hindrance may occur between GQDs-NH2 and PEI, which will hinder the 

distribution of the PEI. On the other hand, the electrostatic repulsion effect between the 

cationic amine groups -NH2 in monomer GQDs-NH2 and PEI may also hinder the 

diffusion of PEI monomer and retard the polymerization between PEI and TMC, 

resulting in a thinner polyamide layer [35, 36]. However, the effect of GQDs-NH2 on 

the thickness of polyamide layer was relatively low due to the nano size of GQDs-NH2. 

In addition, a thin polyamide layer is considered to have lower transmission resistance 

during filtration, which helps to improve the permeation flux of membrane. 
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site of pollutants on the membrane surface, so that the final NF composite membrane 

can be endowed with a higher antifouling capacity [31, 48, 49]. 

Table 3-2 Roughness values of PES substrate membrane and NF membranes incorporated with 

different content of GQDs-NH2  

Membrane Ra (nm) Rms (nm) 

PES 14.08 17.85 

NF-0 17.13 21.52 

NF-0.005 11.04 14.17 

NF-0.01 9.52 11.92 

NF-0.03 8.79 11.02 

NF-0.05 9.94 12.54 

NF-0.07 10.28 12.77 

NF-0.1 10.69 13.42 

 

3.3.3 Permeation characterization of membranes 

Fig. 3-6(a-b) shows the surface hydrophilicity results of the PES substrate 

membrane and NF membranes, which were characterized by the CA tests. The PES 

substrate membrane has a contact angle of 73o. After interfacial polymerization, the 

contact angle of pure NF0 membrane significantly reduced to 55.9o due to the higher 

hydrophilicity of membrane surface. Hydrophilic amine and carboxyl groups on the 

membrane surface enhanced the hydrophilicity of the NF membrane. Moreover, Fig.3-

6 shows that after the incorporation of GQDs-NH2, the contact angle of the obtained 

NF membrane gradually decreased to 15.7o with the increase of GQDs-NH2 content 

from 0 wt% to 0.1 wt%, which is much lower than that of the pure NF-0 membrane. 

The more GQDs-NH2 incorporated in the polyamide layer, the more hydrophilic amine 

and hydroxyl groups will be introduced in the polyamide layer [36, 43], resulting in a 

more hydrophilic membrane surface. The improved hydrophilicity of the NF membrane 

helps increase the permeation flux of the membrane during filtration. The hydrated 
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layer formed on the hydrophilic NF membrane surface, is therefore, effective for 

inhibiting the adsorption and aggregation of pollutants, thereby stabilizing the NF 

performance of the membrane. 

 

Fig. 3-5 MWCO of membrane NF-0, NF-0.03 and NF-0.1. 

Fig.3-6 (c) shows the permeation flux of each NF membrane fabricated in this 

work. The results show that, with the increase of GQDs-NH2 incorporation content in 

the polyamide layer from 0 wt% to 0.1 wt%, the permeation flux of the corresponding 

NF membrane was accordingly increased from 5.02 to 14.01 L/m2hbar. After the 

incorporation of GQDs-NH2, the improved hydrophilicity of the polyamide layer 

enhanced the water permeability of the final NF membrane. On the other hand, Fig. 3-

5 shows the MWCO of membranes NF-0, NF-0.03, and NF-0.1, which can be applied 

to evaluate the changes in membrane pore size before and after GQDs-NH2.embedding. 

According to Eq. (3), the pore radius of NF-0, NF-0.03, and NF-0.1 were approximately 

0.558nm, 0.591nm, and 0.638nm, respectively, which demonstrated the slightly 

increased pore size of membrane after GQDs-NH2 embedding. Based on the above 

discussion of the morphological structure of membranes, the incorporated GQDs-NH2 

can promote the formation of a relatively looser polyamide layer with thinner thickness, 

reducing the transport resistance during filtration. Fig.3-7 (e-f) show the distribution of 
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range of 5~10, which were tested via the streaming potential method. The results show 

that the negatively charged PES substrate membrane has an isoelectric point lower than 

pH=5, while membrane NF0 showed an isoelectric point of pH=8.8. A positively 

charged polyamide layer was formed on the substrate membrane after interfacial 

polymerization between PEI and TMC on the surface of the PES substrate membrane. 

When the pH value in the solution is below the isoelectric point, the membrane surface 

is positively charged due to the protonation of the unreacted amine groups in PEI [51, 

52]. Moreover, the membrane surface will exhibit negative chargeability when the pH 

value in the solution is higher than the isoelectric point, which is due to the deprotonated 

carboxyl groups hydrolyzed from unreacted acyl chloride groups in TMC [53]. In 

addition, it can be found that, after the incorporation of GQDs-NH2 in the polyamide 

layer, the isoelectric point values of membranes NF-0.03 and NF-0.1 were slightly 

higher than that of the pure NF0 membrane. Besides, the isoelectric point values of 

membrane NF-0.1 was slightly higher than that of NF-0.03, which is corresponding 

with the deconvolution result of N1s XPS spectra. As discussed in the section of 

chemical structure characterization of the membrane, the incorporated GQDs-NH2 

during interfacial polymerization may introduce more -NH2 into the polyamide layer 

and consume more acyl chloride groups in TMC, thereby leading to higher positive 

chargeability of the final NF membrane. In summary, the GQDs-NH2 incorporated 

membrane NF-0.03 showed high positive chargeability in the feed solution used in this 

work (pH≈7). 

Fig.3-8(b-c) illustrate the Mg2+/Li+ separation performance of the GQDs-NH2 

incorporated NF membrane. The separation performance of the NF membrane for Mg2+ 

and Li+ can be evaluated by the separation factor SF. An SF value of less than 1 

indicates that the NF membrane achieves separation of Mg2+ and Li+ to a certain extent. 

The smaller the SF value, the better the Mg2+/Li+ separation ability of the NF membrane. 

The SF value of each NF membrane prepared in this work was less than 0.15, indicating 

that Mg2+ and Li+ can be effectively separate by these NF membranes. When the 

incorporation content of GQDs-NH2 increased from 0 wt% to 0.03 wt%, the value of 
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SF of the NF membrane decreased from 0.05 to 0.0359, and the mass ratio of Mg2+/Li+ 

in the permeation solution decreased from 1.3 to 0.7. The results indicate that the 

Mg2+/Li+ separation ability of the NF membrane improved with the increase in GQDs-

NH2 content in the membrane. However, with further addition of the GQDs-NH2 

content to 0.1 wt%, the SF value increased significantly to 0.13, and the Mg2+/Li+ in 

the permeation solution increased to 2.65. According to the results, membrane NF-0.03 

had the lowest SF value of 0.0359, and the rejections of NF-0.03 for Mg2+ and Li+ were 

97.16 % and 20.02%, respectively. In addition, after the filtration test using membrane 

NF-0.03, the Mg2+/Li+ significantly decreased from an initial 20 to 0.7.  

Monovalent cations Li+ carry less positive charge than divalent cations Mg2+, and 

the hydraulic radius of Li+(0.382 nm) is slightly smaller than Mg2+(0.428 nm). During 

separation, Mg2+ faces stronger electrostatic repulsion and steric hindrance from the 

positive charged NF membrane, thereby leading to higher rejection for Mg2+ than Li+. 

According to the results shown in Fig.3-8(a), after the incorporation of GQDs-NH2 in 

the polyamide layer, the positive chargeability of the membrane NF-0.03 was higher 

than that of the pure NF-0 membrane under the conditions of this work (pH≈7). Due to 

the higher positive chargeability of membrane NF-0.03, the electrostatic repulsion 

between Mg2+ and membrane NF-0.03 will be enhanced, resulting in a higher rejection 

for divalent cations Mg2+ [36]. However, as mentioned in the section of chemical 

structure characterization, the high content of doped GQDs-NH2 will form nano-

agglomerates and result in a slightly looser polyamide layer. Thereby, the transmission 

resistance will be reduced, resulting in a reduction in the rejection of both Mg2+ and Li+. 

In summary, the membrane NF-0.03 exhibited an excellent Mg2+/Li+ separation ability 

and a high permeation flux under an optimal GQDs-NH2 incorporation content of 0.03 

wt%. 
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excellently for removing MgCl2 and CaCl2, which is also promising for of water-

softening applications. 

3.3.5 Stability and antifouling characterization of membrane 

Fig. 3-9(a) shows that during the continuous filtration of the feed solution for 24 

h using the membrane NF-0.03, the permeation flux and the rejection of Mg2+ and Li+ 

were well maintained, reflecting the stable performance of the membrane NF-0.03. 

Fouling is a fatal and unavoidable problem during filtration, which can greatly decrease 

the separation performance of NF membranes [7]. In this work, we adopted BSA 

(0.1g/L) as a simulated pollutant to evaluate the anti-fouling property of NF membranes. 

Fig. 3-9(b) shows the water flux of NF membranes before and after the fouling process. 

After the fouling process, the water flux F2 of each NF membrane was lower than the 

initial water flux F1. The FRR values of membranes NF-0 and NF-0.03 were 69% and 

85.6%, respectively, which were calculated using Eq. (4). The results indicated that the 

incorporated GQDs-NH2 in the polyamide layer could improve the anti-fouling 

property of the final NF membrane. As shown in Fig .7, due to the introduction of 

GQDs-NH2, the hydrophilicity of the final NF membrane can be significantly improved. 

The hydrated layer will be formed on the hydrophilic NF membrane surface during 

filtration, which is sufficient for inhibiting the adsorption and aggregation of pollutants, 

thereby stabilizing the separation performance of the NF membrane [36]. On the other 

hand, according to the AFM results, after the incorporation of the nano-sized GQDs-

NH2 in the polyamide layer, the roughness value of the final NF membrane was slightly 

lower than that of the pure NF0 membrane. The smoother the surface of the NF 

membrane, the fewer the adhesion site of pollutants on the membrane surface [33]. In 

summary, the incorporated GQDs-NH2 endowed the NF membrane with a smoother 

surface and higher hydrophilicity, thereby improving the anti-fouling ability and 

stability of the NF membrane. 





82 

 

NF90 commercial membrane Mg2+/Li+=20 

2000ppm (3 bar) 

SF = 0.476 - [19] 

DAPP/TMC Mg2+/Li+=20 

2000ppm (3 bar) 

SF = 0.384 - [19] 

TMC/BPEI/EDTA Mg2+/Li+=24 

2000ppm (4 bar) 

SF = 0.108 0.6 [18] 

PIP-MWCNTs/PEI/TMC Mg2+/Li+=21.4 

2000ppm (4 bar) 

SF = 0.06 8.5 [21] 

PES/(PIP-PHF)/TMC Mg2+/Li+=21.4 

2000ppm (6 bar) 

SF =0.076 6.7 [56] 

PEI/TMC Mg2+/Li+=20 

2000ppm (8 bar) 

SF =0.05 5.02 [20] 

CNC-COOH/ PEI/TMC Mg2+/Li+=30 

2000ppm (8 bar) 

SF = 0.082 4.17 [53] 

CNC-COOH/ PEI/TMC Mg2+/Li+=60 

2000ppm (8 bar) 

SF = 0.171 3.4 [53] 

PES-GO/PEI/TMC Mg2+/Li+=20 

2000ppm (3 bar) 

SF = 0.062 11.15 [5] 

PEI/GQDs-NH2/TMC Mg2+/Li+=20 

2000ppm (3 bar) 

SF = 0.0359 11.94 This 

work 

3.4 Conclusion 

Till now, it is still challenging to achieve both high separation ability and high flux, 

which is the bottleneck of the industrial application of NF membrane for lithium 

extraction. In this work, a novel high positively charged NF membrane containing 

GQDs-NH2 was synthesized by interfacial polymerization on the PSE base membrane. 

Due to the multi-effect caused by GQDs-NH2, the final obtained NF membranes 

were endowed with thinner and smoother polyamide layer, enhanced positively 

chargeability and improved hydrophilicity, and shorter path water channel formed 
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between GQDs-NH2 monomers and polyamide layer. Membrane NF-0.03 with a 

GQDs-NH2 content of 0.03 wt% performed best for separating Mg2+/Li+ among all NF 

membranes fabricated in this work. After filtering the feed solution using membrane 

NF-0.03, the mass ratio of Mg2+/Li+ decreased from an initial 20 to 0.7, and rejections 

of membrane for Mg2+ and Li+ were 97.16 % and 20.02%, respectively. Note that the 

permeation flux of membrane NF-0.03 improved to 11.94 L/m2hbar, which was 137.8 % 

more than that of pure NF-0 membrane. The improved permeation flux of membrane 

can significantly accelerate the Mg2+/Li+ separation process and improve the efficiency 

of lithium extraction. Additionally, the improved hydrophilicity and smoother surface 

endowed membrane NF-0.03 with higher anti-fouling performance, allowing it to work 

stably for a long time in practical applications. In summary, the membrane NF-0.03 

incorporated with GQDs-NH2 is effective for enrich and extract lithium from salt-lake 

brines with a high mass ratio of Mg2+/Li+.  
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4 MWCNTs-COOK-assisted high positively 

charged composite membrane: Accelerating 

Li+ enrichment and Mg2+ removal 

4.1 Introduction  

Effectively separate Li+ and the co-exist Mg2+ is critical for enriching and 

extracting high purity lithium products from salt-lake brines[1-12]. The synthesis effect 

of steric hindrance and Donnan exclusion make Nanofiltration (NF) membrane a 

promising approach for enriching high purity Li+ [13-19]. In addition, for separating 

Li+ and Mg2+, the NF membrane with a positively charged surface is a better choice 

than the commonly applied negatively charged NF membrane [20-24]. Various 

previously reports verified the perm-selectivity of positively charged membrane for Li+ 

and Mg2+ in brines. However, these membranes still face the low flux difficulty, which 

is a fatal problem that can cause low work efficiency during separation process.  

Great efforts have been made to enhance the permeate flux of composite 

membranes. Nano-additives, such as TiO2 [25-27], graphene oxide [28-31], and carbon 

nanotubes (CNTs) [32-36], have emerged as a promising alternative to enhance the 

water flux of membranes. Shen et al. embedded the water-soluble polyhydroxylated 

fullerene (PHF) into the NF membrane surface during interfacial polymerization [37]. 

They found that the additive PHF endowed the NF membrane with an enhanced flux 

and anti-fouling ability when separating Li+ and Mg2+. Zhang et al. grafted piperazine 

on hydroxyl-functionalized multi-wall CNTs and embedded it as an additive during NF 

membrane fabrication [38]. The resultant NF membrane showed an improved flux of 

8.5 L/m2hbar, and the separation factor was 16.46. Recently, Yang et al. coated single-

walled CNTs on the microfiltration substrate, followed by interfacial polymerization 

and PEI grafting [39]. They surprisingly found that the prepared positively charged NF 
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membrane with dual-layer exhibited simultaneously improved flux and separation 

factor of 12 L/m2hbar and 33.4, respectively. 

Among these commonly applied nano-additives, the nanomaterial CNTs have 

special smooth cylindrical nanostructure, large specific surface area, high biocidal and 

antioxidant ability, and high thermal and mechanical characteristics [40-45], which 

make it attractive in membrane optimization. In addition, the hollow structure of CNTs 

and inter-gaps between CNTs and polymer matrix can provide more nano-channels for 

water to pass through the membrane, which can greatly enhance the permeate flux of 

the membrane. However, CNTs tend to cluster and cannot be evenly dispersed in 

commonly used solvent before functionalization. Commonly, CNTs are functionalized 

by oxidation to “grow” hydrophilic functional groups on CNTs, thereby endowing 

CNTs with higher water solubility [46-51]. However, during the oxidation process, a 

large amount of acid solutions (e.g., H2SO4 and HNO3) will be consumed, which does 

not conform to the advocated environmental protection concept. In this work, we 

proposed an easy-to-operate and environmentally friendly functionalization method to 

synthesize a new class of potassium carboxylate functionalized multi-wall CNTs 

(MWCNTs-COOK) with high hydrophilicity. Compared to the MWCNTs-COOH, -

COOK on MWCNTs-COOK surface is more easily ionize in water. Besides, the 

charged -COOK makes MWCNTs-COOK repel from each other. Therefore, 

MWCNTs-COOK exhibits higher water solubility and can be more uniformly dispersed 

in water, which makes them promising materials for optimizing membrane properties. 

 Further improving the separation efficiency of the NF membrane for Li+ and 

Mg2+, especially the permeate flux during filtration, is essential for accelerating the 

lithium extraction process. Herein, we designed a new class of positively charged NF 

membrane with high permeate flux for effectively enriching Li+ and separating Mg2+. 

The prepared MWCNTs-COOK were synthesized as nano-additives to regulate the 

interfacial polymerization process between PEI and TMC on the ultrafiltration substrate, 

thereby fine-tuning the microstructure and optimizing the performance of the final NF 

membrane. How the MWCNTs-COOK nano-additives improve the Li+/Mg2+ 
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separation efficiency of NF membrane was comprehensively investigated and evaluated 

from multiple aspects (e.g., morphology, structure, surface properties, and rejection 

ability) by using various characterization methods. 

4.2 Experiments 

4.2.1 Regents and materials 

Polyethersulfone (PES, 62000 g/mol) was applied as the polymer of ultrafiltration 

substrate and was purchased from Solvay Advanced Polymer (Belgium). MWCNTs 

(10-20nm in diameter, 0.5-2µm in length) were supplied by Nanjing XFNANO 

Materials Tech. Co. Ltd. Polyethylene glycol (PEG), n-hexane, N, N-

dimethylacetamide (DMAc), PEI, sodium dodecyl sulfate (SDS), TMC, potassium 

persulfate (K2S2O8), KOH, NaCO3, LiCl, and MgCl2 were all purchased from Wako 

Pure Chemical Industries Ltd., Japan. 

4.2.2 Synthesis of MWCNTs-COOK 

First, we pre-dispersed 40mg pristine MWCNTs powder in 50ml deionized water 

by probe-sonication at room temperature for 10 min. Next, 0.45g K2S2O8 and 50ml 

KOH solution (1 wt%) were added into the solution, and then strongly stirred at 80 ℃ 

for 3 h. After that, the mixture was diluted with deionized water and dispersed with 

probe-sonication, and then centrifuged at 3000 rmp for 20min to eliminate residues. 

Finally, the potassium carboxylate functionalized MWCNTs-COOK powder was 

collected via filtering the supernatant though the membrane (47 mm/0.2µm) and dried 

at 50 ℃ for 24h. 

4.2.3 Preparation of MWCNTs-COOK doped NF membrane 

The PES ultrafiltration substrate was fabricated through the commonly utilized 

method non-solvent phase inversion [52, 53]. PES (18%) and PEG (10%) were 
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dispersed in DMAc and stirred at 50 °C for 6 h to obtain a homogeneous casting 

solution. After full degassing, the casting solution was cast on a clean glass plate using 

a casting knife with a gap height of 200 μm and immediately immersed into the pure 

water bath to form the primary membranes. The obtained PES ultrafiltration membrane 

presented a pore size around 30nm, a porosity of 69.11%, and a permeate flux of 210.19 

L/m2hbar.  

The polyamide layer of the composite membrane was formed through the 

interfacial polymerization process. The aqueous solution was composed of 0.5 wt% PEI, 

0.1 wt% surfactant SDS, 0.1 wt% NaCO3, and nano-additives MWCNTs-COOK with 

different content. The aqueous phase solution involved MWCNTs-COOK was poured 

on the PES substrate surface. After 5 min, the excess solution was removed. Followed 

by immersing the membrane surface in the organic phase solution (0.1 w/v% TMC in 

n-hexane) for 3 min to let the polymerization occur. Next, the membrane was cured at 

70 ℃ for 10 min. Finally, the obtained membranes were washed and immersed in the 

deionized water before utilizing. The obtained NF membranes doped with MWCNTs-

COOK concentration of 0ppm, 30ppm, 100ppm,150ppm, 300ppm, and 1000ppm were 

named NF1, NF2, NF3, NF4, NF5, and NF6, respectively. 

4.2.4 Membrane characterization  

The field emission scanning electron microscopy (FESEM, Hitachi S-5000, Japan) 

and atomic force microscopy (AFM, Shimadzu SPM-9500 J3, Japan) were adopted to 

visualize the morphologies and topography and evaluate the roughness of obtained 

membranes surface. The Fourier-transform infrared spectroscopy (FTIR, Shimadzu Co., 

Ltd., Japan) and X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD, 

KRATOS) were applied to observe and examine functional groups and chemical 

composition of the synthesized MWCNTs-COOK and membranes. The effect of 

MWCNTs-COOK dosage on the NF membrane hydrophilicities was evaluated using 

the contact angle (CA, digidrop, GBX, Whitestone way, France). The CA test of each 

sample was conducted more than 5 times to minimize the error. The chargeability of 
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membrane surface was assessed by the electrokinetic analyzer (Sur-PASS TM3 Anton 

Paar, GmbH, Austria). The spectra of MWCNTs before and after potassium carboxylate 

functionalization was estimated by the Raman spectroscope (Kaiser Optical Systems, 

Inc.). 

4.2.5 NF performance test of membrane 

The separation performance of the obtained NF membranes was evaluated using a 

cross-flow filtration system with an effective test area of 12.56 cm2 at 25℃. A 2000 

ppm mixture consists of MgCl2 and LiCl was applied as the simulated brine to measure 

the separation performance of the prepared NF membranes. And the mass ratio of 

Mg2+/Li+ in the simulated brine was 20. Each membrane sample was pre-filtered at 4 

bar for 1 h with deionized water to obtain the stabilize permeate flux. Then adjusting 

the operating pressure to 3 bar to start the filtration testing. The water permeability of 

NF membranes was assessed by the flux F (L/m2hbar) during filtration, which can be 

calculated by the following Eq.(1): 

𝐹 =
𝑉

𝐴×𝑇×𝑃
                                                     (1) 

In which, the V (L), A (m2), T (h), and P (bar) refer to volume of permeate, 

membrane area, time and operation pressure during filtration test, respectively. The 

separation ability of NF membranes for ions was evaluated by the rejection rate R (%), 

which can be calculated by Eq.(2): 

𝑅 = (1 −
𝐶2

𝐶1
) × 100%                                            (2) 

In which, C1 (ppm) and C2 (ppm) refer to the ion concentration in feed and 

permeate solutions, respectively. The concentration of ions in solution was evaluated 

by the inductively coupled plasma optical emission spectroscopy (ICPOES,10000IV, 

Shimadzu, Japan). The separation ability of NF membrane for Li+ and Mg2+ was 

evaluated by the separation factor SLi,Mg, which was calculated by the following Eq.(3): 

𝑆𝐿𝑖,𝑀𝑔 =
𝐶1,𝑀𝑔 𝐶1,𝐿𝑖⁄

𝐶2,𝑀𝑔 𝐶2,𝐿𝑖⁄
                                               (3) 

 In which, the C1,Mg (ppm) and C2,Mg (ppm) refer to the concentration of Mg2+ in 
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feed and permeate solutions, respectively. Similarly, C1,Li (ppm) and C2,Li (ppm) 

represent the concentrations of Li+ in the permeate solution and feed solution, 

respectively. The molecular weight cut-off (MWCO) of NF membranes was evaluated 

by a filtration test using 50 mg/L PEG aqueous with different molecular weights. The 

MWCO value of the NF membrane was considered as the minimum molecular weight 

of PEG that shares a rejection of 90% [14, 23]. The concentration of PEG in aqueous 

solution was quantified using the total organic carbon analyzer (TOCVCSH; Shimadzu 

Co., Kyoto, Japan). 

4.3 Results and discussion 

4.3.1 Characterization of MWCNTs-COOK 

The Raman spectroscopy was applied to evaluate the structural integrity of the 

MWCNTs before and after potassium carboxylate functionalization. As shown in Fig.4-

1(a), there are two distinct peaks at 1351cm-1 and 1583cm-1 on each spectrum, which 

were related to the disorder mode (D band) and tangential mode (G band), respectively. 

The intensity ratio of D band/ G band (ID/IG) is commonly considered to be related to 

the disorder degree of the MWCNTs and the amount of sp2-hybridized carbons [54, 55]. 

The result showed that the ID/IG value of MWCNTs increased from an initial 0.89 to 

1.25 after functionalization, which verified the success of confirmed the successful 

introduction of functional groups on the MWCNT surface. The chemical composition 

changes of MWCNTs before and after modification was further evaluated by the XPS 

spectra. As illustrated in Fig.4-1(b), after oxidation, new peaks located at 292.8 eV, 

377.5 eV, and 531.5eV can be deserved on the spectrum of MWCNTs-COOK, which 

corresponded to K2s, K2p, and O1s, respectively. The C1s of MWCNTs-COOK 

consists of three carbon statues of C-C, C-O, and O-C=O. And the O1s spectrum of 

MWCNTs-COOK consists of two main oxygen status of O-C=O and C-O. These 

results revealed the success grafting of functional groups -COOK and -OH on the 

MWCNTs, which would lead to the high solubility of the obtained MWCNTs-COOK. 
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divided into three species of C-N, N-C=O, and -NHn
+ located around 398.8, 399.8, and 

401.1 eV, respectively. Among these N species, -NHn
+ was originated from the residual 

amine groups on the membrane. According to the deconvolution results in Fig.4-4 and 

Table 4-1, a slight decrease of -NHn
+ content can be observed when gradually increasing 

the MWCNTs-COOK dosage in the membrane. The functional groups on MWCNTs-

COOK would crosslink with PEI and consume a part of amine groups, leading to a 

slight decrease in free amine groups. In summary, the above results verified that the 

introduced MWCNTs-COOK could affect the interfacial polymerization process, and 

the chemical composition and formation of the emerged polyamide layer can be 

adjusted by controlling the MWCNTs-COOK dosage in the membrane.  
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Table 4-1 Deconvolution results of XPS analysis originated from C1s and N1s spectra 

Membrane C  N 

Species Percent (%)  Species Percent (%) 

NF1 O-C=O 3.19  -NHn
+ 16.35 

 N-C=O 9.15  N-C=O 28.3 

 C-O 9.8  C-N 55.34 

 C-N 22.31    

 C-C 55.54    

NF2 O-C=O 4.18  -NHn
+ 15.49 

 N-C=O 9.76  N-C=O 35.21 

 C-O 12.09  C-N 49.29 

 C-N 21.16    

 C-C 52.19    

NF3 O-C=O 5.70  -NHn
+ 14.7 

 N-C=O 9.88  N-C=O 38.11 

 C-O 15.21  C-N 47.18 

 C-N 19.01    

 C-C 50.19    

NF4 O-C=O 6.25  -NHn
+ 14.16 

 N-C=O 10.72  N-C=O 39.82 

 C-O 15.62  C-N 46.01 

 C-N 18.30    

 C-C 49.11    

NF5 O-C=O 6.45  -NHn
+ 13.4 

 N-C=O 11.98  N-C=O 41.02 

 C-O 17.51  C-N 45.57 

 C-N 16.59    

 C-C 47.46    

NF6 O-C=O 6.73  -NHn
+ 12.61 
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 N-C=O 12.10  N-C=O 41.54 

 C-O 17.92  C-N 45.84 

 C-N 15.73    

 C-C 47.51    

 

Fig.4-5 presents the FESEM images, which were adopted to observe the 

microstructure changes of prepared membranes. Compared to the substrate membrane 

in Fig.4-5(a), the typical valley and ridge wrinkle structures can be found on the NF 

membrane surface in Fig.4-5(b), which was due to the active crosslinking between PEI 

and TMC. After incorporating 150ppm MWCNTs-COOK nano-additives, the NF 

membrane showed a close mesh structure. The incorporated MWCNTs-COOK can 

connect with both monomers PEI and TMC, leading to a tightly crosslinked network 

among PEI, MWCNTs-COOK, and TMC. However, when the content of MWCNTs-

COOK rose to 1000ppm, the loose tubular-nodular crumpled structures can be observed 

on the obtained NF membrane surface. On the one hand, excessive MWCNTs-COOK 

nano-additives in aqueous tend to cluster together. Besides, more MWCNTs-COOK in 

the aqueous solution will fix more PEI, limiting the penetration of more PEI branches 

to the two-phase interface. Moreover, more MWCNTs-COOK will compete with PEI 

to react with TMC during interfacial polymerization, reducing the interaction between 

PEI and TMC and even resulting in a looser defective polyamide layer.  
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Fig.4-5 FESEM images of (a) PES substrate and NF membranes with MWCNTs-COOK dosage 

of: (b) 0ppm, (c) 150ppm, and (d) 1000ppm. 

The regulation of MWCNTs-COOK on the topology and roughness of the final 

NF membrane was further measured by AFM analysis. As displayed in Fig.4-6 and 

Table 4-2, with a small increase of MWCNTs-COOK from 0ppm to 150ppm, the NF 

membrane surface tended to be smoother, accompanied by a gradual decrease 

roughness of membrane surface. With a small amount of MWCNTs-COOK, the nano-

additives were evenly distributed and crosslinked in the emerged polyamide layer, 

filling the valley and ridge structure and leading to a smoother membrane surface. 

However, with a further addition of MWCNTs-COOK to 1000ppm, the resultant NF 

membrane exhibited a prominent ridged surface with significantly increased surface 

roughness. The AFM topology matches well with the FESEM measurement results. 

Incorporating excessive MWCNTs-COOK will significantly interfere with the 

interfacial polymerization process, leading to a lower crosslink degree of the formed 

polyamide layer. The unevenly distributed MWCNTs-COOK were in-suit firmed on 
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4.3.3 Surface properties characterization   

The regulation effect of MWCNTs-COOK on the membrane surface 

hydrophilicity was proved by the contact angle test using pure water. As presented in 

Fig.4-7(a), an apparently reduced contact angle can be found after the formation of a 

polyamide layer on the substrate surface, which was related to the remained amine 

groups from PEI and carboxyl groups hydrolyzed from the unreacted acyl chloride 

groups on TMC. Note that the embedded MWCNTs-COOK nano-additives 

significantly reduced the contact angle of the NF membrane. And the contact angle 

reduced gradually with the further increase of MWCNTs-COOK nano-additives dosage 

in the membrane. The embedded hydrophilic MWCNTs-COOK would introduce more 

hydrophilic groups, thereby endowing the membrane surface with enhanced 

hydrophilicity. Notably, the improved hydrophilicity of membrane surface is essential 

for optimizing the permeability and anti-fouling properties [59, 60].  

The zeta potential analysis was implemented to measure the chargeability of 

membrane surface. As shown in Fig.4-7(b), the NF membrane exhibited high positive 

chargeability after the polyamide layer emerged on the substrate surface. After 

interfacial polymerization, there were still many unreacted amine groups from PEI 

remain on the membrane surface, which would be protonated to -NHn
+ (n=2, 3), giving 

the obtained membrane a high positive chargeability [61]. Note that when the pH value 

of the filtrate solution is higher than the isoelectric point, the membrane surface will 

exhibit negative chargeability, which was attributed to the deprotonated carboxyl group 

hydrolyzed by excess acyl chloride groups on TMC [13]. The incorporation of 

MWCNTs-COOK slightly reduced the isoelectric point of final NF membrane, 

matching the XPS results well. The introduced MWCNTs-COOK consumed some 

amine groups on PEI, leading to less free amine groups protonated to -NHn
+, thereby 

weakening the positively charge in the membrane surface. On the other hand, the 

introduced MWCNTs-COOK also consumed some acyl chloride groups on TMC, 

resulting in less free acyl chloride groups hydrolyzed into the carboxyl group, thereby 

weakening the negatively charge on the membrane surface. Due to the combined 
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influence, we were surprised to find that, under the condition of using a neutral filter 

solution (pH ≈ 7), the NF membrane with 150ppm MWCNTs-COOK showed a similar 

zeta potential value with pristine NF membrane without MWCNTs-COOK. Besides, 

with high content MWCNTs-COOK of 1000ppm, the Zeta potential value of the 

obtained NF membrane reduced slightly under the condition of pH ≈ 7. In summary, 

the NF membrane with 150ppm MWCNTs-COOK presented high positive 

chargeability, which is proved to be vital for separating monovalent and multivalent 

cations. 

Fig.4-7(c) shows the MWCO test results of NF membranes, which is further 

evidence for evaluating the changes of MWCNTs-COOK on the pore structure of the 

resultant NF membrane. The MWCO value of NF membranes with 150ppm MWCNTs-

COOK was slightly higher than that of the pristine NF membranes with no MWCNTs-

COOK, which was resulted from a tight network structure formed by PEI, MWCNTs-

COOK, and TMC. The decreased pore size of the membrane would slightly strengthen 

transmission resistance during the filtration process. On the contrary, with excessive 

MWCNTs-COOK of 1000ppm, the resultant NF membrane showed a slightly increased 

MWCO value, which indicated a slight enlarged pore size of the membrane. Consistent 

with the above microstructure results, excessive MWCNTs-COOK nano-additives tend 

to cluster together and cause a looser polyamide layer, correspondingly reducing the 

pore size of the final NF membrane to a certain extent. Based on the above results, 

embedding low content MWCNTs-COOK nano-additives into the interfacial 

polymerization system is promising for fine-tuning the microstructure and surface 

properties of the final NF membranes. 
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MWCNTs-COOK to 150ppm, the NF membrane presented a slightly higher rejection 

for Li+ and Mg2+, and the Mg2+/Li+ mass ratio in permeate solution decreased as low as 

0.35. However, further increase of MWCNTs-COOK to 1000ppm caused a higher 

Mg2+/Li+ mass ratio in permeate solution and reduced rejection for Li+ and Mg2+. This 

phenomenon may be caused by the comprehensive effect of embedded MWCNTs-

COOK on the structure and properties of the NF membrane. As discussed above, with 

an appropriate content of MWCNTs-COOK, the resultant NF membrane showed high 

positive chargeability and a slightly denser surface, contributing to a strong electrostatic 

repulsion and transmission resistance. On the contrary, excessive MWCNTs-COOK 

would hinder the formation of the selective layer, leading to a looser membrane surface 

with slightly weaker positive chargeability, which would weaken the electrostatic 

repulsion and transmission resistance during filtration.  

On the other hand, as shown in Fig.4-8(b), the permeate flux of NF membrane was 

greatly improved after embedding MWCNTs-COOK nano-additives. The embedded 

MWCNTs-COOK introduced more hydrophilic groups into the NF membrane, which 

correspondingly improved the hydrophilicity of the membrane. In addition, the hollow 

tubular structure of MWCNTs-COOK and the inter-gap between MWCNTs-COOK 

nano-additives and the polymer matrix provided many nano-channels for water to 

penetrate through membrane. This phenomenon powerfully demonstrated the positive 

effect of MWCNTs-COOK on the permeate flux of NF membrane. After 

comprehensively considering the flux and rejections for Li+ and Mg2+, the NF 

membrane with an optimal MWCNTs-COOK content of 150ppm performed 

remarkably high separation ability (R(Mg2+) = 98.64%, R(Li+) = 21.58%) and high 

permeate flux (12.23 L/m2hbar) simultaneously. Note that the optimal NF4 membrane 

exhibited a superior permeation flux without a significant compromise in Li+/Mg2+ 

separation ability. 
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4.4 Conclusion  

In summary, the MWCNTs-COOK-assisted highly permeable NF membrane with 

superior Li+/Mg2+ separate-selectivity was successfully synthesized and optimized 

through interfacial polymerization. Results show that the incorporated MWCNTs-

COOK intensified the network-crosslinking among PEI, MWCNTs-COOK, and TMC, 

achieving fine-tuning of structure and properties of resultant NF membranes. The 

presence of MWCNTs-COOK nano-additives significantly increased the flux of the NF 

membrane. The hollow tubular structure of MWCNTs-COOK and inter-gap between 

MWCNTs-COOK and membrane matrix furnished NF membrane with more channels 

for water to transport. Moreover, MWCNTs-COOK introduced more hydrophilic group 

and greatly improved the hydrophilicity of the membrane surface. However, excessive 

incorporation of MWCNTs-COOK would interfere with the interfacial polymerization, 

resulting in a loose selective layer structure and a weakened positively charge. Among 

several prepared NF membranes, the optimal NF membrane with 150ppm MWCNTs-

COOK performed excellently during the filtration process. Benefiting from the 

synergistic effects of MWCNTs-COOK, the NF membrane was endowed with a dense 

selective layer with high hydrophilicity and positive chargeability. The obtained 

MWCNTs-COOK-assisted NF membrane showed a significantly improved flux of 

12.23 L/m2hbar without a compromise in Li+/Mg2+ separate-selectivity, which greatly 

accelerated the filtration process. Importantly, the MWCNTs-COOK-assisted NF 

membrane exhibited a remarkably high separation factor SLi,Mg of 58, indicating the 

superior Li+ enrich and Mg2+ remove capabilities. Moreover, the NF performance of 

the NF membrane remained stable even in long-term utilization. Overall, this work 

provides a feasible technique for quickly extracting high-purity lithium from salt-lake 

brine. 
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5 Positively charged nanofiltration 

membrane based on (MWCNTs-COOK)-

engineered substrate for fast and efficient 

lithium extraction 

5.1 Introduction 

Achieving high extraction rate of lithium resources from salt-lake is urgently 

needed to meet the increasing market requirement [1-4]. Reducing the Mg2+/ Li+ mass 

ratio is an essential step for effective lithium extraction from salt-lake brine [5-13]. NF 

membrane separation technology is a promising approach for lithium separation and 

extraction [3, 14, 15]. In addition, NF membranes can selectively separate monovalent 

and multivalent ions due to the dual-effect of electrostatic interaction and steric 

hindrance [16-22]. Since Li+ (0.382 nm) and Mg2+ (0.428 nm) have similar ionic 

hydration radius [23], it is difficult to achieve separation of Mg2+ and Li+ by precisely 

controlling the pore size of the NF membrane during synthesize process. Therefore, 

electrostatic interaction is the dominant factor in designing NF membrane for separating 

the monovalent cation Li+ and divalent cation Mg2+. Recently, researchers have proved 

that the positively charged NF membrane is more suitable for Mg2+/Li+ separation due 

to the existence of electrostatic repulsion effect [3, 9, 24-26]. However, these reported 

NF membranes face the same difficulty of low flux, which extremely restrict the work 

efficiency of NF membranes during Mg2+/Li+ separation.  

Researchers have proved that the permeation performance of NF membrane can 

be improved by the addition of carbon-based nanomaterials, such as graphene oxide 

(GO) [27-31] and functional carbon nanotubes [32-35]. Shen et al. incorporated the 

polyhydroxylated fullerene (PHF) into the interfacial polymerization system to improve 

the flux and Mg2+/Li+ separation property of NF membrane [7]. During Mg2+/Li+ 
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separation test, the flux of NF membrane achieved 6.7 (L/m2hbar). Zhang et al. grafted 

piperazine (PIP) on hydroxyl functionalized multi-walled carbon nanotubes, and then 

applied it as the additive during polyamide layer formation process [34]. They 

surprisingly demonstrated that the flux of the obtained NF membrane during Mg2+/Li+ 

separation was remarkably increased to 8.5 (L/m2hbar). However, it is still difficult to 

simultaneously achieve high flux and separation performance due to the “trade-off” 

effect, which is a fatal problem that needs to be solved urgently. The structure and 

property of substrate membrane can directly affect the formation of the polyamide layer 

during interfacial polymerization [36]. However, there are few reports focus on the 

optimizing properties of the NF membrane by adjusting the substrate membrane. Herein, 

we proposed a new approach to optimize the NF membrane performance by regulating 

the substrate.   

The unique structure and mechanical characteristics make Multi-walled carbon 

nanotubes (MWCNTs) an attractive nanomaterial in membrane field [37]. Especially, 

the hollow structure of MWCNTs and their inter-gaps in NF membrane can create more 

nanochannels for water molecular to pass through the membrane. Since MWCNTs tend 

to aggerate together, making it difficult to disperse them evenly in many common 

solvents [33, 34]. Among various functionalized MWCNTs [38-41], the oxidized 

MWCNTs with high hydrophilicity are popular nano-additives for improving 

membrane permeability. However, the oxidized MWCNTs are commonly synthesized 

by treating MWCNTs with acid solution (e.g., H2SO4 and HNO3), which is acid-

consuming and may cause environmental problems [42-45].  

While ensuring the high perm-selectivity of Mg2+/Li+, increasing the permeation 

flux of the NF membrane is essential to achieve fast and efficient separation of Mg2+ 

and Li+. In this work, we first synthesized the novel potassium carboxylate 

functionalized MWCNTs (MWCNTs-COOK) by one-step environmentally friendly 

oxidation process. The synthesized MWCNTs-COOK showed high solubility and can 

be uniformly dispersed in polar solvents. Then, we designed a novel NF membrane by 

anchoring the nano-additives MWCNTs-COOK into PES ultrafiltration substrate.  
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The MWCNTs-COOK grown in PES substrate can work as a “connector” and influence 

the formation of polyamide layer. We have systematically studied and discussed how 

the loaded MWCNTs-COOK alter the final NF membrane from many aspects, 

including microstructure, chemical composition, surface properties and Mg2+/Li+ 

separation efficiency.  

5.2 Experiment 

5.2.1 Materials and chemicals  

PES (MW = 62000 Da) was purchased from Solvay Advanced Polymer (Belgium), 

and it was dried in the oven at 50 ℃ for 24 h before use. MWCNTs (10-20nm in 

diameter, 0.5-2µm in length) were obtained from Nanjing XFNANO Materials Tech. 

Co. Ltd. N, N-dimethylacetamide (DMAc), sodium dodecyl sulfate (SDS), n-hexane, 

PEI, TMC, polyethylene glycol (PEG), Sodium carbonate (Na2CO3), sodium chloride 

(NaCl), lithium chloride (LiCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), 

magnesium sulfate (MgSO4), sodium sulfate (Na2SO4), potassium persulfate (K2S2O8) 

and potassium hydroxide (KOH) were all supplied by Wako Pure Chemical Industries 

Ltd., Japan. 

5.2.2 Synthesis of MWCNTs-COOK 

40mg pristine MWCNTs were firstly dispersed in 50ml deionized water by probe-

sonication for 10 min at room temperature. Subsequently, 0.45g K2S2O8 and 50ml KOH 

solution (1 wt%) were added, and then the mixture was vigorous stirred in the water 

bath at 80 ℃ for 3 h. The mixture was diluted with deionized water and dispersed with 

probe-sonication, and then centrifuged at 3000 rmp for 20min to eliminate residues. 

Finally, the functionalized MWCNTs-COOK powder was collected by filtering the 

supernatant though the membrane (47 mm/0.2µm) and dried at 50 ℃ for 24h. 
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5.2.3 Preparation of MWCNTs-COOK modified NF membrane 

Firstly, the (MWCNTs-COOK)-engineered PES ultrafiltration substrate 

membranes were prepared via the non-solvent induced phase inversion method [46-48]. 

MWCNTs-COOK were ultrasonically dispersed in the DMAc solution for 3h at room 

temperature, and then PES and PEG were blended with the mixture by stirring at 50 ℃ 

for 6h. After fully degassing, the obtained casting solution was casted on the glass plat 

with a casting gap height of 200 µm, and then immediately immersed in the water bath 

to obtain the primary PES ultrafiltration membrane. The composition of casting 

solution with different MWCNTs-COOK contents was shown in Table 5-1. 

The active layer of the MWCNTs-COOK modified NF membrane was formed 

through interfacial polymerization method [36, 49]. Briefly, immersing the obtained 

(MWCNTs-COOK)-engineered ultrafiltration substrate membrane in the PEI-

contained aqueous phase solution (0.5 wt% PEI, 0.1wt% SDS, 0.1 wt% Na2CO3) for 

5min, and removed excess solution using rubber roller. Subsequently, the membrane 

was immersed in the TMC contained organic solution (0.1 w/v% TMC in n-hexane) for 

3 min to form a polyamide layer. Finally, the obtained membrane was cured at 70 ℃ 

for 10 min and stored in deionized water at 4 ℃ before test. The result MWCNTs-

COOK modified NF membranes based on substate membrane UF0, UF1, UF2, UF3, 

UF4, UF5, UF6, and UF7 were denoted as NF0, NF1, NF2, NF3, NF4, NF5, NF6, and 

NF7, respectively. 

Table 5-1 Composition of casting solution of ultrafiltration membrane 

Membrane PES (wt%) PEG (wt%) DMAc (wt%) MWCNTs-COOK (wt%) 

UF0 18 10 72 0 

UF1 18 10 71.996 0.004 

UF2 18 10 71.992 0.008 

UF3 18 10 71.988 0.012 

UF4 18 10 71.98 0.02 

UF5 18 10 71.97 0.03 
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UF6 18 10 71.95 0.05 

UF7 18 10 71.9 0.1 

5.2.4 Membrane characterization 

The morphologies of membranes were visualized using the field emission 

scanning electron microscopy (FESEM, Hitachi S-5000, Japan). The atomic force 

microscopy (AFM, Shimadzu SPM-9500 J3, Japan) was used to characterize the 

topography and roughness of the obtained membranes surface. The functional groups 

and chemical composition of membrane surface and MWCNTs-COOK were examined 

via Fourier-transform infrared spectroscopy (ATR-FTIR, Shimadzu Co., Ltd., Japan) 

and X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD, KRATOS). The 

contact angle (CA, digidrop, GBX, Whitestone way, France) was applied to analyze the 

changes in hydrophilicities of membranes. Each sample was tested more than 5 times 

to minimize the error. The membrane surface chargeability was tested by the 

electrokinetic analyzer (Sur-PASS TM3 Anton Paar, GmbH, Austria). The Raman 

spectra of MWCNTs before and after modification were analyzed by Raman 

spectroscope (Kaiser Optical Systems, Inc.) The porosity of UF membrane was 

measured using the dry-wet weight method [43, 50], and the value of membrane 

porosity ɛ (%) can be calculated with the following Eq. (1): 

𝜀 =
𝑊𝑊−𝑊𝑑

𝜌𝑆𝜃
× 100%                                             (1) 

Where WW (g) and Wd (g) represent the wet weight and dry weight of UF 

membranes, respectively. ρ (g/cm3) presents the pure water density. S (cm2) and θ (cm) 

present the area and thickness of UF membranes, respectively. 

5.2.5 Separation performance measurement 

The cross-flow filtration setup was applied to evaluate the separation performance 

of membranes with a permeate area of 12.56 cm2. Each membrane was pre-compacted 

with the pure water at 4 bar for 1 h to get a stable flux, and then operate pressure was 



124 

 

reduced to 3 bar to collect the permeate flux. The flux F (L/m2hbar) of membrane was 

measured according to the Eq. (2): 

𝐹 =
𝑉

𝑆×𝑇×𝑃
                                                      (2) 

Where V (L) presents the volume of the permeate solution. S (m2) presents the 

permeate area of membrane, T (h) is denoted as the test time, and P (bar) is the operate 

pressure during filtration process. in addition, the rejection R (%) of the NF membrane 

was calculated according to Eq. (3): 

𝑅 = (1 −
𝐶𝑃

𝐶𝐹
) × 100%                                            (3) 

Where CP (ppm) and CF (ppm) are the concentrations of permeate solution and 

feed solution, respectively. To assess the effect of MWCNTs-COOK on changes in 

Mg2+/Li+ separation performance of the NF membrane, the separation test was 

conducted by filtering the simulated brine (2000ppm, Mg2+/Li+ mass ratio of 20) under 

an operate pressure of 3 bar. The Mg2+/Li+ separation of NF membrane was evaluated 

by the separation factor SLi,Mg, which can be calculated according to Eq. (4): 

𝑆𝐿𝑖,𝑀𝑔 =
𝑃𝐿𝑖 𝑃𝑀𝑔⁄

𝐹𝐿𝑖 𝐹𝑀𝑔⁄
                                                 (4) 

Where PLi and FLi represent the concentrations of Li+ in the permeate solution and 

feed solution, respectively. Similarly, PMg and FMg represent the concentrations of Mg2+ 

in the permeate solution and feed solution, respectively. The concentrations of Mg2+ 

and Li+ in solution were measured by the inductively coupled plasma optical emission 

spectroscopy (ICPOES,10000IV, Shimadzu, Japan). 

5.3 Result and discussion 

5.3.1 Characterization of MWCNTs 

Fig.5-1 shows the Raman spectrum results of the pristine MWCNTs and 

MWCNTs-COOK, which is a representative tool to evaluate the structural integrity of 

MWCNTs. On each spectrum, there are two peaks located on 1351cm-1 and 1538 cm-1, 

corresponding to disorder mode (D band) and tangential mode (G band). The intensity 
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5.3.2 Characterization of membranes 

5.3.2.1 Chemical composition of membranes 

The functional groups in UF substrates and NF membranes were characterized by 

ATR-FTIR. According to Fig.5-2(a), a new characteristic peak at 3316cm-1~3689 cm-1 

appeared on each (MWCNTs-COOK)-engineered UF membrane, which is 

corresponding to the -OH vibration stretch of MWCNTs-COOK [31, 53]. Additionally, 

the peak intensity of -OH tends to strengthen with the increase of MWCNTs-COOK 

content in the UF substrate. Fig.5-2 (b) compares the FTIR spectrum of pure UF 

substrate UF0, pure NF membrane NF0, and NF membranes fixed with different 

content of MWCNTs-COOK. Compared to the UF membrane, the new peaks at 

1648cm-1 attributes to C=O vibration (amide-Ⅰ) and 1536 cm-1 attributes to N-H (amide-

Ⅱ) [54] appeared on the spectra of each NF membrane, which was due to the existence 

of new polyamide layer emerged on the UF substrate. Compared to the pure UF0 

membrane, a stronger peak at 3128cm-1~3667cm-1 can be observed on the spectra of 

the NF membrane, which can be attributed to not only -OH but also -NH stretching 

groups [9, 18, 34]. Besides, a new peak at 2924 cm-1 can be found on the spectra of 

each NF membrane, which was related to both C-H and -NHn
+ (n=2,3) [25, 34]. After 

immersing the PEI-contained aqueous solution on the surface of the substrate 

membrane UF3, the membrane was denoted as M3. As shown in Fig.5-2(c), compared 

to the membrane UF3, the new weak peak located at 1648cm-1 (C=O, amide-Ⅰ) and 

1536cm-1 (N-H, amide-Ⅱ) can also be observed on the spectra of membrane M3. The 

result confirmed the crosslink reaction between MWCNTs-COOK and PEI, which is 

beneficial to strengthen the connection between the UF substrate and the polyamide 

layer. 
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potassium carboxylate group (-COOK) on MWCNTs-COOK can connect with the 

amine group (-NH2) on PEI during the immersion of the UF substrate into the aqueous 

phase solution, consuming part of -NH2 on PEI. As a result, there will be more 

unreacted -COCl remains on the membrane surface after interfacial polymerization 

between PEI and TMC. In summary, the increased content of MWCNTs-COOK in the 

NF membrane may lead to a decrease in the ratio of N-C=O/O-C=O, reducing the 

chemical cross-linking degree between PEI and TMC to a certain extent. 

On the other hand, the N1s spectra can be divided into three species located at 

389.9, 399.9, and 401.1 eV, which were related to C-N, N-C=O, and -NHn
+ (n=2, 3), 

respectively. According to Fig.5-4 and Table 5-2, the percent of -NHn
+ decreased from 

initial 16.35 % to 8.4% with the increase of MWCNTs-COOK content from 0 wt% to 

0.1 wt%. Besides, the percent of N-C=O increased with the increase of MWCNTs-

COOK content, which was similar with the deconvoluted result of C1s. The nitrogen 

specie -NHn
+ (n=2, 3) was derived from the protonation of remained amine groups on 

the membrane surface. MWCNTs-COOK in the UF substrate membrane may consume 

some amine groups on PEI. In addition, more MWCNTs-COOK may consume more 

amine groups, leading to less amine groups remaining on the NF membrane surface. 

Importantly, the cross-linking between the fixed MWCNTs-COOK and PEI may 

strengthen the connection between the UF substrate and the formed polyamide layer, 

which was conducive to the stability of the NF membrane performance. 
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Table 5-2 XPS results of NF membranes originated from C1s and N1s 

Membranes  C1s  N1s 

 Species Percent (%)  Species Percent (%) 

NF0  O-C=O 3.19  NHn+ 16.35 

  N-C=O 9.16  N-C=O 28.27 

  C-O 9.8  C-N 55.35 

  C-N 22.32    

  C-C 55.54    

NF1  O-C=O 4.38  NHn+ 15.58 

  N-C=O 10.24  N-C=O 35.06 

  C-O 9.69  C-N 49.35 

  C-N 22.66    

  C-C 53.02    

NF2  O-C=O 4.59  NHn+ 15.25 

  N-C=O 10.52  N-C=O 37.28 

  C-O 9.55  C-N 47.46 

  C-N 22.41    

  C-C 52.91    

NF3  O-C=O 4.9  NHn+ 10.62 

  N-C=O 11.16  N-C=O 39.82 

  C-O 10.45  C-N 49.55 

  C-N 20.69    

  C-C 52.79    

NF4  O-C=O 5.45  NHn+ 10.2 

  N-C=O 11.55  N-C=O 41.68 

  C-O 11.48  C-N 48.11 

  C-N 20.21    

  C-C 51.31    

NF5  O-C=O 5.91  NHn+ 8.98 
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  N-C=O 11.65  N-C=O 42.7 

  C-O 10.23  C-N 48.31 

  C-N 21.03    

  C-C 15.16    

NF6  O-C=O 6.04  NHn+ 8.67 

  N-C=O 12.08  N-C=O 43.37 

  C-O 9.66  C-N 47.94 

  C-N 21.45    

  C-C 50.75    

NF7  O-C=O 6.13  NHn+ 8.4 

  N-C=O 12.87  N-C=O 45.38 

  C-O 11.71  C-N 46.21 

  C-N 20.85    

  C-C 48.44    

 

5.3.2.2 Microstructure of membranes 

The effect of MWCNTs-COOK dosage on the morphology structure of UF 

substrates and NF membranes was obseved by FESEM. Obviously, as the content of 

MWCNTs-COOK increases, the color of the UF membrane gradually darkens (Figs. 5-

5a, 5-5b, 5-5c). This indicates that the doped MWCNTs-COOK spontaneously migrate 

to the surface of the film, thereby helping to improve the surface properties of the mixed 

membrane. Similar phenomenon has also been reported by others when doping 

functionalized MWCNTs into the PES membrane matrix [43, 55]. As displayed in Figs. 

5-5a, 5-5b, and 5-5c, each UF membrane shows a dense surface and the membrane 

surface morphology changes slightly after anchoring MWCNTs-COOK. More nano-

porous can be observed on the surface of UF3, which was due to the accelerated solvent-

nonsolvent exchange caused by MWCNTs-COOK. Besides, with a high MWCNTs-

COOK content in UF7, the membrane surface had a tendency to become denser, which 
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was due to the increased viscosity of the mixed casting solution [56, 57].  

 
Fig.5-5. FESEM images of UF substrate membranes with different loading content of MWCNTs-

COOK: (a) 0 wt%, (b) 0.012 wt%, and (c) 0.1 wt%; FESEM surface images of NF membranes 

with different loading content of MWCNTs-COOK: (d) 0 wt%, (e) 0.012 wt%, and (f) 0.1 wt%; 

and FESEM cross images of NF membranes with different loading content of MWCNTs-COOK: 

(g) 0 wt%, (h) 0.012 wt%, and (i) 0.1 wt%. 

After the interfacial polymerization process, obvious changes can be found on the 

NF membrane surface. As shown in Fig.5-5, each NF memrbane presented a typical 

ridge-vally structure formed by polymerization between PEI and TMC, which 

demonstrated the occurance of the polyamide layer. Note that the ridge-vally structure 

of NF membrane surface gradually became looser with the increase of MWCNTs-

COOK dosage in the UF substrate membrane. On the other hand, Fig.5-5 also shows 

that the NF membranes modified with MWCNTs-COOK exhibited slightly thinner 

polyamide layer than that of the pure NF membrane. As disscussed in the section of 

chemical analysis, MWCNTs-COOK in UF substrate can connect with PEI during the 
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contact between the base film and the aqueous solution. As a result, some PEI branches 

were fixed on the UF substrate and the number of free amine groups was reduced, 

reducing the polymerization rate with TMC and leading to a thinner and looser 

polyamide layer. Importantly, compared to the pure NF membrane, the transmission 

resistance through the modified NF membrane would be reduced due to the occurrence 

of the thinner and looser polyamide layer, which can contribute to a higher permeate 

flux and accelerate the separation process. 

The AFM topology was adopted to further study the roughness difference of the 

UF substrate and NF membranes after anchoring MWCNTs-COOK. It can be seen in 

Fig.5-6 that the surface of the pure substrate UF0 (Ra=14.08, Rms=17.85) is slightly 

smoother than (MWCNTs-COOK)-engineered UF membranes. With the increase of 

MWCNTs-COOK anchoring content in the UF substrate, the roughness of UF substrate 

surface increased accordingly. The changes in membrane surface was related to the 

accelerated exchange of solvent-nonsolvent during phase inversion due to the 

hydrophilic MWCNTs-COOK in casting solution. According to previous reports, the 

accelerated exchange of solvent-nonsolvent may cause shrinkage of surface PES 

polymer chain, which is their response to the sudden existence of the non-solvent [58]. 

This may result in the presence of spheres or spherical nodules, which in turn increases 

the roughness of membrane surface. Besides, hydrophilic MWCNTs-COOK can 

migrate to the membrane surface during phase inversion, thereby changing the 

roughness of membrane surface. 

Figs. 5-6(d), 5-6(e), and 5-6(f) show that the NF membrane surface became 

rougher compared to the corresponding UF substrate, which was due to existence of the 

typical ridge-vally polyamide layer formed between PEI and TMC. With the increase 

of MWCNTs-COOK content in UF substrate, the reaction rate and cross-linking degree 

between PEI and TMC was slowed down to a certain extent, leading to a looser 

polyamide layer with larger ridge-vally structure. On the other hand, the hydrophilic 

MWCNTs-COOK in casting solution can cause a rougher UF substrate, which in turn 

increase the roughness of the final NF membrane. Note that the increased roughness of 
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the anchoring content of MWCNTs-COOK increased from 0 wt% to 0.05 wt%, the 

porosity of obtained UF substrate gradually increased from initial 67.71% to 80%. And 

the porosity of the UF substrate reduced slightly to 78.15 % with further increase of 

MWCNTs-COOK content to 0.1 wt%. This phenomenon was contributed to the dual-

effect of the thermodynamic and kinetic effect of MWCNTs-COOK addition [58]. The 

high affinity of the hydrophilic MWCNTs-COOK to non-solvent water promoted the 

thermodynamic instability of the polymer system and accelerated the exchange between 

the water and the solvent DMAc, resulting in higher porosity of the obtained UF 

substrate membrane. However, a high MWCNTs-COOK anchoring content of 0.1 wt% 

would cause increase of the viscosity of the casting solution, leading to higher kinetic 

hindrance during water-DMAc exchange and reducing the porosity of the UF substrate 

membrane. 

  Fig.5-7(c) shows the permeation flux of UF substrate membranes fixed with 

different content of MWCNTs-COOK. As the content of MWCNTs-COOK increased 

from 0 wt% to 0.05 wt%, the water flux of UF membrane was significantly increased 

from 210 (L/m2hbar) to 621 (L/m2hbar). And then the water flux of UF membrane 

decreased to 477 (L/m2hbar) with a further addition of MWCNTs-COOK content to 0.1 

wt%. According to the results of contact angle and porosity analysis, after anchoring 

hydrophilic MWCNTs-COOK in the UF membrane, both the hydrophilicity and 

porosity of UF membrane were accordingly improved, which can lead to high water 

flux of the obtained UF membrane. On the other hand, as illustrated in Fig.5-7(d), the 

nanotube of MWCNTs-COOK and their inter-gaps in the membrane matrix can provide 

water channels for water molecules to fast permeate through the UF membrane. 

However, with a high MWCNTs-COOK anchoring content of 0.1 wt%, the reduced 

porosity of the UF membrane would lead to a decrease in the water flux to a certain 

extent. 
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MWCNTs-COOK can contribute to a denser UF membrane, increasing the transmission 

resistance of water molecules through the membrane. Moreover, excessive MWCNTs-

COOK in UF membrane may connect with more PEI, hindering the migration of some 

PEI branches and reducing the reaction rate between PEI and TMC to a certain extent. 

Since the interfacial polymerization between PEI and TMC is self-inhibited process, 

the remarkably reduction of the reaction rate can result in the formation of a slightly 

thicker polyamide layer, thereby increasing the transmission resistance of water 

molecules and decreasing the water flux of the NF membrane. 

According to the zeta potential result shown in Fig.5-8(c), the UF substrate surface 

was negatively charged in the pH range of 5 to 10. After the formation of the polyamide 

layer on the UF substrate, the NF membrane was highly positively charged due to the 

protonation of the free amine groups remaining on the membrane surface. Compared to 

the pure NF0 membrane, the MWCNTs-COOK-modified NF membrane NF3 showed 

a slightly lower isoelectric point, which was related to the reduce of the unreacted amine 

groups on membrane surface. Note that, under the applied condition in this work (pH ≈ 

7), the membrane NF3 exhibited a similar high positively charged surface to that of 

membrane NF0. Fig.5-8(d) shows the Mg2+/Li+ separation capacity of NF membranes 

prepared with different content of MWCNTs-COOK. Each NF membrane had a 

significant difference in the rejection of Mg2+ and Li+, which confirmed the effective 

separation of Mg2+and Li+. Compare to the membrane NF0, the modified NF 

membranes with a low MWCNTs-COOK anchoring content had little change in the 

rejection of Mg2+ and Li+. According to previous reports, it is the collective effect of 

electrostatic interaction and steric hindrance determined the Mg2+/Li+ separation ability 

of NF membrane during the Mg2+/Li+ separation process. On the one hand. the ionic 

hydration radius of Mg2+ (0.428nm) is slightly larger than that of Li+ (0.382nm), which 

made Mg2+ face higher transmission resistance. Compared to the monovalent Li+ with 

low positive charge, the divalent Mg2+ faced greater electrostatic repulsion from the 

positively charged NF membrane during the filtering process, resulting in higher 

rejection of Mg2+. However, the high anchoring content of MWCNTs-COOK in 
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membrane resulted in poor Mg2+/Li+ separation capacity of the final NF membrane, 

which was due to the combined effect of the changed morphology and surface 

properties of the final NF membrane. After comprehensively considering the rejections 

and flux of these prepared NF membrane, membrane NF3 exhibited not only high 

permeation flux of 11.46 (L/m2hbar) but also high rejection difference of Mg2+ and Li+ 

reached 86.94%, which is a promising approach for fast and efficient Mg2+/Li+ 

separation.  

Fig.5-9(a) presents the rejection result of membrane NF3 for several inorganic 

salts, which was corresponds to the separation performance of positively charged NF 

membrane. The stronger electrostatic repulsion of positively charged NF membrane to 

divalent cation resulted in high rejection of Mg2+ than that of Na+, Li+. In addition, the 

electrostatic attraction of the membrane to divalent anions SO4
2- was higher than that 

of monovalent anions Cl-. The hydrated radius of Ca2+, Mg2+, Na+, Li+, SO4
2-, Cl- are 

0.412nm, 0.428nm, 0.358, 0.383nm, 0.379nm, and 0.332nm, respectively. Ions with 

larger hydrated radius will face higher transmission resistance during filtration process. 

Therefore, the rejections ratio of inorganic salts by the NF membrane were determined 

by the combined effect of electrostatic interaction and steric hindrance. In order to 

evaluate the Mg2+/Li+ separation stability of the MWCNTs-COOK modified NF 

membrane, a long-term filtration test for membrane NF0 and NF 3 was carried out. 

According to Fig.5-9, during a long-time filtration test, there was no obvious fluctuation 

on the rejections of Mg2+ and Li+ for both NF3 and NF0. Besides, the MWCNTs-COOK 

modified NF membrane NF3 also maintained a stable high permeate flux during the 

filtration process. However, it can be found in Fig.5-9 that the permeate flux of 

membrane NF0 showed a decline trend after a long-term running test. Compared to the 

pure NF membrane, the fixed MWCNTs-COOK in membrane could connect with the 

PEI monomer during immersing the UF substrate surface in the aqueous phase solution, 

thereby enhancing the connection between the UF substrate and the polyamide layer. 

As a result, the fixed MWCNTs-COOK endowed the final NF membrane with high 

stability during filtration process.  
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Fig.5-9 (a) Rejections of membrane NF3 for several inorganic salts and (b) long-time 

Mg2+/Li+ separation test of membrane NF3; long-term filtration test for membrane NF0 and NF3: 

(c) rejection performance for Mg2+ and Li+, and (d) permeate flux. 

Table 5-3 compares the Mg2+/Li+ separation performance of several reported NF 

membranes and the MWCNTs-COOK-modified NF membrane prepared in this work. 

As shown in Table 5-3, each NF membrane exhibits a significantly difference between 

the rejection of Li+ and Mg2+, indicates their separation ability for Li+ and Mg2+. Note 

that most NF membrane in Table 5-3 face a problem of low flux, which will 

significantly reduce the work efficiency of membrane when separating Li+ and Mg2+. 

Importantly, compared to other listed NF membrane, the MWCNTs-COOK-modified 

NF membrane formed in this work shows not only high Mg2+/Li+ rejection difference of 

86.94% but also highest flux of 11.46 (L/m2hbar). The comparison result revealed that 

the positively charged NF membrane prepared in this work is promising alternative for 

fast and efficient separation of Li+ and Mg2+ during lithium extraction process. 
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Table 5-3 Mg2+/Li+ separation performance comparison of several reported NF membranes and 

the MWCNTs-COOK-modified NF membrane prepared in this work. 

Membrane Feed solution Separation performance Flux 

(L/m2hbar) 

Ref 

NF90 NF membrane Mg2+/Li+=20 

2000ppm  

R(Mg2+) = 60.5 % 

R(Li+) = 15% 

- [24] 

Polyacrylonitrile/DAPP-TMC Mg2+/Li+=20 

2000ppm  

R(Mg2+) = 46 % 

R(Li+) =−40.7% 

- [24] 

Polyetherimide/TMC-BPEI/EDTA Mg2+/Li+=24 

2000ppm 

R(Mg2+) = 91.9 % 

R(Li+) = 20% 

0.6 [9] 

PES/PIP-MWCNTs-PEI-TMC Mg2+/Li+=21.4 

2000ppm  

R(MgCl2) = 95 % 

R(LiCl) = 18% 

8.5 [34] 

PES/(PIP-PHF)-TMC Mg2+/Li+=21.4 

2000ppm 

R(MgCl2) = 89.9 % 

R(LiCl) = 16.3% 

6.7 [7] 

PES/PEI-TMC Mg2+/Li+=20 

2000ppm 

R(Mg2+) = 95 % 

R(Mg2+) ≈ 19% 

5.02 [26] 

PES-(CNC-COOH)/ PEI/TMC Mg2+/Li+=30 

2000ppm  

R(Mg2+) = 96.11% 

R(Li+) = 21.76% 

4.17 [25] 

PES-(CNC-COOH)/ PEI/TMC Mg2+/Li+=60 

2000ppm 

R(Mg2+) = 95.59 % 

R(Li+) = 11.63% 

3.4 [25] 

PES-GO/PEI-TMC Mg2+/Li+=20 

2000ppm 

R(Mg2+) = 95.14 % 

R(Li+) = 20.93% 

11.15 [36] 

PES-MWCNTs-COOK/PEI-TMC Mg2+/Li+=20 

2000ppm 

R(Mg2+) = 98.49 % 

R(Li+) = 11.54% 

11.46 This 

work 

5.4 Conclusion  

The fast and efficient separation of Li+ and co-existing Mg2+ is an urgent matter in 

lithium extracting application. In this work, a novel MWCNTs-COOK with high water 

solubility was synthesized by a one-step environmentally friendly oxidation process. 
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We fixed the MWCNTs-COOK additives into the UF substrate membrane, and then 

formed the polyamide layer on the MWCNTs-COOK-engineered substrate surface 

through interfacial polymerization.  

The fixed MWCNTs-COOK endowed the substrate with high hydrophilicity and 

porosity, contributing to higher water permeability of the UF membrane. Chemical 

composition analysis revealed that the fixed MWCNTs-COOK in UF substrate can 

connect with the -NH2 on PEI, leading to less free -NH2 on membrane and reducing the 

crosslinking degree between PEI and TMC. On the other hand, the connection between 

UF substrate and the polyamide layer was strengthened by the “connector” MWCNTs-

COOK, which directly improved the performance stability of the final NF membrane. 

The membrane performance characterization indicated that with an optimal MWCNTs-

COOK content of 0.012 wt%, the obtained membrane NF3 showed best Mg2+/Li+ 

separation efficiency. The separation factor SLi,Mg reached 58.66, and the difference 

between rejections of Li+ and Mg2+ reached 86.94%, which were much higher than that 

of most reported NF membrane. Importantly, the flux of membrane NF3 was 11.46 

(L/m2hbar), which was over 120% higher than that of the NF membrane with no 

MWCNTs-COOK. The obtained high separation factor and flux of membrane NF3 

indicated its great potential for fast and efficient separation of Mg2+ and Li+. This work 

proved that anchoring MWCNTs-COOK into the UF substrate membrane is an effective 

way to improve the Mg2+/Li+ separation performance of NF membrane, thereby 

accelerating the rate of lithium enrichment during lithium extraction. 
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6 Conclusions  

In this work, we adopted several carbon nano-additives to improve the Mg2+/Li+ 

separation capability and efficiency of NF membranes, and comprehensively discussed 

the results and mechanism of the resulted carbon-based NF membranes from the 

perspectives of multiple aspects. Based on the above research process, the results of 

this paper are as follows: 

In chapter 1, an overview of global lithium resources and distribution, commonly 

used lithium retraction methods, and research status and difficulties of Mg2+/Li+ 

separation using NF membrane has been reviewed. 

In chapter 2, we successfully optimized the Mg2+/Li+ separation efficiency of NF 

membrane by doping a small amount of GO additives in the PES UF substrate 

membrane. The polyamide thin layer was formed through polymerization between PEI 

and TMC on the GO-doped UF membrane surface. A large amount of unreacted 

protonated amine groups in the polyamide layer gave the membrane surface high 

positive chargeability. The “bridge” GO greatly enhanced the interaction between the 

substrate membrane and polyamide layer. On the other hand, a small increase of the 

hydrophilic GO additives (from 0 wt% to 0.05 wt%) greatly improved the porosity and 

permeability of UF membrane, and the pore size of final NF membrane was enlarged 

slightly, and the thickness of polyamide layer was decreased slightly, which 

correspondingly improved the flux of the prepared NF membrane during the filtration 

process. The optimized NF membrane exhibited an optimal Mg2+/Li+ separation 

performance and efficiency, the rejection for Mg2+ and Li+ and the flux were 95.14%, 

20.93%, and 11.15 L/m2hbar, respectively. In addition, the obtained NF membrane 

performed a high stability after a 7-day long-time filtration, which may be due to the 

improved hydrophilicity and mechanical properties by GO modification. This work 

successfully optimized the performance of the NF membrane by modifying the 

substrate membrane with ultra-low content of GO, which provides a reference direction 
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for future NF membrane optimization research. 

In chapter 3, a novel high positively charged NF membrane containing GQDs-NH2 

was synthesized by interfacial polymerization on the PSE base membrane. Due to the 

multi-effect caused by GQDs-NH2, the final obtained NF membranes were endowed 

with thinner and smoother polyamide layer, enhanced positively chargeability and 

improved hydrophilicity, and shorter path water channel formed between GQDs-NH2 

monomers and polyamide layer. After filtering the feed solution using optimized NF 

membrane, the mass ratio of Mg2+/Li+ decreased from an initial 20 to 0.7, and rejections 

of membrane for Mg2+ and Li+ were 97.16 % and 20.02%, respectively. Note that the 

permeation flux of the NF membrane improved to 11.94 L/m2hbar, which was 137.8 % 

more than that of pure NF membrane with no GQDs-NH2. Additionally, the improved 

hydrophilicity and smoother surface endowed the final NF membrane with higher anti-

fouling performance, allowing it to work stably for a long time in practical applications. 

In summary, the NF membrane incorporated with GQDs-NH2 is effective for enrich 

and extract lithium from salt-lake brines with a high mass ratio of Mg2+/Li+.  

In chapter 4, the MWCNTs-COOK-assisted highly permeable NF membrane with 

superior Li+/Mg2+ separate-selectivity was successfully synthesized and optimized. 

Results show that the incorporated MWCNTs-COOK intensified the network-

crosslinking among PEI, MWCNTs-COOK, and TMC, achieving fine-tuning of 

structure and properties of resultant NF membranes. The presence of MWCNTs-COOK 

nano-additives significantly increased the flux of the NF membrane. The hollow tubular 

structure of MWCNTs-COOK and inter-gap between MWCNTs-COOK and 

membrane matrix furnished NF membrane with more channels for water to transport. 

Moreover, MWCNTs-COOK introduced more hydrophilic group and greatly improved 

the hydrophilicity of the membrane surface. The modified MWCNTs-COOK-assisted 

NF membrane showed a significantly improved flux of 12.23 L/m2hbar without a 

compromise in Li+/Mg2+ separate-selectivity, which greatly accelerated the filtration 

process. Importantly, the MWCNTs-COOK-assisted NF membrane exhibited a 

remarkably stable Li+ enrich and Mg2+ remove capabilities in long-term utilization. 
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Overall, this work provides a feasible technique for quickly extracting high-purity 

lithium from salt-lake brine. 

In chapter 5, we fixed the MWCNTs-COOK additives into the UF substrate 

membrane, and then formed the polyamide layer on the MWCNTs-COOK-engineered 

substrate surface through interfacial polymerization. The fixed MWCNTs-COOK 

endowed the substrate with high hydrophilicity and porosity, contributing to higher 

water permeability of the UF membrane. The connection between UF substrate and the 

polyamide layer was strengthened by the “connector” MWCNTs-COOK, which 

directly improved the performance stability of the final NF membrane. The membrane 

performance characterization indicated that with an optimal MWCNTs-COOK content 

of 0.012 wt%, the obtained NF membrane showed a high Mg2+/Li+ separation ability 

and the difference between rejections of Li+ and Mg2+ reached 86.94%, which were 

much higher than that of most reported NF membrane. Importantly, the flux of the 

optimized NF membrane was 11.46 (L/m2hbar), which was over 120% higher than that 

of the NF membrane with no MWCNTs-COOK. The obtained high separation factor 

and flux of the NF membrane indicated its great potential for fast and efficient 

separation of Mg2+ and Li+. This work proved that anchoring MWCNTs-COOK into 

the UF substrate membrane is an effective way to improve the Mg2+/Li+ separation 

performance of NF membrane, thereby accelerating the rate of lithium enrichment 

during lithium extraction. 

In chapter 6, we comprehensively summarized the results and application 

prospects of the carbon nano-additives on the Mg2+/Li+ separation capability and 

efficiency of NF membranes. 

In summary, the incorporation of carbon nanomaterials is an effective way to 

improve the Mg2+/Li+ separation efficiency of NF membrane. This work opens a simple 

and effective pathway for accelerating Li+ enrichment and Mg2+ removal, which has 

great potential for lithium extraction application from salt-lake brines that loaded with 

high concentration of Mg2+. 
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